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Nature of Science

Introduction

‘Welcome to the second edition of Physics for the IB Diploma. The content and structure of
this second edition has been completely revised to meet the demands of the 2014 IB Diploma
Programme Physics Guide,

Within the IB Diploma Programme, the physics content is organized into compulsory topics
plus a number of options, from which all students select one, The organization of this resource
exactly follows the IB Physics Guide sequence:

Core: Chapters 1-8 cover the common core topics for Standard and Higher Level students.
Additional Higher Level (AHL): Chapters 9-12 cover the additional topics for Higher Level
students.

Options: Chapters 13-16 cover Options A, B, C and D respectively. Each of these is
available to both Standard and Higher Level students. (Higher Level students study more
topics within the same option.)

Each of the core and AHL topics is the subject of a corresponding single chapter in the
Physics for the IB Diploma printed book.

The Options (Chaprers 13-16) are available on the website accompanying this book, as are
useful appendices and additional student support (including Starting points and Summary of
knowledge): www. i

There are two additional short chapters offering physics-specific advice on the skills
necessary for Graphs and data analysis and Preparing for the IB Diploma Physics
examination, including explanations of the command terms. These chapters can be found on
the accompanying website.

Special features of the chapters of Physics for the IB Diploma are described below.

W The text is written in straightforward language, without phrases or idioms that might
confuse students for whom English is a second language.

The depth of treatment of topics has been carefully planned to accurately reflect the
objectives of the IB syllabus and the requirements of the examinations.

® The Nature of Science is an important new aspect of the IB Physics course, which aims to
broaden students’ interests and knowledge beyond the confines of its specific physics content.
Throughout this book we hope that students will develop an appreciation of the processes
and applications of physics and technology. Some aspects of the Nature of Science may be
examined in IB Physics examinations and important discussion points are highlighted in

the margins.

The Utilizations and Additional Perspectives sections also reflect the Nature of Science, but
they are designed to take students beyond the limits of the IB syllabus in a variety of ways.
They might, for example, provide a historical context, extend theory or offer an interesting
application. They are sometimes accompanied by more challenging, or researchstyle,
questions. They do not contain any knowledge that is essential for the IB examinations.

Science and technology have developed over the centuries with contributions from scientists
from all around the world. In the modern world science knows few boundaries and the flow
of information is usually quick and easy. Some international applications of science have
been indicated with the International Mindedness icon.

Worked examples are provided in each chapter whenever new equations are introduced. A
large number of self-assessment questions are placed throughout the chapters close to the
relevant theory. Answers to most questions are provided at the end of the book.

It is not an aim of this book to provide detailed information about experimental work or
the use of computers. However, our Skills icon has been placed in the margin to indicate
wherever such work may usefully aid und A number of key experi are
included in the IB Physics Guide and these are listed in Chapter 18: Preparing for the IB
Diploma Physics examination, to be found on the website that accompanies this book.




Introduction

® A selection of IB examination-style questions is provided at the end of each chapter, as well
as some past IB Physics examination questions.

Links to the interdisciplinary Theory of Knowledge (ToK) element of the IB Diploma
course are made in all chapters.

Comprehensive glossaries of words and terms for Core and AHL topics are included in the
printed book. Glossaries for the Options are available on the website.

W Using this book

The sequence of chapters in Physics for the IB Diploma deliberately follows the sequence of the
syllabus content. However, the IB Diploma Physics Guide is not designed as a teaching syllabus,
50 the order in which the syllabus content is presented is not necessarily the order in which it

will be taught. Different schools and colleges should design a course based on their individual

circumstances.

In addition to the study of the physics principles contained in this book, IB science students
carry out experiments and investigations, as well as collaborating in a Group 4 Project. These
are assessed within the school (Internal Assessment), based on well-established criteria.

The contents of Chapter 1 (Physics and physical measurement) have applications that recur
throughout the rest of the book and also during practical work. For this reason, it is intended
‘more as a source of reference, rather than as material that should be fully understood before
progressing to the rest of the course.

W Author profiles

John Allum

John has taught pre-university physics courses as a Head of Department in a variety of
international schools for more than 30 years. He has taught IB Physics in Malaysia and in Abu
Dhabi, and has been an examiner for IB Physics for many years.

Christopher Talbot
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School, Republic of Singapore.
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Nature of Science

B Table 1.1
Fundamental units

Measurements and uncertainties

ESSENTIAL IDEAS

= Since 1948, the Systéme International d*Unités (SI) has been used as the preferred
language of science and technology across the globe and reflects current best
measurement practice.

= Scientists aim towards designing experiments that can give a ‘true value’ from their
measurements but, due to the limited precision in measuring devices, they often quote
their results with some form of uncertainty.

u Some quantities have direction and magnitude, others have magnitude only, and this
understanding is the key to correct manipulation of quantities.

1.1 Measurements in physics -since 1948, the systeme
International d"Unités (SI) has been used as the preferred language of science and
technology across the globe and reflects current best measurement practice

Fundamental and derived Sl units
To communicate with each other we need to share a common language, and to share numerical
information we need to use common units of measurement. An internationally agreed system of
units is now used by scientists around the world. It is called the S system (from the French ‘Systéme
International’). SI units will be used throughout this course.

Common terminology
For much of the last 200 years many prominent scientists have tried to reach agreement on
a metric (decimal) system of units that everyone would use for measurements in science and
commerce. A common system of measurement is invaluable for the transfer of scientific
information and for international trade. In principle this may seem more than sensible, but
there are significant historical and cultural reasons why some countries, and some societies and
individuals, have been resistant to changing their system of units.

The SI system was formalized in 1960 and the seventh unit (the mole) was added in 1971.
Before that, apart from SI units, a system based on centimetres, grams and seconds (CGS)
was widely used, while the imperial (non-decimal) system of feet, pounds and seconds was also
popular in some countries. For non-scientific, everyday use, people in many countries sometimes
still prefer to use different systems that have been popular for centuries. Confusion between
different systems of units has been famously blamed for the failure of the Mars orbiter in 1999
and has been implicated in several aviation incidents.

The fundamental units of measurement
There are seven fundamental (basic) units in the SI system: kilogram, metre, second, ampere,
mole, kelvin (and candela, which is not part of this course). The quantities, names and symbols
for these fundamental SI units are given in Table 1.1.

They are called ‘fundamental’ because their definitions are not combinations of other units
(unlike metres per second, for example). You do not need to learn the definitions of these units.

Quantity Name _ Symbol _Definition

Tength metre m the distance travelled by light in a vacuum in 1/299 792 458 seconds

mass kiogram kg the mass of a cylinder of platinum-iridium alloy kept at the International Bureau of
Weights and Measures in France

time second s the duration of 9 192 631 770 oscillations of the electromagnetic radiation emitted in
the transmission between two specific energy levels in caesium-133 atoms

electric current ampere A that current which, when flowing in two paralel conductors one metre apart in a
vacuum produces a force of 2 x 107N on each metre of the conductors

kelvin K 1127316 of the temperature of the triple point of water
amount of substance _ mole mol an amount of substance that contains as many particles as there are atoms in 12.g of

carbon-12




1 Measurements and uncertainties

Nature of Science

Improvement in instrumentation

Accurate and precise measurements of experimental data are a cornerstone of science, and such
measurements rely on the precision of our system of units. The definitions of the fundamental
units depend on scientists’ ability to make very precise measurements and this has improved
since the units were first defined and us

Scientific advances can come from original research in new areas, but they are also driven
by improved technologies and the ability to make more accurate measurements. Astronomy is
agood example: controlled experiments are generally not possible, so our rapidly expanding
undersanding of the universeis being achieved largely as a resul of the improved dta we can

receive with the help of the latest

hnologies (hi lution telescope

for example).

Derived units of measurement

All other units in science are combinations of the fundamental units. For example, the unit for
volume is m® and the unit for speed is ms~.. Combinations of fundamental units are known as

derived units.

Sometimes derived units are also given their own name (Table 1.2). For example, the unit of
force is kgms2, but it is usually called the newton, N. All derived units will be introduced an
defined when they are needed during the course.

W Table 1.2 Some

Derived unit Quantity Combined fundamental units
named derived units T Torce ez
pascal (Pa) pressure kgm-Ts2
hertz (Hz) frequency 5T
joule ) energy kgm?s?
watt (W) power kgms2
coulomb () charge As
volt (V) potential difference kgmis= AT
ohm (Q) resistance kgm2s A2
‘weber (Wh) magnetic flux kgmsZAT
tesla (T) magnetic field strength kgs2A-!
becquerel (8q) radioactivity s

Note that students are expected to write and recognize units using superscript format, such as
ms~! rather than m/s. Acceleration, for example, has the unit ms™

Occasionally physicists use units that are not part of the SI system. For example, the
electronvolt, €V, isa conveniently small unit of energy that is often used in atomic physics. Units
such as this will be introduced when necessary during the course. Students will be expected to
be able to convert from one unit to another. A more common conversion would be changing

time in years to time in secon

ToK Link

Fundamental concepts

As well as some units of measurement, many of the ideas

and principles used in physics can be described as being

“fundamental’. Indeed, physics itself is often described as the
fundamental science. But what exactly do we mean when we

describe something as fundamental? We could replace the word

with ‘elementary’ or ‘basic’, but that does not really help us to

understand its true meaning.

One of the central themes of physics is the search for fundamental
particles ~ particles that are the basic building blocks of the
universe and are not, themselves, made up of smaller and simpler
particles. It s the same with fundamental laws and principles: a
physics principle cannot be described s fundamental if it can be
explained by 'simpler’ ideas. Most scientists also believe that
principle cannot be really fundamental unless it is relatively simple

1o express (probably using mathematics). If it is complicated,
maybe the underlying simplicity has not yet been discovered.

Fundamental principles must iso be ‘true’ everywhere and for
alltime. The fundamental principles of physics that we use today
have been tested, re-tested and tested again to check if they are
truly fundamental. Of course, there is afways a possibility that in
the future a principle thatis believed to be fundamental now is
discovered to be explainable by simpler ideas.

Consider two well-known laws in physics. Hooke's law describes
how some materials stretch when forces act on them. ft s a simple
law, but it is not a fundamental law because it is certainly not always
true. The law of conservation of energy is also simple, but itis
described as fundamental because there are no known exceptions.



1.1 Measurements in physics

B Table 1.3 Standard
metric (SI) multipliers

Scientific notation and metric multipliers

Scientific notation
When writing and comparing very large or very small numbers it is convenient to use scientific
notation (sometimes called ‘standard form’).

In scientific notation every number is expressed in the form a x 107, where a is a decimal
number larger than 1 and less than 10, and b is a whole number (integer) called the exponent.
For example, in scientific notation the number 434 is written as 4.34 x 102 similarly, 0.000316 is
written as 3.16 x 10

Scientific notation is useful for making the number of significant figures clear (see the next
section). It s also used for entering and displaying large and small numbers on calculators, x10
or the letter E is often used on calculators to represent ‘times ten to the power of...". For example,
4.61E3 represents 4.62 x 10%, or 4620.

The worldwide use of this standard form for representing numerical data is of great
importance for the communication of scientific information between different countries.

Prefix Abbreviation Value Standard metric multipliers
T ) [ In everyday language we use the words ‘thousand’
ta T 102 and ‘million’ to help represent large numbers.
gia 6 100 The scientific equivalents are the prefixes
mega M 10° kilo- and mega-. For example, a kilowatt is one
Mo N0 thousand watts, and a megajoule is one million
ded 4 107 joules. Similarly, a thousandeh and a millionch

centi < are ly by the prefixes
) R | e milli- and micro-. A list of standard prefixes is
_mieo w100 shown in Table 13, It is provided in the Physics
heno: o G data booklet.

pico »

femto 5

ToK Link

Effective communication needs a common language and terminology

What has influenced the common language used in science? To what extent does having @ common
standard approach to measurement faciltate the sharing of knowledge in physics?

There can be lttle doubt that communication between scientists is much easier i they share a common
scientific language (symbols, units, standard scientific notation etc. as outlined in this chapter). But are our
modern methods of scientific communication and terminology the best, or could they be improved? To what
extent are they just a historical accident, based on the specific languages and cultures that were dominant
at the time of their development?

Significant figures
The more precise a measurement is, the greater the number of significant figures (digits) that
can be used to represent it. For example, an electric current stated to be 4.20 A (as distinct from
419 A or 4.21 A) suggests a much greater precision than a current stated to be 4.2 A.

Significant figures are all the digits used in data to carry meaning, whether they are before
or after a decimal point, and this includes zeros. But sometimes zeros are used without thought
or meaning, and this can lead to confusion. For example, if you are told that it is 100km to the
nearest airport, you might be unsure whether it is approximately 100 km, or ‘exactly’ 100km.
This is a good example of why scientific notation is useful. Using 1.00 x 10°km makes it clear
el hisre arcitlisse significant figires. 1% 107 ki Represenis riuwh: s procikion.

‘When making calculations, the result cannot be more precise than the data used to produce
it. As a general (and simplified) rule, when answering questions or processing experimental data,
the result should have the same number of significant figures as the data used. If the number of
significant figures is not the same for all pieces of data, then the number of significant figures in
the answer should be the same as the least precise of the data (which has the fewest significant
figures). This is illustrated in Worked example 1.
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 Figure 1.1
a The behaviour of
individual atoms in
graphene (a material
made from asingle
layer of carbon
atoms) can be seen
using a special

type of electron
microscope

b Complex gas and
dust clouds in the
Cat's Eye nebula,
3000 light years away

Worked example

1 Use the equation

t
to determine the power, P, of an electric motor that raises a mass, m, of 1.5kg, a distance, h, of 1.128m
in a time, t, of 4.79s. (g = 9.81ms?)

A calculator wil display an answer of 3.4652..., but this answer suggests a very high precision, which
is not justified by the data. The data used with the least number of significant figures s 1.5kg, 5o the
answer should also have the same number:

P=35W

‘Rounding off’ to an appropriate number of significant figures

‘Rounding off, as in Worked example 1, should be done at the end of a multi-step calculation,
when the answer has to be given. If further calculations using this answer are then needed, all
the digits shown previously on the calculator should be used. The answer to this calculation
should then be rounded off to the correct number of significant figures. This process can
sometimes result in small but apparent inconsistencies between answers.

Orders of magnitude
Physics is the fundamental science that tries to explain how and why everything in the universe
behaves in the way that it does. Physicists study everything from the smallest parts of atoms to
distant objects in our galaxy and beyond (Figure 1.1).

Physics is a quantitative subject that makes much use of mathematics. Measurements and
calculations commonly relate to the world (l\a( e egtiges around us (the macroscopic world),

but our observations may require mi jons, often including an understanding of
molecules, atoms, ions and sub-atomic pmacla Astronomy is a branch of physics that deals with the
other extreme — quantities that are very much bigger than anything we experience in everyday life.

The study of physics therefore involves dealing with both very large and very small numbers.
When numbers are so different from our everyday experiences, it can be difficult to appreciate
their true size. For example, the age of the universe is believed to be about 1015, but just how big
is that number? The only sensible way to answer that question is to compare the quantity with
something else with which we are more familiar. For example, the age of the universe is about
100 million human lifetimes.

When comparing quantities of very different sizes (magnitudes), for simplicity we often make
approximations to the nearest power of 10. When numbers are approximated and quoted to the
nearest power of 10, it is called giving them an order of magnitude. For example, when comparing
the lifetime of a human (the worldwide average is about 70 years) with the age of the universe
(14 x 10'°y), we can use the approximate ratio 10%/10%. That is, the age of the universe is about
10° human lifetimes, or we could say that there are eight orders of magnitude between them.




1.1 Measurements in physics

M Table 1.4 The

Here are three further examples:

The mass of a hydrogen atom is 167 x 10%7kg. To an order of magnitude this is 1027kg.
The distance to the nearest star (Proxima Centauri) is 4.01 x 10%m. To an order of
magnitude this is 107m. (Note: log of 4.01 x 1016 = 16.60, which is nearer to 17 than to 16
There are 86400 seconds in a day. To an order of magnitude this is 10°s.

Tables 1.4 to 1.6 list the ranges of mass, distance and time that occur in the universe. You are
recommended to look at computer simulations representing these ranges.

Object Mass/kg
range of masses in
i the observable universe 108

our galaxy (the Milky Way) 102

the Sun 100

the Earth 102

a large passenger plane 108

a large adult human 102

alarge book 1

araindrop 108

avirus 10-2

a hydrogen atom 1027

an electron 1020
Distance Size/m Time period Time interval/s
distance to the edge of the visible universe 102 age of the universe 10'8
diameter of our galaxy (the Milky Way) 102 time since dinosaurs became extinct 1018
distance to the nearest star 1016 time since humans first appeared on Earth 101
distance to the Sun 10" time since the pyramids were built in Egypt 10"
distance to the Moon 108 typical human lifetime 10°
radius of the Earth 107 one day 108
altitude of a cruising plane 104 time between human heartbeats 1
height of a child 1 time period of high-frequency sound 10-¢
how much human hair grows by in one day 10-4 time for light to travel across a room 108
diameter of an atom 10-10 time period of oscilation of a light wave 10-15
diameter of a nucleus 10-15 time for light to travel across a nucleus 10-2

M Table 1.5 The range of distances in the universe

B Table 1.6 The range of times in the universe

Estimation

Sometimes we do not have the data needed for accurate calculations, or maybe calculations
need to be made quickly. Sometimes a question is so vague that an accurate answer is simply
not possible. The ability to make sensible estimates is a very useful skill that needs plenty of
practice. The worked example and questions 2-5 below are typical of calculations that do not
have exact answers.

When making estimates, different people will produce different answers and it is usually
sensible to use only one (maybe two) significant figures. Sometimes only an order of magnitude
is needed.
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Nature of Science

Worked example

2 Estimate the mass of air in a dlassroom. (density of air = 13kgm™)
Atypical classroom might have dimensions of 7m x 8m x 3m, so its volume is about 170m3.
mass = density x volume = 170 x 1.3 = 220kg
Since this is an estimate, an answer of 200kg may be more appropriate. To an order of magnitude it
would be 102kg
1 Estimate the mass of:
a a page of a book
b air in a bottle
< adog
d water in the oceans of the world.
2 Give an estimate for each of the following:
a the height of a house with three floors
b how many times a wheel on a car rotates during the lfetime of the car
< how many grains of sand would fill a cup
d the thickness of a page in a book.
3 Estimate the following periods of time:
 how many seconds there are in an average human lifetime
b how long it would take a person to walk around the Earth (ignore the time not spent walking)
< how long it takes for light to travel across a room.
4 Research the relevant data so that you can compare the following measurements. (Give your answer as an

order of magnitude)
a the distance to the Moon with the circumference of the Earth

b the mass of the Earth with the mass of an app

< the time it takes light to travel 1 m with the time between your heartbeats.

1.2 Uncertainties and errors -scientists aim towards designing
experiments that can give a ‘true value’ from their measurements, but because of the
limited precision in measuring devices, they often quote their results with some form

of uncertainty

Certainty
Although scientists are perceived as working towards finding ‘exact’ answers, an unavoidable
uncertainty exists in any measurement. The results of all scientific investigations have
uncertainties and errors, although good experimentation will try to keep these as small as possible.
en we receive numerical data of any kind (scientific or otherwise) we need to know how
much belief we should place in the information that we are reading or hearing. The presentation
of the results of serious scientific research should always have an assessment of the uncertainties
in the findings, because this is an integral part of the scientific process. Unfortunately the same
is not true of much of the information we receive through the media, where data are too often
presented uncritically and unscientifically, without any reference to their source or reliability.

No matter how hard we try, even with the very best of measuring instruments, it is simply
not possible to measure anything exactly. For one reason, the things that we can measure do not
exist as perfectly exact quantities; there is no reason why lhev should.

This means that every imation. A could be the most
accurate ever made, for example the wndth of a ruler might be stated as 2.283 89103 cm, but that
is still not perfect, and even if it was we would not know because we would always need a more
accurate instrument to check it. In this example we also have the added complication of the fact
that when measurements of length become very small we have to deal with the atomic nature of
the objects that we are measuring. (Where is the edge of an atom?)




1.2 Uncertainties and errors

The uncertainty in a measurement is the range, above and below a stated value, over which
we would expect any repeated measurements to fall. For example, if the average height to which
a hall bounced when dropped (from the same height) was 48cm, but actual measurements varied
between 45cm and 51 cm, the result should be recorded as 48 + 3 cm. The uncertainty is +3cm,
but this is sometimes better quoted as a percentage, in this example +6%. Obviously, it is desirable
that experiments should produce results with low uncertainties ~ such measurements are described
as being precise. But it should be noted that sometimes results can be precise, but wrong!

The more precise that a measurement is, the greater the number of significant figures (digits)
that can be used to represent it.

If the correct (true’) value of a quantity is known, but an actual measurement is made
that is not the same, we refer to this as an experimental error. That is, an error occurs in a
measurement when it is not exactly the same as the correct value. For example, if a student
recorded the height of a ball’s bounce as 49 cm, but careful observation of a video recording
showed that it was actually 48cm, then there was an error in the measurement of +1 cm.

Al measurements involve errors, whether they are large or small, for which there are many
possible reasons, but they should not be confused with mistakes. Errors can be described as
either random or systematic (see below), although all measurements involve both kinds of error to
some extent.

The words error and uncertainty are sometimes used to mean the same thing, although this
can only be true when referring to experiments that have a known correct result.

ToK Link

nific knowledge is provisional

“One aim of the physical sciences has been to give an exact picture of the material world. One achievement
of physics in the twentieth century has been to prove that this aim is unattainable.”

sci

Jacob Bronowski
Can scientists ever be truly certain of their discoveries?
The popular belief is that science deals with ‘facts’ and, to a large extent, that is a fair comment, but it
also gives an incomplete impression of the nature of science, The statement is misleading if it suggests
that scientists typically believe that they have uncovered certain universal truths’ for all time. Scientific
knowledge is provisional and fully open to change if and when we make new discoveries. More than
that, it is the essential nature of science and good scientists to encourage the re-examination of existing
“knowledge’ and to look for improvements and progress.

Different kinds of uncertainty
The inty in experimental discussed in this chapter is a consequence of
the limitations of scientists and their equipment to obtain 100% accurate results. However, we
should also consider that the act of measurement, in itself, can change what we are attempting
to measure. For example, connecting an ammeter in an electric circuit must affect the current it
is trying to measure, although every effort should be made to ensure this effect is not significant.
Similarly, putting a cold thermometer in a warm liquid will alter its temperature.

‘Uncertainty’ also appears as an important concept in modern physics: the Heisenberg
uncertainty principle deals with the behaviour of sub-atomic particles and is discussed in Chapter
12 (Higher Level students). One of its core ideas is that the more precisely the position of a
particle is known, the less precisely its momentum can be known, and vice versa. But it should be
stressed that the Heisenberg uncertainty principle is a fundamental feature of quantum physics
and has nothing to do with the experimental limits of current laboratory technology.

Random and systematic errors

Random errors

Random errors cannot be avoided because exact measurements are not possible. Measurements
can be bigger or smaller than the correct value and are scattered randomly around that value.
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Random errors are generally unknown and unpredictable. There ate many possible reasons for
them, including:

limitations of the scale or display being used

reading scales from wrong positions

irregular human reaction times when using a stopwatch

difficulty in making observations that change quickly with time.

The reading obtained from a measuring instrument is limited by the smallest division of

its scale. This is sometimes called a readability (or reading) error. For example, a liquid-in-
glass thermometer with a scale marked only in degrees (23°C, 24°C, 25°C, etc.) cannot reliably
be used to measure to every 0.1°C. It is usually assumed that the error for analogue (continuous)
scales, like a liquid-in-glass thermometer, is half of the smallest division  in this example
+0.5°C. For digital instruments the error is assumed to be the smallest division that the meter
can display. Figure 1.2 shows analogue and digital ammeters that can be used for measuring
electric current.

A common reason for random errors is reading an analogue scale from an incorrect position.
This is called a parallax error — an example is shown in Figure 1.3.

reading too low

reading too high

W Figure 1.2 Digital and analogue ammeters measuring the same W Figure 1.3 Parallax error when reading the level
electric current of liquid in a measuring cylinder

Systematic errors

A systematic error occurs because there

is something consistently wrong with the

measuring instrument or the method used.

A reading with a systematic error is always either
bigger or smaller than the correct value by the same
amount. Common causes are instruments that Vv
have an incorrect scale (wrongly calibrated), or

instruments that have an incorrect value to begin

with, such as a meter that displays a reading

when it should read zero. This is called a zero

offset error — an example is shown in Figure 14.

A thermometer that incorrectly records room  Figure 1.4 This voltmeter has a zero offset
temperature will produce systematic errors when error of 0.3V, so that all readings will be too
used to measure other temperatures. large by this amount

% Accuracy

A measurement that is close to the correct value (if it is known) is described as accurate, but in
science the word accurate also means that a set of measurements made during an experiment have
a small, systematic error. This means that an accurate set of measurements are approximately
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evenly distributed around the correct values (whether they are close to it or not), so that an
average of those measurements will be close to the true value.

In many experiments the ‘correct’ result might not be known, which means that the
accuracy of measurements cannot be known with any certainty. In such cases, the quality of the
measurements can best be judged by their precision: can the same results be repeated?

The difference between precise and accurate can be illustrated by considering arrows fired
at a target, as in Figure 1.5. The aim is precise if the arrows are grouped close together and
accurate if the arrows are approximately evenly distributed around the centre of the target. The
ast diagram shows both accuracy and precision, although in everyday conversation we would
probably just describe it as accurate.

0000

not precise not precise precise
not accurate not accurate accurate accurate

g

M Figure 1.5 Difference between precision and accuracy

A watch that is always 5 minutes fast can be described as precise but not accurate. This is an
example of a systematic zero offset error. Using hand-operated stopwatches to time a 100m race
might give accurate results (if there are no systematic errors), but they are unlikely to be precise
because human reaction times will produce significant random errors.

Identifying and reducing the effects of errors

If a single measurement is made of a particular quantity, we may have no way of knowing
how close it is to the correct result; that is, we probably do not know the size of any error
in But if the same is repeated and the results are similar (low
uncertainty, high precision), we will gain some confidence in the results of the experiment,
especially if we have checked for any possible causes of systematic error.

The most common way of reducing the effects of random errors is by repeating measurements
and calculating a mean value, which should be closer to the correct value than most, or all, of
the individual Any unusual it values should be checked and probably
excluded from the calculation of the mean.

Many experiments involve taking a range of measurements, each under different
experimental conditions, so that a graph can be drawn to show the pattern of the results. (For
example, changing the voltage in an electric circuit to see how it affects the current.) Increasing
the number of pairs of measurements made also reduces the effects of random errors because the
line of bestit can be placed with more confidence.

Experiments should be designed, wherever possible, to produce large readings. For examgle, a
‘metre ruler might only be readable to the nearest half a millimetre and this will be the same for all
measurements tha are made with it. When measuring a length of 90cm this error will probably
e considered as acceptable (it is a percentage erro of 0.56%), b the same sized ertor when
measuring only 2 mm is 25%, which is probabl ble. The larger a (that is
made with a particular measuring instrument), the smaller the percentage error should be. If this
is not possible, then the measuring instrument might need to be changed to one with smaller
divisions.

It is possible to carry out an experiment carefully with good quality instruments, but still
have large random errors. There could be many different reasons for this and the experiment
may have to be redesigned to get over the problems. Using a stopwatch to time the fall of
an object dropped from a hand to the floor, or measuring the height of a bouncing ball, are
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two examples of simple experiments which may have significant
random errors.

The effects of systematic errors cannot be reduced by repeating
measurements. Instruments should be checked for errors before they
are used, but a systematic error might not even be noticed until a
graph has been drawn of the results and a line of bestfit found not -
to pass through the expected intercept, as shown in Figure 1.6. In
such a case it might then be sensible to adjust all measurements up o Time
or down by the same amount if the cause of the systematic error can W Figure 1.6 The bestfit
be determined. line for this speed-time
graph for a trolley rolling
from rest down aslope

Speed

Absolute, fractional and percentage

uncertainties does not pass through
o . the origin, so there was
Uncertainties in experimental data probably a systematic error
Uncertainties in experimental data can be expressed in one of three
ways:
® The absolute uncertainty of a measurement is the range, above and below the stated value,
within which we would expect any repeated measurements to fall. For example, the mass of a
pen might be stated as 53.2g + 0.1 g, where the uncertainty is +0.1g.
® The fractional uncertainty is the ratio of the absolute uncertainty to the measured value.

B The percentage uncertainty is the fractional uncertainty expressed as a percentage.

Uncertainties expressed in percentages are often the most informative. Experiments that
produce results with uncertainties of less than 5% may be desirable, but ate not always possible.

Worked example

w

‘The mass of a piece of metal is quoted to be 346  2.0%
a What is the absolute uncertain

b What is the range of values that the mass could be expected to have?
© What is the fractional uncertainty?

a 2.0% of 346g is = 7g (to the nearest gram, as provided in the data in the question)
b 339 to 353 (to 3 significant figures)

1
€ 2% i equivalent to 7

Ideally uncertainties should be quoted for all experimental measurements, but this can be
repetitive and tedious in a learning environment, so they are often omitted unless being taught
specifically.

It is usually easy to decide on the size of an uncertainty associated with taking a single

with a particular i It is often assumed to be the readability error,
as described earlier. However, the overall uncertainty in a measurement, allowing for all
experimental difficulties, is sometimes more difficult to decide. For example, the readability error
on a hand-operated stopwatch might be 0.01s, but the uncertainty in its measurements will be
much greater because of human reaction times.

The amount of scattering of the readings around a mean value is a useful guide to random
uncertainty, but not systematic uncertainty. After the mean value of the readings has been
calculated, the random uncertainty can be assumed to be the largest difference between any
single reading and the mean value. This is shown in the following worked example.
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Worked example

4 The following measurements (in cm) were recorded in an experiment to measure the height to which
a ball bounced: 32, 29, 33, 32, 37 and 28. Estimate values for the absolute and percentage random
uncertainties in the experiment.

The mean of these six readings is 31.83 cm, but it would be sensible to quote this to two significant
figures (32cm), as in the original data. The measurement that has the greatest difference from this
value is 37cm, so an estimate of the uncertainty s 5cm, which means a percentage uncertainty of
(537) x 100 = 14%.

Note that if the same data had been obtained in the order 28, 29, 32, 32, 33, 37, it would be difficutt
to believe that the uncertainties were random, and another explanation for the variation in resuits
would need to be found.

Uncertainties in calculated results

‘When making further calculations based on i 1 data, the inty in individual
‘measurements should be known. It is then important to know how to use these uncertainties to
determine the uncertainty in any results that are calculated from those data.

Consider a simple example: a trolley moving with constant speed was measured to travel a
distance of 76cm + 2em (+2.6%) in a time of 4.3s + 0.2s (£4.7%).

The speed can be calculated from distance/time = 76/4.3 = 17.67..., which is 18 ms™ when
rounded to two significant figures, consistent with the experimental data.

To determine the uncertainty in this answer we consider the uncertainties in distance and
time. Using the largest distance and shortest time, the largest possible answer for speed is 78/4.1=
19.02.... Using the smallest distance and the longest time, the smallest possible answer for speed
is 74/4.5 = 1644..... (The numbers will be rounded at the end of the calculations.)

The speed is therefore between 1644 cms™ and 19.02cms™. The value 19.02 has the greater
difference (1.35) from 17.67. So the final result can be expressed as 17.67 + 1.35cms™, which isa
maximum uncertainty of 7.6%, Rounding to two significant figures, the result becomes 18 + 1cms™,

Uncertainty calculations like these can be very time consuming and, for this course,
approximate methods are acceptable. For example, in the calculation for speed shown above, the
uncertainty in the data was +2.6% for distance and +4.7% for time. The percentage uncertainty
in the final result is approximated by adding the percentage uncertainties in the data: 2.6 + 47 =
7.3%. This gives approximately the same value as calculated using the largest and smallest possible
values for speed. Rules for finding uncertainties in calculated results are given below.

Rules for uncertainties in calculations

For quantities that are added or subtracted: add the absolute uncertainties. In the Physics data
booklet this is given as:

If y=axb then Ay=Aa+Ab

For quantities that are multiplied or divided: add the individual fractional or percentage
uncertainties. In the Physics data booklet this is given as:
L

[

T gl b ol
- =

For quantities that are raised to a power, n, the Physics data booklet gives:

¥y then %: I2),
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B For other functions (such as trigonometric functions, logarithms or square roots): calculate
the highest and lowest absolute values possible and compare with the mean value, as shown
in the following worked example. But note that although such calculations can occur in
connection with laboratory work, they will not be required in examinations.

Worked example

5 Anangle, 6, was measured to be 34° + 1°. What is the uncertainty in the slope of this angle?

tan34°=0675 1an33°=0649  tan35°=0.700

Larger absolute uncertainty = 0.675 — 0.649 = 0.026
(0.700 — 0.675 = 0.025, which s smaller than 0.026)

.67 0,03 (using the same number of significant figures as in the original data).

So,tan 6=

A mass of 346 + 2g was added to a mass of 129+ 1g
& What was the overal absolute uncertainty?
b What was the overall percentage uncertainty?

@

The equation s = 1at2 was used to calculate a value for s when a was 4.3 + 0.2ms2 and t was 1.4 £ 0.1s.
a Calculate a vale fors.

b Calculate the percentage uncertainty in the data provided.

¢ Calculate the percentage uncertainty in the answer.

d Calculate the absolute uncertainty in the answer.

A certain quantity was measured to have a magnitude of (1.46 0.08). What is the maximum uncertainty
in the square root of this quantity?

Using computer spreadsheets to calculate uncertainties

Computer spreadsheets can be very helpful when it is necessary to make multiple calculations
of uncertainties in experimental results. For example, the resistivity, p, of a metal wire can be
calculated using the equation p = Rr?/l, where r and | are the radius and length of the wire,
and R is its resistance. Figure 1.7 shows the raw data (shaded green) of an experiment that
measured the resistance of various wires of the same metal. The rest of the spreadsheet shows
the calculations involved with processing the data to determine resistivity and the uncertainty
in the result. A computer program can then be used to draw a suitable graph of the results, and
this can include error bars (se¢ page 13).

RESISTANCE RADIUS LENGTH RESISTIVITY

Rosict: Radius, F tage| Length, / Resistuity, Absolute

R /2 0.2 /mm Y fem inty|p = Ror”/1 i
) inR__|+0.01mm| inr inr? ticm inl am inp inp/ gm
94 5 0.15 0./ 133 4 23 0.0000015 18 0.0000003
6.2 32 022 a5 91 67 15 0.0000014 1a 0.0000002
62 32 025 8.0 80 13 0.0000015 ) 0.0000002
5.2 38 030 6.7 ) 10 0.0000015 12 0.0000007
5.0 40 035 29 5.1 128 08 0.0000015 10 0.0000007
38 53 0.43 23 af 149 07 0.0000015 1 00000002
3.4 5.9 0.51 2.0 3.9 175 06 0.0000016 10 0.0000002
24 83 062 16 5.2 198 05 0.0000015 12 00000007

W Figure 1.7 Using a spreadsheet to calculate uncertainties in a resistance experiment

8 a Usea computer spreadsheet to enter the same raw data as shown in Figure 1.7.
b Use the spreadsheet to confirm the results of the calculations shown.
© What difference would it make to the resuits i the radius of the wire could only be measured to the
nearest half a milimetre?
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Nature of Science

W Figure 1.8
Showing

Uncertainties
Al scientific knowledge is uncertain. .’
Richard P. Feynman (1998), The Meaning of It All: Thoughts of a Citizen-Scientist
It is not only measurements that have uncertainties. All scientific knowledge is uncertain
in the sense that good scientists understand that anything we believe to be true today, may
have to be changed in the light of future discoveries or insights. This doubt is fundamental to
the true nature of science. At any time, past or present, in the development of science there is
an accepted body of knowledge, and the greatest advances come from those who question and
doubt the status quo of existing knowledge and thinking.

" Representing uncertainties on graphs
Graph drawing skills are discussed in detail in Graphs and data analysis on the free
accompanying website.

The range of random uncertainty in a measurement or a calculated result can be represented
on a graph by using crossed lines to mark the point (instead of a dot).
Error bars
Figure 1.8 shows an example — a graph of distance against time for the motion of a train. Vertical
and horizontal lines are drawn through each data point to represent the uncertainties in the two
measurements. In this example, the uncertainty in time is +0.5s and the uncertainty in distance
is + 1 m. These lines, which usually have small lines to indicate clearly where they end, are called
error bars (perhaps they would be better called uncertainty bars). In Figure 18 the space outlined
by each error bar has been shaded for emphasis — it is expected that a line of bestfit should pass
somewhere through each shaded area.

using error bars

Distance/m
&
8

N

1
Time/s

In some experiments the error bars are so short and insignificant that they are not included on
the graph. For example, a mass could be measured as 34746 + 0.01 g. The uncertainty in this
reading would be too small to show as an error bar on a graph. (Note that error bars are not
expected for trigonometric or logarithmic functions.)

Uncertainty of gradients and intercepts

If the results of an experiment suggest a straight-line graph, it is often important to determine
values for the gradient and/or the intercept(s) with the axes. However, it is often possible to
draw a range of different straight lines, all of which pass through the error bars representing the
experimental data.

3
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™ Figure 1.9
Finding maximum
and minimum
gradients for a spring-
stretching experiment

We usually assume that the best-it line is midway between the lines of maximum possible
gradient and minimum possible gradient. Figure 19 shows an example (for simplicity, only the
first and last error bars are shown, but in practice all the error bars need to be considered when
drawing the lines).

Figure 1.9 shows how the length of a metal spring changed as the force applied was increased.
‘We know that the measurements were not very precise because the error bars are long. The line
of bestit has been drawn midway between the other two. This is a linear graph (a straight line)
and it is known that the gradient of the graph represents the force constant (stiffness) of the
spring and the x-intercept represents the original length of the spring. Taking measurements
from the bestfit line, we can make the following calculations:

foree constant = gradient = 0~V = 10N em!

original length = xintercept = 1.9cm
To determine the uncertainty in the calculations of gradient and intercept, we need to consider
the range of straight lines that could be drawn through the error bars. The uncertainty will
be the maximum difference between values obtained from graphs of maximum and minimum
possible gradients and the value calculated from the bestit line. In this example it can be
shown that:

force constant is between 14N cm™ and 28N em™
original length is between 1.1cm and 2.6cm.
The final result can be quoted as:
force constant = 19 + 9Nem™
original length = 1.9 +0.8cm.

Clearly, the large uncertainties in these results confirm that the experiment lacked precision.

Length/cm
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Nature of Science

LETY |:| 5N
e
3N
5N
3N
}D 5N
o Figure 110

Forces are vector
quantities

1.3 Vectors and scalars - some quantities have direction and
i others have i only, and this ing is the key to correct
manipulation of quantities

Models in three dimensions

Spatial awareness and an appreciation that the principles of science apply to three-dimensional
space can easily be overlooked when studying the two-dimensional pages of a book or a screen.
Knowing the directions of some physical quantities (in two or three dimensions) is important for
understanding their effects. Such quantities are called vectors. Mathematical treatment of vector
quantities in three dimensions (vector analysis) began in the eighteenth century.

Vector and scalar quantities
The diagrams in Figure 110 show the force(s) acting on an object. In Figure 1.10a the object
is being pulled to the right with a force of 5N. The length of the arrow represents the size of
the force and the orientation of the arrow shows the direction in which the force acts. The
length of the arrow is proportional to the force. In Figure 1.10b there is a smaller force (3N)
pushing the object to the right. In both examples the object will move (accelerate) to the right.

In Figure 1.10c there are two forces acting. We can add them together to show that the effect
is the same as if a single force of 8N (= 3 + 5) was acting on the object. We say that the resultant
(net) force is 8N.

In Figure 1.10d there are two forces acting on the object, but they act in different directions.
The overall effect is still found by ‘adding’ the two forces, but also taking their direction into
account. This can be written as +5 + (=3) = +2N, where forces to the right are given a positive
sign and forces to the left are given a negative sign. The resultant will be the same as if there
was only one force (2N) acting to the right. In Figures 1.10e and 1.10f there are also two forces
acting, but they are not acting along the same line. For these forces, the resultant can be
determined using a scale drawing or trigonometry (see page 16).

Clearly, force is a quantity for which we need to know its direction as well as its magnitude (size).

Quantities that have both magnitude and direction are called vectors.
Everything that we measure has a magnitude and a unit. For example, we might measure the mass of
a book to be 640g, Here 640g is the magnitude of the measurement, bur mass has no direction.
Quantities that have only magnitude, and no direction, are called scalars.
Most quantities are scalars. Some common examples of scalars used in physics are mass, length,

time, energy, temperature and speed. However, when using the following quantities we need to
know both the magnitude and the direction in which they are acting, so they are vectors:

displacement (distance in a given direction)
velocity (speed in a given direction)

force (including weight)

acceleration

momentum and impulse

field strength (gravitational, electric and magnetic).

The symbols for vector quantities are sometimes shown in bold italic (for example, F), Scalar
quantities are shown with a normal italic font (for example, m).

In diagrams, all vectors are shown with straight arrows, pointing in the correct direction,
which have a length proportional to the magnitude of the vector (as shown by the forces in
Figure 1.11). In this course vector calculations will be limited to two dimensions.

The importance of vectors is easily illustrated by the difference between distance and
displacement. The pilot of an international flight from, say, Istanbul to Cairo needs to know
more than that the two cities are a distance of 1234 km apart. Of course, the pilot also needs
to know the ‘heading (direction) in which the plane must fly in order to reach its destination.

15



16 1 Measurements and uncertainties

 Figure 1.1

Using a parallelogram
to determine a
resultant force

Similarly, in order to draw accurate maps or make land surveys, the distance and direction of a
chosen position from a reference point must be measured.

Combination and resolution of vectors

Adding vectors to determine a resultant
When two or more scalar quantities are added together (for example masses of 25g and 50g),
there is only one possible answer (resultant): 75 g. But when vector quantities are added, there is
a range of different resultants possible, depending on the directions involved.

To determine the resultant of the two forces shown in Figures 1.10e or 1.10f there are two
possible methods: by drawing (graphical method) or by trigonometry.

Graphical method

The two vectors shown in Figure L10fare drawn carefully to scale (for example, by using

Lem to represent 1N), with the correct angle (140°) between them. A parallelogram is then
completed. The resultant is the diagonal of the parallelogram (see Figure 1.11). Remember that
the magnitude and the direction should both be determined from the diagram. In this example
the resultant force is represented by the line drawn in red. Its length is 34 cm, which represents
34N, at an angle of 36° to the 5.0N force.

3.0N
(3.0cm)

resultant force

5.0N

(50cm)
Trigonometric method
Thefiorces-inl Figure 1 llearent ightanglesto 3on
each other. This means that a parallelogram
drawn to represent these forces will be a
rectangle (Figure 1.12) and the magnitude of
the resultant o the forces, F, can be found using
Pythagoras’s theorem:
6
30450
F=30+50-34 o
F=58N M Figure 1.12

The direction of this force can be determined by using trigonometry:

3.

tan 6 = 5 (6 is the angle that the resultant makes with the direction of the 50N force)
6=31°
You will not be expected to determine tri rical solutions if the parallel isnota
rectangle.

Subtracting vectors to find their difference

We may need to know the difference between two vectors when we are considering by how much
a vector quantity has changed. This is determined by subtracting one vector from the other. A
negative vector has the same magnitude, but opposite direction, as a positive vector, so when
finding the difference between vectors P and Q we can write:

P-Q-P+(Q



1.3 Vectors and scalars

 Figure 113
If we want to know
the difference
between Pand Q
(diagram a) we add P
to-Q (diagram b)

Figure 1.13 shows how vectors are subtracted graphically. The red line represents the difference
when a particular vector changed in magnitude and direction from P to Q.

Multiplying and dividing vectors by scalars

If a vector P is multiplied or divided by a scalar number k, the resultant vectors are simply kP or
P/k. If k is negative, then the resultant vector becomes negative, meaning that the direction is
reversed.

Resolving a single vector into two components
'We have seen that two individual vectors can be combined mathematically to find a single
resultant that has the same effect as the two separate vectors. This process can be reversed: a
single vector can be considered as having the same effect as two separate vectors. This is called
resolving a vector into two components. Resolving can be very useful because, if the two
components are chosen to be perpendicular to each ather (often horizontal and vertical), they
will then both be independent of each other, so

that they can both be considered totally separately. vertical A
Figure 114 shows a single vector, A, actingat an ~ component i
A A,=Asing !
angle 6 to the horizontal. If we want to know the :
effects of this vector in the horizontal and vertical |
directions, we can resolve it into two components: !
e 8 A
Ay
cos =2 horizontal
component
and Ay=Acosd
sin 6=y B Figure 1.14 Resolving a vector into two,
A perpendicular components
so that
Ay, =Acosd
and

Ay =Asin®

Both of these equations and the associated diagram are given in the Physics data booklet.
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Worked example

6 Figure 1.15 shows a box resting on a sloping
surface (an ‘inclined plane). The box has a

weight of 585N. What are the components component
of weight: down the slope 4 component into the slope

b perpendicularly into the slope?

a component down the slope = 5855in23° weight = 585N
oN
W Figure 115
b component into the slope = 585 c0s23°
=540N
ToK Link

Physics and mathematics

What is the nature of certainty and proof in mathematics?

Science is mostly based on knowledge gained from experimentation and measurement, although it has
been made very clear in this chapter that absolute accuracy and certainty in the gathering of data is not
possible. In contrast, the essential theories and methods of pure mathematics seem to deal with certainty.
Mathematics is an indispensible tool for a physicist for many reasons, including its conciseness, its lack of
ambiguity and its usefulness in making predictions. Most important principles in physics can be summarized
in mathematical form




Examination questions

B Examination questions — a selection

Paper 1 IB questions and IB style questions

Q1 The diameter of a wire was measured three times with an instrument that has a zero offset error. The results

Q2

Q

Q

Q

el

)

©

4

were 1.24 mm, 1.26 mm and 1.25 mm. The average of these results is:
A accurate but not precise

B precise but not accurate

C accurate and precise

D not accurate and not precise.

The approximate thickness of a page in a textbook is:
A 0.02mm
B 0.08 mm
C 030 mm
D 1.00 mm.

Which of the following an approximate conversion of a time of 1 month into SI units?
A 0.08y

B 30d

C 3x10°%s

D all of the above

The masses and weights of different objects are independently measured. The graph is a plot of weight
versus mass that includes error bars.

Weight/N

10 20 30 40 50
Masstkg

These experimental results suggest that:

A the measurements show a significant systematic error but small random error
B the measurements show a significant random error but small systematic error
C the measurements are precise but not accurate

D the weight of an object is proportional to its mass.

Which of the following is a fundamental SI unit?
A newton

B coulomb

C ampere

D joule

The distance travelled by a car in a certain time was measured with an uncertainty of 6%. If the uncertainty
in the time was 2%, what would the uncertainty be in a calculation of the car’s speed?

A 3%

B 4%

C 8%

D 12%

9



20 1 Measurements and uncertainties

Q7 Which of the following quantities is a scalar?

Q

Q

©

A pressure

B acceleration

C gravitational field strength
D displacement

The current in a resistor is measured as 2.00 A + 0.02 A. Which of the following correctly identifies the
absolute uncertainty and the percentage uncertainty in the current?

Absolute i g

A £002A 1%

B £001A £05%
c £002A £001%
D £001 A £0.005%

© B Organization

Which of the following is a reasonable estimate of the order of magnitude of the mass of a large aircraft?
A 10%kg
B 105kg
C 107kg
D 10%kg

Q10 Which of the following is equivalent to the SI unit of force (the newton)?

A kgms™
B kg m?s’
C kg ms2
D kg m?s?
© B Organization



Mechanics

ESSENTIAL IDEAS

= Motion may be described and analysed by the use of graphs and equations.

= Classical physics requires a force to change a state of motion, as suggested by Newton in
his laws of motion.

= The fundamental concept of energy lays the basis on which much of science is built.

= Conservation of momentum is an example of a law that is never violated.

2.1 Motion -motion may be described and analysed by the use of graphs
and equations

Kinematics is the study of moving objects. The ideas of classical physics presented in this
chapter can be applied to the movement of all masses, from the very small (freely moving atomic
particles) to the very large (stars).
To completely describe the motion of an object at any one moment we need to say where
it is, how fast it is moving and in what direction, For example, we might observe that a car
is 20m to the west of an observer, and moving northeast at a speed of 8ms™
(see Figure 2.1).

sms” Of course, any or all of these quantities might be changing. In real life the
movement of many moving objects can be complicated; they do not often move
sationay in straight lines and they might even rotate or have different parts moving in
car 2om  observere  different directions.
In this chapter we will develop an understanding of the basic principles of
W Figure 2.1 Describing the kinematics by dealing with single objects moving in straight lines, and calculations
position and motion of a car will be confined to those objects that have a regular motion. We will consider the

Nature of Science

effects of air resistance later in this chapter.
Everything is moving
The study of motion must be a cornerstone of science because everything moves. Stars and
galaxies are moving apart from each other at enormous speeds, the Earth orbits the Sun and
everything on Earth is rotating around the axis once every day. Atoms and molecules are
in constant motion, as are the sub-atomic particles within them. Of course in everyday life
‘many objects appear to be stationary, but only because we are only comparing them with their
surroundings. If we were to imagine that an object was truly, absolutely, not in motion, we would
have no way to prove it because all motion is relative to something else.

B Distance and displacement
Displacement is defined as the distance in a given direction from a fixed reference point.

The displacement of an object is its position compared with a known reference point. For
example, the displacement of the car in Figure 2.1 is 20m to the west of the observer, To
specify a displacement we need to state a distance and a direction from the reference point.
The reference point is often omitted because it is obvious — for example, we might just say that
an airport is 50km to the north. Although a displacement can be anywhere in three dimensions,
in this topic we will usually restrict our thinking to one or two dimensions.

Displacement and distance are both given the symbol s. This should not be confused with
the symbol for speed (and velocity), which is v. The symbol h is also widely used for vertical
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distances (heights). The SI unit for distance is the metre, m, although other units, such as mm,
cm and km, are in common use.

Because a direction is specified as well as a magnitude (size), displacement is a v
quantity. Distance is a scalar quantity because it has magnitude, but no direction.

Figure 2.2 shows the route of some people walking around a park. The total distance walked
was 4km, but the displacement from the reference point varied and is shown every few minutes
by the vector arrows (a—e). The final displacement is zero because the walkers returned to their
starting place.

ctor

W Figure 2.2 Awalk
in the park

The transport of various vehicles, goods and people around the world is big business, and

is monitored and controlled by many countries and international companies. This requires
accurate means of tracking the location and movement of a large number of vehicles (ships,
aircraft etc.) and the rapid communication of this information between countries.

B Figure 2.3 Tracking
transportation

B Speed and velocity
Speed is defined as the rate of change of distance with time.

Speed is a scalar quantity and it is given the symbol v. Its SI unit is metres per second, ms™..
Speed is calculated from:

distance travelled

speed -
L time taken

The delta symbol (4) is used wherever we want to represent a (small) change of something, so
we can define speed in symbols, as follows:

A
A

If an object is moving with a constant speed, determining its value is a straightforward
calculation. However, the speed of an object often changes during the time we are observing
it, and the calculated value is then an average speed during that time. For example, if a car
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is driven a distance of 120km in 15, its average speed is 80kmh’, but its actual speed
will certainly have varied during the journey. At any one time we could look at the car's

d to find out the i speed — that is, the speed at that exact instant
(moment). In kinematics we are usually more interested in instantaneous values of speed (and
velocity and acceleration) than average values.

Average speeds are calculated over lengths of time that are long enough for the actual speeds
to have changed. Instantaneous values have to be calculated from measurements made over very
short time intervals (during which time we can assume that the speed was constant).

Speed is calculated using the distance travelled in the time being considered, regardless of
the direction of motion. If the walkers in Figure 2.2 took 2 hours to walk around the park, their

average speed would be As/At (= 4/2) = 2km .

Travel timetables
Figure 2.4 shows a timetable for the Ghan, a train that travels across Australia between
Adelaide and Darwin, a distance of 2079km along the track.

Adelaide - Alice Springs - Katherine ~ Darwin

Operates all year Additional services operate Jun to Aug
Sun Wed
Depart Adelaide 12.20pm 12.20pm
Mon Thurs
Artive Alice Springs _ 1.45pm 1.45pm
Depart Alice Springs __6.00pm 6.00pm
Tues Fii
Arive Katherine 9.00am 9.00am
Depart Katherine 1.00pm 1.00pm
Arive Darwin 5.30pm 5.30pm

® Figure 2.4 Ghan train timetable

1 a Calculate the journey time and hence the average speed.
Why is your answer to a misleading?

We are often concerned not only with how fast an object is moving, but also with the direction
of movement, If speed and direction are stated then the quantity is called velocity.

Velocity is defined as the rate of change of displacement with time (speed in a given direction):

A
&

Note that As in this equation refers to displacement and not to the overall distance. (To avoid
confusion, it is often betrer to define speed and velocity in words, not symbols.)

Velocity has the same symbol and unit as speed, but the direction should usually be stated as
well, since velocity is a vector quantity. However, if the direction of motion does not change, it is not
uncommon fo refer to a speed, of say 4ms™, as velocity because the direction is understood from the
context.

Returning to the walkers in the park — at the end of their walk their average speed was
2kmh-, but their average velocity was zeto because the final displacement was zero, This
might not be a very useful piece of information; we are more likely to be interested in the
instantaneous velocity at various times during the walk.

When the velocity (or speed) of an object changes during a certain time, the symbol u is
used for the initial velocity and v is used for the final velocity during that time. These velocities are
not necessarily at the beginning and end of the entire morion, just the velocities at the start and
end of the period of time that is being considered.
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da

® Figure 2.5 Using a
motion detector

The distance travelled in time t can be determined using the equation:
distance = average speed X time

For an object with constant acceleration:
average speed = Hinitial speed + final speed)

For example, if a car accelerates uniformly from 12ms™ to 16ms™, then its average speed during
that time was [4ms™.
In symbols, this is shown as:

(v*ut
7

This equation is given in the Physics data booklet.

Data logging in motion investigations

The use of motion sensors and data loggers (see Figure 2.5), light gates and electronic timers,
and video recording have all made the investigation of various kinds of motion more interesting,
much easier and more accurate.

motion detector

walk back and forth
in front of
motion detector

M Acceleration

Any variation from moving at a constant speed in a straight line is described as an acceleration.
It is very important to realise that going faster, going slower and/or changing direction are all
different kinds of acceleration (changing velocities).

Acceleration, a, is defined as the rate of change of velocity with time:
My
Ac

= S .
5 (if the acceleration is constant over time At)

The SI unit of acceleration is metres per second squared, ms™ (the same as the units of velocity/
time, ms!/5). Acceleration is a vector quantity.
Acceleration can be:

an increase in velocity (positive acceleration)

a decrease in velocity (negative acceleration — sometimes called a deceleration)

a change of direction.
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Additional Reaction times when timing motions
EEERVEMN  The delay between seeing something happen and responding with some kind of action is

known as reaction time. A typical value is about 0.20s, but it can vary considerably depending
on the conditions involved. A simple way of measuring a person’s reaction time is by measuring
how far a metre rule falls before it can be caught between thumb and finger. The time can then
be calculated using the equation s = 5¢%.

The measurement can be repeated with the person tested being blindfolded to see if the reaction

time changes if the stimulus (to catch the ruler) is either sound or touch, rather than sight.

‘Whatever tests are carried out, our reaction times are likely to be inconsistent. This means

that whenever we use stopwatches operated by hand, the results will have an unavoidable

uncertainty (see Chapter 1). It is sensible to make time measurements as long as possible to

decrease the significance of this problem. (This reduces the percentage uncertainty) Repeating

measurements and calculating an average will also reduce the effect of random errors.

1 Use the method described above (or any other) to measure your reaction time when the
stimulus is sight. Repeat the measurement 10 times.

a  What was the percentage variation between your average result and your quickest

reaction time?

b Did your reaction times improve with practice?

B Graphs describing motion

Graphs can be drawn to represent any motion and they provide extra understanding and insight
(at a glance) that very few people can get from written descriptions or equations. Furthermore, the
gradients of graphs and the areas under graphs often provide additional valuable information.
Displacement-time graphs and distance-time graphs

Displacement-time graphs, similar to those shown in Figure 2.6, show how the displacements of
objects from a reference point vary with time. All the examples shown in Figure 2.6 are straight
lines and can be described as representing linear relationships.

B Figure 26 s . " o
Constant velocities on A H 5
A § 2 £ £ D
g5 8 =
araphs s-toraphy S ||/ 5 c 5
58 1 & 2
g3 |
g% 0 0
o Tme,t 0 Time, ¢

0
equal time intervals

Line A represents an object moving away from a reference point such that
equal displacements occur in equal times. That is, the object has a constant
velocity. Any linear displacement—time graph represents a constant velocity
(it does not need to start or end at the origin).

Line B represents an object moving with a higher velocity than A.

Line C represents an object that is moving closer to the reference point.

Displacement, s

Line D represents an object that is stationary (at rest). It has zero velocity and
stays at the same distance from the reference point.

Displacement is a vector quantity, but displacement—time graphs like these are usually
used in situations where the motion is in a known direction, so that the direction may
not need to be stated again. Displacement in opposite directions is represented by the
B Figure 2.7 Motion in opposite use of positive and negative values. This is shown in Figure 2.7, in which the solid
directions represented on a line represents the motion of an object moving with a constant (positive) velocity.
displacement-time graph The object moves towards a reference point (when the displacement is zero), passes it,
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and then moves away in the opposite direction with the same velocity. The dotted line represents
an identical speed in the opposite direction (or it could also represent the original motion if the
directions chosen to be positive and negative were reversed).

Any curved (non-linear) line on a displacement-time graph represents a changing velocity, in
other words, an acceleration (or deceleration). This is illustrated in Figure 2.8.

B Figure 2.8 an b9
Accelerations on H B s
. o’ £ £
displacement-time g g
graphs 2 A a2
3 a
{9
5 )
o Time, t o Time, t
Figure 2.8a shows motion away from a reference point. Line A represents an object accelerating.
Line B represents an object decelerating (negative acceleration).
Figure 2.8b shows motion towards a reference point. Line C represents an object accelerating.
Line D represents an object decelerating (negative acceleration).
The values of the accelerations represented by these graphs may, or may not, be constant
(this cannot be determined without a more detailed analysis).
In physics, we are usually more concerned with displacement-time graphs than distance—
time graphs. In order to explain the difference, consider Figure 2.9, Figure 2.9 shows a
displacement—time graph for an object thrown vertically upwards with an initial speed of
20ms™, without air resistance. It takes 2s to reach a maximum height of 20m. At that point it
has an instantaneous velocity of zero, before returning to where it began after 4s and regaining
its initial speed. Figure 2.9b shows how the same motion would appear on an overall distance
time graph.
B Figure 2.9 ag b E
Displacement-time ‘é Eﬁ
and distance-time £ g
graphs for an object £ a,
moving up and then 3

down

0t T T

I3 4
Timels Time/s

Gradients of displacement—time graphs

Consider the motion at constant velocity shown in Figure 2.10.

B Figure 2.10 Findin
ot nding £ 20
a constant velocity 5 o
from a displacement- &
time graph g 8L At
2 -
a8 ]
T
2

Time/s
From the graph, the velocity v is given by:
_As_20-80
"B 80-20

v

=20mst
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 Figure 211 Finding
an instantaneous
velocity from a
curved displacement-
time graph

Note that the velocity is numerically equal to the gradient (slope) of the line. This is always true,

whatever the shape of the line.

The instantancous velocity of an object is equal to the gradient of the displacement—time

graph at that instant.

Figure 2.11 shows an object moving with increasing velocity. The velocity at any time (for
example t,) can be determined by calculating the gradient of the tangent to the line at that

instant.
E
518
=
a

3

!
% : L, 23
Time/s

The triangle used should be large, in order to make this process as accurate as possible, The
tangent drawn at time t, has a smaller gradient because the velocity is smaller. At time ¢, the

velocity is higher and the gradient steeper. So, in this example:

JB-30. B . it
55-50 18

velocity at t;

1 Figure 2.12 represents the mation of a train on a straight track between two stations.

2 Describe the motion.

b How far apart are the stations?

© Calculate the maximurn speed of
‘the train.

d What was the average speed of the
train between the two stations?

4000

3000

Distance/m

2000

a Draw a displacement-time graph
for a swimmer who swims 50m
ata constant speed of 1.0ms if 1000
the swimming pool is 25m long
and the swimmer takes 15 to tum

around half way through the race. 0t T T

b Find out the average speed of the 0 50 100
world freestyle record holder when
the 100m record was last broken,

© The world record for swimming
50min a pool of length 25m is
quicker than for swimming in a
pool of length 50m. Suggest why.

= Figure 2.12

Draw a displacement-time graph for the following motion: a
stationary car is 25m away; 2 later it starts to move further away in
a straight line from you with a constant acceleration of 1.5ms2for 4
seconds; then it continues with a constant velocity for another 8s.

4 Describe the motion of the runner shown by the graph in Figure 2.13.

T T
150 200

Displacement

o

= Figure 2.13

T 1
250 300
Time/s

Time
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 Figure 245
Constant
accelerations on
velocity-time graphs

B Figure 2.16 Velocities in
opposite directions

5 a Describe the motion represented by the graph in Figure 2.14.

A B
1 3 5

= Figure 2.14

Displacement/cm

5
4
3
2
1
0

9
Timels

b Compare the velocities at points A and B.
© When is the object moving with its maximum and minimum velocities?
d Estimate values for the maximum and minimum velocities.

& Suggest what kind of object could move i this way.

Velocity-time graphs

Any velocity-time graph, like those shown in Figure 2.15, shows how the velocity of an object
varies with time. Any straight (linear) line on any velocity—time graph shows that equal changes
of velocity occur in equal times — that is, a constant acceleration.

>
Velodity, v
Velodity, v
o

in velocity
A

equal changes

o
o

0 Time, ¢ Time, £
equal time intervals

W Line A shows an object that has a constant positive acceleration.
B Line B represents an object moving with a higher positive acceleration than A.

B Line C represents an object that is decelerating (negative acceleration).

B Line D represents an object moving with a constant velocity — that is, it has zero acceleration.

Curved lines on velocity-time graphs represent changing accelerations. Velocities in
opposite directions are represented by positive and negative values. The solid line in
Figure 2.16 represents an object that decelerates uniformly to zero velocity and then
moves in the opposite direction with an acceleration of the same magnitude. This
graph could represent the motion of a stone thrown in the air, reaching its maximum
height and then falling down again. The acceleration remains the same throughout
(9.81 ms2 downwards). In this example velocity and acceleration upwards have been
chosen to be negative, and velocity and acceleration downwards are positive. The
dashed line would represent exactly the same motion if the directions chosen to he
positive and negative were reversed.
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W Figure 217 Finding

the gradient of a
velocity-time graph

Gradients of velocity—time graphs

Consider the motion at constant acceleration shown in Figure 2.17.

Velodity/m s

0
4 Time/s
From the graph:
Ay 12-70
acceleration, a = = 0 1oms?

At 90-40
Note that the acceleration is numerically equal to the gradient (slope) of the line. This is always
true, whatever the shape of the line.

The instantaneous acceleration of an object is equal to the gradient of the velocity~time
graph at that instant.

Worked example

1 The red line in Figure 218 shows an object & 15
decelerating (with a decreasing negative >
acceleration). Use the graph to find the 8
instantaneous acceleration at 10s. S
A tangent drawn at the time of 10s can
be used to determine the value of the h
acceleration at that instant: 5 |
T
acceleration, H
0 T + T T 1
In this example the large triangle used o 5 10 15 20 25
to determine the gradient accurately Time/s
was drawn by extending the tangent to M Figure 2.18 Finding an instantaneous acceleration
the axes for convenience. T

Areas under velocity-time graphs

Consider again the motion represented in Figure 2.17. The change of displacement, s, between
the fourth and ninth second can be found from (average velocity)  time.

@ X (90 - 40) =48m
This is numerically equal to the area under the line between ¢ = 4.0s and ¢ = 905 (as shaded in
Figure 2.17). This is always true, whatever the shape of the line.

The area under a velocity-time graph is equal to the change of displacement in the
chosen time.
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Worked example

2 Figure 2.19a shows how the velocity of a car changed in the first 5 after starting. Use the graph to
estimate the distance travelled in this time.
In Figure 2.19b the blue line has been drawn so that the area under it and the area under the original
fine are the same (as judged by eye).
distance = area under graph =‘7 x 16 x5.0=40m
a b
5 5 5 5
E £
22 2
8 8
215 215
//
10 10
5 5
0 0
0o 1 2 3 4 5 0 1 2 3 4 5
Timels Timels
M Figure 219 Determining the of a car d
6 a Describe the motion represented by the graphin ;0
Figure H
b Calculate accelerations for the three partsof the 5,
journey. §30-|
© What was the total distance travelled? ks
d What was the average speed? o
7 The velocity of a car was read from its
speedometer at the moment it started and every 1.0+
25 afterwards
The successive values (ms-) were: 0, 1.1, 2.4, 6.9, e
122, 18.0,19.9,21.3 and 21.9. Plot a graph of 1254L¢67¢8
‘these readings and use it to estimate the maximum ) Times
acceleration and the distance covered in 165 Migure2 20
8 a Describe the motion of the object represented 6
by the graph in Figure 2.21. sl
b Calculate the acceleration during the first 8s. 2
© What was the total distance travelled in 1257 8 8-
d What was the total displacement fter 1257 21 o
& What was the average speed during the
125sinterval? [ T T ™
2 a\s 10 12 14
9 Sketch a velocity-time graph of the following 44 Timels
motion: a car is 100m away and traveling along a 8|
straight road towards you at a constant velocity of
25ms!. Two seconds after passing you, the driver -12
decelerates uniformly and the car stops 62.5m 16

away from you

= Figure 2.21
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TSl Biomechanics and 100m sprinters

World-class sprinters can run 100m in about 10s (see Figure 2.22). The average velocity is easy
to calculate: v =100/10 = 10ms. Clearly they start from Oms™, so their highest instantaneous
velocity must be greater than 10ms™.

Trainers use the science of biomechanics to improve an athlete’s techniques, and the latest
computerized methods are used to analyse every moment of their races. The acceleration off the
blocks at the start of the race is all important, so that the highest velocity is reached as soon as
possible. For the rest of the race the athlete should be able to maintain the same speed, although
there may be a slight decrease towards the end of the race. Figure .23 shows a typical velocity—
time graph for a 100m race completed in 10s.

1 a Estimate the highest acceleration

b - achieved during the race illustrated in
£ [ Figure 2.23.
3 b When does the athlete reach their
8| greatest velocity?
. ¢ Explain why the two shaded areas on
the graph are equal.
4 d Using the internet to collect data,
2 draw a graph showing how the world
(or Olympic) record for the 100m has
S changed over the last 100 years.

Time/s e Predict the 100m record for the year
W Figure 2.22 Usain Bolt broke the M Figure 2.23 Velocity-time graph 3

world record for 100minatimeof  for an athlete running 100m

9.58 seconds in Berlin in 2009

Acceleration-time graphs

An acceleration~time (a—0) graph, like @ a a
those shown in Figure 2.24, shows how ¥+ * D #

the acceleration of an object changes B £

with time. In this chapter, we are mostly A

concerned with constant accelerations a <k = D, =
(it is less common to see motion graphs _ C o -

showing changing acceleration). The
graphs in Figure 2.24 show five lines
representing constant accelerations.

B Figure 2.24 Graphs of constant acceleration

B Line A shows zero acceleration, constant velocity.

B Line B shows a constant positive acceleration (uniformly increasing velocity).

B Line C shows the constant negative acceleration (deceleration) of an object that is slowing
down at a constant rate.

Line D shows a (linearly) increasing positive acceleration.

Line E shows an object that is accelerating positively, but at a (linearly) decreasing rate.
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Areas under acceleration—time graphs

At

Figure 2.25 shows the constant acceleration of a moving € '
car. Using a = Au/At, between the fifch and thirteenth 8
seconds, the velocity of the car increases by: 2
Av=aht=15x80=12ms?! <
0
The change in velocity is numerically equal to the area 0

under the line between t = 55 and t = 135 (shaded in

Figure 2.25). This is always true, whatever the shape of

the line.

Timels

W Figure 2.25 Calculating change of

velocity from an acceleration-time graph

The area under an acceleration-time graph is equal to the change of velocity in the

chosen time.

10 Draw an acceleration-time graph for a car that
starts from rest, accelerates at 2ms- for 5,
then travels at constant velocity for 85,
before decelerating uniformly to rest again
in a further 2

1 Figure 2.26 shows how the acceleration of a
car changed during a 6 interval. If the car
was travelling at 2ms-' after 1s, estimate a
suitable area under the graph and use it to
determine the approximate speed of the car
after 5

Figure 2.27 shows a tennis ball being struck by
a racquet. Sketch a possible velocity-time graph
and an acceleration-time graph from 15 before
impact to 15 after the impact.

Sketch possible displacement-time and
velocity-time graphs for a bouncing ball
dropped from rest. Continue the sketches until
the third time that the ball contacts the ground,

Acceleration/m 52
N oW oa w
> o o o

= Figure 2.26

4 6
Time/s

= Figure 2.27 Striking
atennis ball

Graphs of motion: summary

If any one graph of motion is plotted (s, vt or a-t), then the motion is fully defined and the
other two graphs can be drawn with information about gradients and/or areas taken only from
the first graph. This is summarized in Figure 2.28.

calculate
gradients

calculate
areas

calculate
gradients

calculate
areas

B Figure 2.28 The connections between the different graphs of motion

To reproduce one graph from another by hand is a long and repetitive process, because in order
to produce accurate graphs a large number of similar measurements and calculations need to be
made over short intervals of time. Of course, computers are ideal for this purpose.

In more mathematically advanced work, which is not part of this course, calculus can be used
to perform these processes using differentiation and integration.
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Kinematic equations: vehicle braking distances

Velocity/m s°!

0

W Figure 2.29 Velocity-time graphs for

two cars braking

Figure 2.29 represents how the velocities of two identical cars changed from the moment that
their drivers saw danger in front of them and tried to stop their cars as quickly as possible. It
has been assumed that both drivers have the same reaction time (0.7s) and both cars decelerate
at the same rate (-5.0ms™).

The distance travelled at constant velocity before the driver reacts and depresses the brake
pedal is known as the ‘thinking distance’. The distance travelled while decelerating is called
the ‘braking distance’. The total stopping distance is the sum of these two distances.

Car B, travelling at twice the velocity of car A, has twice the thinking
distance. That is, the thinking distance is proportional to the
velocity of the car. The distance travelled when braking, however, is
proportional to the velocity squared. This can be confirmed from the
areas under the v~ graphs. The area under graph B is four times the
area under graph A (during the deceleration). This has important
implications for road safety and most countries make sure that people

8 learning to drive must understand how stopping distances change with
the vehicle’s velocity. Some countries measure the reaction times of
people before they are given a driving licence.

Set up a spreadsheet that will calculate the total stopping distance

for cars travelling at initial speeds, u, between 0 and 40ms™! with

a deceleration of —6.5 ms™2 (Make calculations every 2ms™") The
thinking distance can be calculated from s, = 0.7u (reaction time 0.7s).
In this example the braking time can be calculated from ¢, = /6.5

and the braking distance can be calculated from s, =(u/2)ty, Use the
data produced to plot a computer-generated graph of stopping distance
(y-axis) against initial speed (x-axis).

e

Time/s

B Equations of motion for uniform acceleration

The five quantities u, v, a, s and t are all that is needed to fully describe the motion of an object
moving with uniform (constant) acceleration.

u = velocity (speed) at the start of time ¢

]
B v = velocity (speed) at the end of time ¢
B a = acceleration (constant)

n

s = distance travelled in time ¢

¢ = time taken for velocity (speed) to change from 1 to v and to travel a distance s

If any three of the quantiies ate known, the other two can be calculated using the two
equations below. If we know the initial velocity u and acceleration a of an object, and the
acceleration is uniform, then we can determine its final velocity v after a time t by rearranging
the equation used to define acceleration. This gives:

v=u+at

This equation is given in the Physics data booklet.
‘We have also seen that the distance travelled while accelerating uniformly from a velocity u
to a velocity v in a time t can be calculated from:

(v+wt
2

This equation is given in the Physics data booklet.

These two equations can be combined mathematically to give two further equations,
shown below, which are also found in the Physics data booklet. These very useful equations
do ot involve any further physics theory; they just express the same physics principles in a
different way.
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W =u? +2as

Lo
s =ut+ar

Remember that, the four equations of motion can only be used if the acceleration is uniform
during the time being considered.

The equations of motion are covered in the IB Mathematics course (and also treated in
caleulus form).

Worked examples

AFormula One racing car (see Figure 2.30)

accelerates from rest (ie. it was stationary

10 begin with) at 18ms-2

a What s its speed after 3.0s?

b How far does it travel in this time?

< If it continues to accelerate at the same
rate, what will ts velocity be after it has
travelled 200m from rest?

d Convert the final velocity to kmh-!

M Figure 2.30 Formula One cars ready to start the
Canadian Grand Prix

But note that the distance can be calculated directly, without fist calculating the final velocity, as
follows:

t+Jat

=(0x3.0)+ (05 18x 3.0

s=81m

€ =1l +2as
V2= 02+ (2 x 18 x 200)
2 =7200
v=85ms’

d 85ms~'= 85 x 3600 = 3.1 x 105mh~"

5
2110 - 310kmh-t

3.1 x10°mh-

4 Atrain travelling at 50ms=' (180 kmh-) needs to decelerate uniformly so that it stops at a station
2 kilometres away.
a What s the necessary deceleration?
b How long does it take to stop the train?

av2=u2+2as
02= 507+ (2 x 2 x 2000)

-50%
2% 2000
=-063ms?

bv=u+at
0=50+(-0625)x t
50

(Alternatively, s = % tcould have been used)
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Nature of Science

Assume that all accelerations are constant,

14 Aball rolls down a slope with a constant acceleration. When it passes a point P its velocity is 1.2ms™" and
ashort time later it passes point Q with a velocity of 2.6 m:
a What was its average velocity between P and Q?
b If it took 1.45 to go from P to Q, what is the distance PQ?
© Whatis the acceleration of the ball?

A plane accelerates from rest along arunway and takes off with a velocity f 86.0ms~ s acceleraton
during this time is 2.40m:

a What distance a\ung(ha runway does the plane travel before take-off?

b How long after starting its acceleration does the plane take off?

An ocean-going oil tanker can decelerate o quicker than 0.0032ms-2.
2 Whatis the minimum distance needed to stop if the ship i travelling at 10 knots? (1 knot = 0.514ms™)
b How much time does this deceleration require?

An advertisement for a new car states that it can travel 100m from rest in 8.25.

a What is the average acceleration?

b Whatis the speed of the car after this time?

18 A car traveling at a constant velocity of 21ms-! (faster than the speed limit of 50kmh-') passes a
stationary police car. The police car accelerates after the other car at 4.0ms-2 for 8.0s and then continues
with the same velocity until it overtakes the other car.

2 When did the two cars have the same velocity?

b Has the police car overtaken the other car after 10s?

© By equating two equations for the same distance at the same time, determine exactly when the police
car overtakes the other car.

19 A car brakes suddenly and stops 2.4 later, after travelling a distance of 38m.

a What was its deceleration?
b What was the velocity of the car before braking?

20 A spacecraft travelling at 8.00km ™! accelerates at 2.00 x 10-2ms~ for 100 hours.

a What is its final speed?
b How far does it travel during this acceleration?

21 Combine the first two equations of motion (given on page 33) to derive the second two (v2 = u? + 2as and

5= ut

Observations
Scientific knowledge only really developed after the importance of experimental evidence
was understood.

The equations of motion (and Newton's laws of motion) are a very important part of classical
physics tha all students should understand well, They were first proposed at an early stage in the
historical development of physics, when experimental techniques were not as developed as they are
today. However, these basic ideas about motion still remain just as important in the modern world.

Early scientists, like Galileo and Newton, were able to make careful observations and gather
enough evidence to support their theories about idealized motion despite the fact that friction
and air resistance always complicate the study of moving objects. This s especially impressive
because some of their theories contradicted ideas that had been accepted for 2000 years.

B Acceleration due to gravity

‘We are all familiar with the motion of objects falling towards Earth because of the force of
gravity. Figure 231 shows an experiment to gather data on distances and times for a falling
mass, so that a value for its acceleration can be calculated. The electronic timer starts when the
electric current to the electromagnet is switched off and the steel ball starts to fall. When the
ball hits the trapdoor at the bottom, a second electrical circuit is switched off and the timing
stops. Alternatively, a position sensor could be used to track the fall of the ball

35
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W Figure 2.31
An experiment
to measure the
acceleration due to

ruler

electromagnet

gravity
timer
trapdoor
Worked example
5 Suppose that when the mass fell 0.84m the time was measured to be 0.42s. Calculate its gravitational
acceleration
= 1

s=ut+Lat

0.84=0+(05xax0.42%)

Gy gims® ~  Ofcourse, obtaining an accurate and reliable result will requie further measurements.
‘Auckland 9.799 The measurement could be repeated for the same height, so that averages could be
Bangkok 9783 calculated. But it would be better to take measurements for different heights, so that an
Buenos Aires 9797 appropriate graph can be drawn, which will provide a better way of assessing random
Cape Town 96 and systematic errors.

Chicago If accurate measurements are made in a vacuum (to be sure that there is no air
Kuwait resistance), the results are very similar (but not identical) at all locations on the Earth’s
London surface. Some examples are shown in Table 2.1.

LaPaz The acceleration due to gravity in a vacuum near the Earth's surface is given the
Madco City symbol g This is also called the acceleration of free fall. The accepted value of g is
Tokyo 981 ms™. This value should be used in calculations and is listed in the Physics data

B Table 2.1 Values of g in
some cities around the world

booklet. Anywhere on the Earth's surface (or in an airplane) can be considered as ‘near
to the Earth's surface’.

It is very important to remember that all freely moving objects close to the Earth’s
surface experience this same acceleration, g, downwards. This is true whether the
object is large or very small, or whether it is moving upwards, downwards, sideways or
in any other direction, ‘Freely moving’ means that the effects of air resistance can be
ignored and that the object is not powered in any way. In reality, however, the effects
of air resistance usually cannot be ignored, except for large, dense masses moving
short distances from rest. But, as is often the case in science, we need to understand
simplified examples first before we move onto more complicated situations.

Worked examples

6 A coin falls from rest out of an open window 16m above the ground. Assuming that there is no air
resistance:
a whatisits velocity when it hits the ground?
b how long did it take to fall that distance?
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a V=ul+2as
=024 (2981 x 16)= 314
v=18ms-!

u+at

+9.81t

18
557185

18

7 Aballis thrown vertically upwards and reaches a maximurn height of 21.4m.
a Calculate the speed with which the ball was released.
b What assumption did you make?
¢ Where will the ball be 3.055 after it was released?
d What wil its velocity be at this time?

aV=u?+2as
When the ball has travelled a distance s = 21.4m, its speed, v, at the highest point will be zero.
02= 2+ (2x ~9.81 x 21.4)
w2=4199

=205ms!

In this example, the vector quantities directed upwards (u, v, 5) are considered positive and the
quantity directed downwards (@) is negative. The same answer would be obtained by reversing all
the signs. Using positive and negative signs to represent vectors (like displacement, velocity and
acceleration) in opposite directions is common practice.

b It was assumed that there was no air resistance.

¢ s=ut+la

20.5 % 3.05) + (1 x-9.81 x3.05)

= 16.9m above the ground

=u+at
0.5 +(-9.81 x 3.05)

~9.42ms™" (moving downwards)

in all of the following questions, ignore the possible effects of air resistance. Use g = 9.81 ms-2.

22 Suggest possible reasons why the acceleration due to gravity is not the same everywhere on the Earth's
surface.

23 a How long does it take a stone dropped from rest from a height of 2.1 m to reach the ground?
b IF the stone was thrown downwards with an initial velocity of 4.4ms-", with what speed would it hit
the ground?
© If the stone was thrown vertically upwards with an initial velocity of 4.4 m 5-1, with what speed would it
hit the ground?

24 A small rockis thrown vertically upwards with an initial velocity of 22ms™". When will its speed be
10ms-1? (There are two possible answers.)

25 Afalling ball has a velocity of 12.7ms™1as it passes a window 4.81 m above the ground, When will t hit
the ground?

26 A ball is thrown vertically upwards with a speed of 18.5ms-" from a window that is 12.5m above the ground.
2 When will it pass the same window moving down?
b With what speed will it hit the ground?
 How far above the ground was the ball after exactly 257

27 Two balls are dropped from rest from the same height. If the second ball is released 0.7505 after the first,
and assuming they do not hit the ground, how far apart are the two balls:
3,00 after the second ball was dropped?
b 2,00 later?

28 A stone is dropped from rest from a height of 34m. Another stone is thrown downwards 0.5 later. f they
both hit the ground at the same time, what was the initial velocity of the second stone?
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29 In Worked example 3 an acceleration of 18ms-2was quoted for a Formula One racing car. The driver of
‘that car could be said to experience a ‘g-force’ of nearly 2g, and during the course of a typical race a driver
may have to undergo g-forces of nearly 5g. Explain what you think is meant by a ‘g-force of 2g.

30 Stone A s dropped from rest from a cliff. After it has fallen 5m, stone B is dropped.
 How does the distance between the two stones change (i at al) as they fall?

b Explain your answer.

31 a Aflea accelerates at the enormous average rate of 1500ms-2 during a vertical take-off that lasts only
about 0.0012s, What height will the flea reach?
b Measure how high you can jump vertically (standing in the same place), and use the result to calculate
your take-off velocity.
< In order to jump up you had to bend your knees and reduce your height. Measure by how much your
height was reduced just before jumping, then use the result to estimate your average acceleration

during take-off.

d What was the duration of your take-off?
& Compare your performance with the flea's.

32 Use the internet to learn more about the GOCE project, which ended in 2013 (Figure 2.32).

= Figure 2.32 The Gravity Field and Steady-State
OceanCirculation Explorer (GOCE) satellite was
launched by the European Space Agency in 2009

= Figure 2.33 Burj Khalifa in Dubai

33 Figure 2.33 shows the tallest building in the world: Burj Khalifa in Dubai.
 How long would it take an object to reach the ground if it was dropped from 828m (the height of

Burj Khalifa)?

b With what speed would it hit the ground?

34 The times of fall for a ball dropped from different heights (Figure 2.31) were measured.
a Sketch the height-time graph you would expect to get from these resulfs.
b By considering the equation s = ut +--at2, what would be the best graph to draw to produce a straight
bestfit line from which the acceleration due to gravity could be determined?

terminal

2

ths
M Figure 2.34 An example of a graph of
velocity against time for an object falling
under the effect of gravity, with and
without air resistance

B Fluid resistance and terminal speed

As any object moves through air, the air is forced to move out of the
path of the object. This causes a force opposing the motion called air
resistanice, or drag.

Similar forces will oppose the motion of an object moving in any
direction through any gas or liquid. (Gases and liquids are both described
as fluids because they can flow) Such forces opposing motion are generally
described as fluid resistance.

Figure 2.34 represents the motion of an object falling towards Earth.
Line A shows the motion without air resistance and line B shows the
‘motion, more realistically, with air resistance.

When any object first starts to fall, there is no air resistance. The iniial
acceleration, g, is the same as if it was in a vacuum, As the object falls
faster, the air resistance increases, so that the rate of increase in velocity
becomes less. This is shown in the Figure 2.34 by the line B becoming less
steep. Eventually the object reaches a constant, maximum speed known as
the terminal speed or terminal velocity (‘terminal’ means final). The value of
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Adi

I
Perspectives

an object’s terminal speed will depend on its cross-sectional area, shape and weight, as discussed in
Section 2.2. The terminal speed of a skydiver is usually quoted at about 200kmh! (S6ms™) ~ Figure
235, Terminal speed also depends on the density of the air — in October 2012 Felix Baumgartner
(Figure 2.36), an Austrian skydiver, reached a world record speed of 1358kmh™! by starting his jump
from a height of about 39km above the Earthis surface where there is very lctle air.

W Figure 2.35 Skydivers in free fall B Figure 2.36 Felix Baumgartner about to jump
from a height of 39km

The design and motion of simple parachutes make interesting investigations, especially if they can
be videoed falling near to vertical scales. The movement of an object falling vertically through

a liquid (oil for example) is slower and can also be investigated in a school laboratory. It may

also reach a terminal speed, and have a pattern of motion similar to that shown in Figure 2.34.
Computer simulations are also useful for gaining a quick appreciation of the factors that affect
terminal speeds, Air resistance is discussed in greater derail later i this chapter (page 52).

Galileo

It is a matter of common observation that ‘heavier objects fall to
Earth quicker than lighter objects. This is easily demonstrated
by dropping, for example, a ball and a piece of paper side by side.
The understandable belief that heavier objects fall faster was

a fundamental principle in ‘natural philosophy’ (the name for
early studies of what is now known as science) for more than
2000 years of civilization. In ancient Greece, Aristotle had
closely linked the motion of falling objects to the belief that all
processes have a purpose and that the Earth was the natural
and rightful resting place for everything,

In the sixteenth century the Italian scientist Galileo (Figure 2.37)
was among the first to suggest that the reason why various
objects fall differenly is only because of air resistance. He W Figure 2,37 Gallleo Galllel
predicted that, if the experiment could be repeated in a vacuum

(without air), all objects would have exactly the same pattern of

downwards motion under the effects of gravity.

In one of the most famous stories in science, Galileo dropped different masses off a balcony on
the Tower of Pisa in Italy to show to those watching on the ground below that falling objects
are acted on equally by gravity. This story may or may not be true, but one of the reasons

that Galileo is so respected as a great scientist is that he was one of the first to actually do
experiments, rather than just think about them.

It was many years later, after the invention of the first vacuum pumps, that Isaac Newton and
others were able to remove the effects of air resistance and demonstrate that a coin (a ‘guinea’)

and a feather fall together.
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In 1971 that famous experiment was repeated
on the Moon (Figure 2.38) when astronaut
David Scott dropped a hammer and feather
side by side. Millions of people all over the
world were watching while he reminded
them of Galileo’s achievements. The
strength of gravity is less on the Moon than
on the Earth because the Moon is smaller.
Objects accelerate towards the Moon at
about 7 of the rate that they would on the
Earth (g =16ms?).

Galileo's achievements were specifically
mentioned when the experiment was
repeated on the Moon, but do you think that there were other scientists who were equally
deserving of credit for advancing understanding of motion and gravity? Give the names of
two such pioneers of science and list their greatest achievements.

B Figure 2.38 Dropping objects on the Moon

What is science?
The Italian scientist Galileo Galilei (1564-1642) is famous for his pioneering work on kinematics
and falling objects, and it has been acknowledged that he was one of the first practical scientists
(in the modern meaning of the word). But what, exactly, is science and what makes science
different from other human activities?

This is not an easy question to answer in a few words, although there are certainly important
characteristics that most scientific activities share:
B Science attempts to see some underlying simplicity in the vast complexity around us.
W Science looks for the logical patterns and rules that control events.
W Science seeks to accumulate knowledge and, wherever possible, to build on existing

ledge to make an ding framework of unds di

Most importantly, science is based on experimentation and evidence — that is, science relies on
“facts’ that are, at the current time, accepted to be ‘true’. No good scientist would ever claim that
something must be absolutely ‘true’ for all time — one of the leading characteristics of science

is the constant independent and widespread testing of existing theories by experiment. No fact
or theory can ever be proven to be true for all times and all places, so science often advances
through experiments that try to disprove new theories or existing knowledge.

The question ‘what s science? is often answered by explaining how scientists work, the so-
called ‘scientific method’, which can be summarized as follows, although any particular scientific
process can show variations from this generalized pattern:

B Choose a topic for investigation (for
example, the design of golf balls —

Figure 2.39).

Research available information on the
chosen topic (maybe use the internet to
find out about the design of golf balls).
Ask a suitable question for investigation
(for example, would a larger golf ball
travel further than a smaller golf ball, if
struck in the same way?).

Use theory to predict what you think will
happen in the investigation (for example,
you might think that a smaller ball has
less air resistance and so will go further). W Figure 2.39 Why are golf balls a certain size?
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® Figure 2.40
Vertical and
horizontal
components of
velocity

Design and carry out an investigation to test your prediction.

Process the results and evaluate their uncertainties.

Draw conclusions, accepting or rejecting your predictions.

If the conclusions are unsatisfactory, repeat them andjor redesign the investigation.
If the conclusions are satisfactory and can be repeated, present your findings to other
people.

35 Awell-known old Chinese proverb says 'l hear and I forget, | see and | remember, | do and | understand.
Consider your own knowledge of physics. To what extent has doing experimental work improved
your understanding? Do you think doing more experimental work (and less theoretical work) would
improve:
a your interest?
b your examination results?

Explain your answers

B Projectile motion

In our discussion of objects moving through the air, we have so far only considered motion
vertically up or down. Now we will extend that work to cover objects moving in any direction.
A projectile is an object that has been projected through the air (for example, fired, launched,
thrown, kicked or hit) and which then moves only under the action of the forces of gravity (and
air resistance, if significant). A projectile has no ability to power or control its own motion.

Components of a projectile’s velocity

The instantaneous velocity of any projectile at any time can conveniently be resolved into
vertical and horizontal components, vy and vy, as shown in Figure 2.40.

vertical velocity of
component __ projectile, v
of velocity

v, =vsinb

horizontal
component
of velocity
Vy=veosh

Because these components are perpendicular to each other, they can be treated
independently (separately) in calculations.

When there is no air resistance, all objects moving through the air in the uniform gravitational
field close to the Earth’s surface will accelerate vertically downwards at 9.81 ms hecause

of the force of gravity. This is true for all masses and for all directions of motion (including
moving upwards). In other words, any object that is projected at any angle will always accelerate
vertically downwards at the same rate as an object dropped vertically (in the absence of air
resistance).

Because of the acceleration due to gravity, the values of the vertical component and the
resultant velocity of a projectile will change continuously during the motion, but it is important
to realise that the horizontal component will remain the same, if the air resistance is negligible,
because there are no horizontal forces acting on the projectile.
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The independence of horizontal and vertical motion in projectile motion seems to be counter-intuitive. How
do scientists work around their intuitions? How do scientists make use of their intuitions?

Human intuition has played a significant part in many scientific discoveries and developments, but scientists
also need the imagination to propose theories that may sometimes seem contrary to "common sense’,

This is especially true in understanding the weird realm of quantum physics, where relying on everyday
experiences for inspiration is of little or no use. But it is worth remembering that many of the well
established concepts and theories of classical physics that are taught now in schools would have seemed
improbable to scientists at the time they were first proposed.

36 At one particular moment a tennis ball is moving upwards with velocity of 28.4ms-! at an angle of 15.7°
1o the horizontal. Calculate the vertical and horizontal components of this velocity.

37 An aircraft s descending with a constant velocity of 480 km h-! at an angle of 2.0° to the horizontal
a What is the vertical component of the plane’s velocity?
b How long will it take to descend by 500m on this flight path? (Give the answer to the nearest minute.)
38 Astone is projected upwards at an angle of 22° to the vertical. At that moment it has a vertical
component of velocity of 38 ms-"
a What is the horizontal component of velocity at this time?
b After another second will:
i the horizontal component
he vertical component
be greater, smaller or the same as before? (Ignore the effects of air resistance.)

Parabolic trajectory
Figure 241 shows a stroboscopic photograph of a bouncing ball. In a stroboscopic photograph the
time intervals between the different positions of the ball are always the same.

The typical trajectory of a projectile is parabolic (shaped like a parabola ot part of a
parabola) when air resistance is negligible. For example, Figure 2.42 shows the trajectory of an
object projected horizontally compared with that of an object dropped vertically at the same
time. Note that both objects fall the same vertical distance in the same time.

@ inital horizontal velocity
Q

projected
horizontally

o— object dropped
vertically

° 17
® Figure 2.42 The parabolic
trajectory of an object projected
horizontally compared with an
B Figure 2.41 Parabolic trajectory of a bouncing ball object dropped vertically
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B Figure 2.43
Trajectories of
cannon balls
were commonly
misunderstood

The distance travelled and time of flight of various projectiles have always made popular and
interesting physics investigations. Video recording and analysis make this much easier and more
accurate. Many computer simulations are also available that enable students to quickly compare
trajectories under different conditions.

Ballistics

The study of the use of projectiles is known as ballistics, Because of its close links to hunting
and fighting, this is an area of science with a long history, going all the way back to spears, and
bows and arrows. Figure 243 shows a common medieval misconception about the motion of
cannon balls: they were thought to travel straight until they ran out of energy.

W Figure 2.44 A bullet ‘frozen’ by high-speed
photography

Photographs taken in quick succession became useful in analysing many types of motion in
the nineteenth century, but the trajectories of very rapid motion (like projectiles) was difficult
to understand until they could be filmed, or illuminated by lights flashing very quickly
(stroboscopes). The photograph of the bullet from a gun shown in Figure 2.4 required high-
technology, such as a very high-speed flash and very sensitive image recorders, in order to
‘freeze’ the projectile (bullet) in its rapid motion (more than 500ms™).

Use the internet to find out about the work of Eadweard Muybridge.

Effects of air resistance
In practice, ignoring the effects of air resistance can be unrealistic, especially for smaller and/
or faster-moving objects. So it is important to understand, in general terms, how air resistance
affects the motion of projectiles.

Air resistance (drag) provides a force that opposes motion. Without air resistance we assume
that the horizontal component of a projectile’s velocity is constant, but with air resistance it
decreases. Without air resistance the vertical motion always has a downwards acceleration of
981 ms, but with air resistance the acceleration will be reduced for falling objects and the
deceleration increased for objects moving upwards.

Figure 2.45 shows typical trajectories with
and without air resistance (for the same initial
velocity). Note that with air resistance the
path is no longer parabolic or symmetrical.

without air
resistance

‘with air
resistance
Calculations on projectile motion
If the velocity (speed and direction) of
any projectile moving through the air is

known at any moment, then the equations
of motion can be used to determine

the object’s velocity at any time during W Figure 2.45 Effect of air resistance on the
its trajectory. To carry out any of these trajectory of a projectile

43
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caléslasiins e miestasssenethat here s no i resistance;and that the diossards acealeration due
to gravity is always 9.81 ms2.

The transfer of gravitational potential energy (mgh) to kinetic energy (3mo?) can sometimes
provide anvalteemmrive solition'to s problén™ by euating these v energies e see that R
mass falling from rest through s vertical eight close oy the Earths surfuces

or

Objects projected horizontally

Worked example

8 Abullet is fired horizontally with a speed of 524ms-1from a height of 22.0m above the ground.
Calculate where it wil hit the ground.

First we need to calculate how long the bullet i in the air, We can do this by finding the time that the
same bullet would have taken to fall to the ground if it had been dropped vertically from rest (sou = 0):

s=ut+at

Without air resistance the bullet will continue to travel with the same horizontal component of velocity
(524ms~1) until it hits the ground 2.12s later. Therefore:

horizontal distance travelled = horizontal velocity x time

horizontal distance = 524 x 212 = 1.1 x 10°m

39 Make a copy of Figure 2.45 and add to it the trajectories of an object projected in the same direction with:
4 lower inital velocity
b higher initial velocity.

40 a Use a spreadsheet to calculate the vertical and horizontal displacements (every 0.25) of  stone thrown
horizontally off a ciff from a height of 48m) with an initial velocity of 25ms~. Continue calculations
until it hits the ground.

b Plot a graph of the stone’s trajectory.

41 Arifle is aimed horizontally and directly at the centre of a target that is 52.0m away.
a If the bullet had an initial velocity of 312ms™", how long would it take to reach the target?
b How far below the centre would the bullet hit the target?

Objects projected at other angles
The physics is the same for all projectiles at all angles: trajectories are still parabolic and the
vertical and horizontal components remain independent of each other. But the mathematics is
more complicated if the initial motion is not vertical or horizontal.
e most common problems involve finding the maximum height and the maximum

horizontal distance (range) of the projectile.

If we know the velocity and position of a projectile, we can always use its vertical component
of velocity to determine:
B the time taken before it reaches its maximum height, and the time before it hits the ground
¥ the maximum height reached (assuming its velocity has an upwards component).
The horizontal component can then be used to determine the range.

If the velocity at any time is needed, for example when the projectile hits the ground, then
the vertical and horizontal components have to be combined to determine the resultant in
magnitude and direction.
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Worl

example

9 Astone was thrown upwards from a height 1.60m above the ground with a speed of 18.0ms™" at an
angle of 52.0° to the horizontal. Assuming that air resistance is negligible, calculate:
a its maximum height
b the vertical component of velocity when it hits the ground
¢ the time taken to reach the ground
d the horizontal distance to the point where it hits the ground
e the velocity of impact.

First we need to know the two components of the nitial velocity:
8.05in52.0° = 14.2ms”!

a Using v2 = u2 + 2as for the upwards vertical motion (with directions upwards considered to be
positive), and remembering that at the maximum height v-= 0, we get:

0=14.27 412 x (-9.81) x 5]

= +10.3m above the point from which it was released; a total height of 11.9m.
(Using 212 = gh s an altemative way of performing the same calculation)

b Using V2 = u? + 2as for the complete motion gives:
P =1422+[2 x (-9.81) x (-1.60)
v=15.3 ms™" downwards

¢ Usingv=u + at gives:
153 =142 + (08Nt

d Using s = vtwith the horizontal component of velocity gives:
5=111x3.0=333m

e Figure 2.46 ilustrates the information we have determined so far and the unknown angle and velocity.

5
18.0ms
10.3m !
142ms? i 153ms"
|
|
2 Sl ms |
1.6m§ 0 11.1ms- (€
333m
M Figure 2.46

From looking at the diagram, we can use Pythagoras's theorem to calculate the velocity of impact:
(velocity of impact)? = (horizontal component)? + (vertical component)?

142.415.32
vi=189ms™

‘The angle of impact with the horizontal, 6, can be found using trigonometry:
153
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Utilizations

42 Repeat Worked example 9 for a stone thrown with a velocity of 26ms-! at an angle of 38 to the
horizontal from a cliff top. The point of release was 33 m vertically above the sea.

43 The maximum theoretical range of a projectile occurs when it s projected at an angle of 45° to the
ground (once again, ignoring the effects of air resistance). Calculate the maximum distance a golf ball will
travel before hitting the ground if its initial velocity is 72m ™' (Because you need to assume that there
is no i resistance, your answer should be much higher than the actual ranges achieved by top-class
goffers)

44 A jet of water from a hose is aimed directly at the base of a flower, as shown in Figure 2.47. The water
emerges from the hose with a speed of 3.8ms™"

= Figure 2.47 = Figure 2.48

a Calculate the angle, 6, and the vertical and horizontal components of the initial velocity of the water.
b How far away from the base of the plant does the water hit the ground?

45 A bal rolls down the slope shown in Figure 2.48 and is then projected horizontally off the table top at point P.

 Show that the maximum range of the ball is given by R = 2y/if,. (Ignore any effects due to the
spinning of the ball

b What assumption(s) did you make?
< Explain why your answer to  did not depend on the mass of the ball

46 If the maximunm distance a man can throw a ball is 78m, what is the minimum speed of release of the
ball? (Assume that the ball lands at the same height from which it was thrown and that the greatest range
for a given speed is when the angle is 45°)

Projectiles in sport

Many sports and games involve some kind of object (often a ball) being thrown, kicked or hit
through the air. Obvious examples are basketball (see Figure 2.49), tennis, foothall, badminton,
archery, cricket and golf. The skill of the players is to make the ball, or other object, move with
the right speed and trajectory, and often to also be able to judge correctly the trajectory of an
object moving towards them.

The mass, shape, diameter and the nature of the surface of
a ball will all affect the way in which it moves through the
air after it has been ‘projected’. Although in most sports it
can be assumed that the ball will follow an approximately
parabolic path through the air, if the ball always had a
perfectly parabolic trajectory then the game would be
predictable and less skilful. The effect of the air moving
over the surface of the ball plays an important part in many
sports and good players can use this to their advantage by
putting spin on the ball, There is a difference in air pressure
on opposite sides of a spinning ball, producing a force that
affects the direction of motion.

W Figure 2.49 A basketball moves in approximately
parabolic flight
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Part of the fun of playing or watching sports is to
see a ball being struck or thrown with such skill
that it travels with great accuracy and speed, or
goes a long distance. It is interesting to consider
how the design of the balls in different sports has
evolved.

Badminton is an unusual sport hecause the design of
the shuitdlecock delberately produces nionperboli
trajectories (see Figure 2.50). A shuttlecock has

a small mass for its cross-sectional area, which
‘means that it can travel very fast when it is first
‘hit; after that, air resistance has a significant
effect, considerably reducing its range. Most of a
shuttlecock’s mass is concentrated in the ‘cork’ at

W Figure 2.50 Badminton shuttlecock trajectories are not parabolic the opposite end from the feathers, so that it always

W Figure 251
The upwards force on
arocket accelerates it
into space

‘moves in flight such that the cork leads the motion.

In which sport can the struck ball travel the longest distance? Find out if there are any
regulations in that game that try to limit how far the ball can travel.

)

If the balls from a variety of different sports were all dropped from the same height onto
the same hard surface, which one would bounce up to the greatest height? Discuss possible
reasons why that ball loses the smallest fraction of its energy when colliding with the
surface and why that is important for the sport in which it is used.

w

Research an explanation of how spin can cause a ball to change direction.

2.2 Forces - dassical physics requires a force to change a state of motion, as
suggested by Newton in his laws of motion

At its simplest, a force is a push or a pull. A force acting on an object (a body) can make it start
to move (Figure 2.51) or change its motion if it is already moving. In other words, a force can
change the velocity of an object; accelerations are caused by forces.

Forces can also change the shape of an object. That is, a force can make an object become
deformed in some way. For example, when we sit on a soft chair the deformation is easy to see.
‘When we sit on a hard chair, or stand on the floor, there is still a deformation but it is usually
too small to see.

Clearly, the effect of a force will depend
on the direction in which it acts. Force is a
vector quantiry. Like all vectors, a force can be
represented by drawing a line of the correct
length in the correct direction (shown with
an arrow), to or from the correct point of
application. The vector arrow should be clearly
labelled with an accepted name or symbol.
The length should be proportional to the
magnitude of the force, For example, in Figure
2,52 vector atrows represent the different
weights of two people.

‘When discussing the forces acting on an object, we may alternatively talk about applying a
force to an object, or exerting a force on an object.

The symbol F is used for force and the SI unit of force is the newton, N. One newton is
defined as the (resultant) force that makes a mass of 1kg accelerate by 1ms2.

a7
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W Figure 2.52 Weight
acts downwards from
the centre of mass

Objects as point particles

When a force is applied to an object in simple situations, the shape and size of the object are
often not of much importance, and adding details to any drawing can lead to confusion. We
might, for example, wonder if an extended object shown in a drawing will tip or rotate when
acted on by forces. See Figure 2.61 for an example. For this reason, and for simplicity, objects are
often represented as points — point particles.

B Different types of force

Apart from obvious everyday pushes and pulls, we are surrounded by a number of different types
of force. In the following section we will introduce and briefly discuss these types of force:
weight

tension and compression

reaction forces

friction and air resistance

upthrust

other non-contact forces (like weight)

Weight
The weight, W, of a mass is the gravitational force that pulls it towards the centre of the Earth.
‘Weight is related to mass by the following equation:

W = mg

In this equation, W is the weight in newtons, m is the mass of the object in kilograms and g is
the acceleration due to gravity in metres per second squared (m s2). The larger the mass of the
object, the bigger its weight. (The symbol W is more commonly used for work.)

An alternative interpretation of g is as the ratio of weight to mass, g = W/m. Expressed in
this way, it is known as the gravitational field strength with the unit of newtons per kilogram,
Nkg! (INkg™ = 1ms). A certain mass would weigh less on the Moon because the Moon has
a smaller gravitational field strength than the Earth.

The value of g on, or close to, the Earths surface is assumed to be 9.81 ms2, although it
does vary as we saw in Table 2.1. For quick approximations a value of g = 10ms is often
used — which is only a 2% difference. The value of g decreases as the distance from the centre
of the Earth increases. For example, at a height of 300km above the Earth’s surface the value
of ¢ has decreased slighly to 9.67ms™. This means
that objects at that height, such as a satellite
or astronauts in orbit around the Earth, are not
weightless (as is often believed), but weigh only a
little less than on the Earth’s surface.

If we want to represent the weight of an object in
a diagram, we use a vector arrow of an appropriate
length drawn vertically downwards from the centre
of mass of the object, as shown in Figure 2.52. The
centre of mass of an object can be considered as the
‘average’ position of all of its mass. For symmetrical
and uniform objects the centre of mass is at the
geometrical centre.

The mass of an object stays the same wherever
it is in the universe, but the gravitational force
on an object (its weight) varies depending on its
location. For example, the acceleration due to
gravity (gravitational field strength) on the Moon

mass 65kg

weight, 150N
weight, 650N
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is L6ms? and on Mars it is 3.7ms™2. The acceleration due to gravity is different on the Moon
and Mars because they have different masses and sizes compared with the Earth. In deep space, a
very long way from any star or planet, any object would be (almost) weightless.

Unfortunately, in everyday conversation the word ‘weighing is used for finding the mass
of an object, in kg for example (not the weight in N), and the question ‘what does that weigh?”
would also usually be answered in kilograms, not newtons. This is a common confusion that
every student and teacher of physics has to face.

Worked example

10 An astronaut has a mass of 62.2kg. What would her weight be in the following locations?
a on the Earth's surface
b in a satellite 300 km above the Earth
¢ on the Moon
d on Mars
e avery, very long way from any planet or star

a W=mg=62.2x981=610N

d W=622x37=230N
e zero

s
5

Calculate the weight of the following objects on the surface of the Earth
2 a car of mass 1250kg

b a newborn baby of mass 3240g

© one pin in a pile of 500 pins that has a total mass of 124g.

48 A girl has a mass of 45.9kg. Use the data given in Table 2.1 to calculate the difference in her weight
between Bangkok and London.

49 a Itis said that ‘an A380 plane has a maximur take-off weight of 570 tonnes' (Figure 2.53). A tonne s
the same s a mass of 1000kg. What is the maximum weight of the plane (in newtons) during take-off?
b The plane can carry a maximum of about 850 passengers. Estimate the total mass of all the passengers
and crew. What percentage is this of the total mass of the plane on take-off?
¢ The maximunm landing weight is ‘390 tonnes'. Suggest a reason why the plane needs to be less massive
when landing than when taking off.
d Calculate the difference in mass and explain where the ‘missing’ mass has gone.

= Figure 2.53 The Airbus A380 is the
largest passenger airplane in the world

50 The weight of an object decreases very slightly as its distance above the Earth's surface increases. Suggest
why the weight of an object might not increase i it was taken down a mine shaft and closer to the centre
of the Earth.

51 A mass of 50kg would have a weight of 445N on the planet Venus. What s the strength of the
gravitational field there? Compare it with the value of g on Earth,

52 Consider two solid spheres made of the same metal. Sphere A has twice the radius of sphere B. Calculate
the ratio of the two spheres’ circumferences, surface areas, volumes, masses and weights.

49
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 Figure 254
Force meter

a tension

Force meters and weighing

Forces are most easily measured by the changes in length they produce when they squash or
stretch a spring (or something similar). Such instruments are called force meters (also called
newton meters or spring balances) — see Figure 2.54. In this type of instrument the spring usually
has a change of length proportional to the applied force. The length of the spring is shown

on a linear scale, which can be calibrated (marked) in newtons. The spring goes back o its
original shape after it has measured the force.

Such instruments can be used for measuring forces acting in any direction, but they are also
widely used for the measurement of weight. The other common way of measuring weight is
with some kind of ‘balance’ (scales). In an equal-arm balance, as shown in Figure 2.55, the
beam will only balance if the two weights are equal. That is, the unknown weight equals the
known weight.

In this type of balance, the pivot could be moved laldistarices
closer to the unknown weight if it is much heavier

than the known weight(s). The balance then has o
to be calibrated using the principle of moments.

This principle is not part of the course, but it may
be familiar to students from earlier work.

Either of these methods can be used to determine

an unknown weight (N) and they rely on the L

force of gravity to do this, but such instruments i o
: L weight weight

are much more commonly calibrated to indicate

mass (kg or g) rather than weight. This is W Figure 2.55 An equal-arm balance

because we are usually more concerned with the

quantity of something, rather than the effects

of gravity on it. We usually assume that mass (kg) = weight

(N)/9.81 anywhere on Earth because any variations in the

acceleration due to gravity, g, are insignificant for most, but not

all, purposes.

—

If you were buying something small and expensive, like gold or
diamonds (Figure 2.56), should the amount you are buying be

measured as a mass or a weight? Explain your answer. RS An

expensive ring

Tension and compression

2 + When an object is stretched by equal and opposie forces pulling it outwards, we
‘_4 }_’ describe it as being under tension (Figure 2.57a). Stretched strings o rubber bands are

b compression

F _.|:|<_ F objects, such as the horizontal tie in a stool or

® Figure 2.57
Object under a tension
and b compression

familiar examples of objects under tension, but
tensile forces are also very common in more rigid

chair, where its purpose is to stop the legs from
moving outwards.

When an object is squashed by equal and
opposite forces pushing it inwards, we describe it
as being under compression (Figure 2.57b).

All structures have parts that are under tension and
parts under compression. The stone pillars at Stonehenge,
in the UK (Figure 2.58) are strong under the
caused by their own weight and the weight of the slabs

testing on top.

® Figure 2 was
built over 4000 years ago



2.2 Forces

The horizontal slabs on the top of stonehenge bend very slightly, so that the top surface

is compressed, while the lower surface is under tension and this can result in destructive
cracks spreading upwards. Similar principles apply to the construction of all modern
buildings, bridges etc. As an example consider Figure 2.5, which shows a sketch of a
suspension bridge, along with the parts that are under tension (T) and the parts under
compression (C). Construction of model bridges of various designs, followed by observation
of the testing of their strengths by adding increasing loads is a popular educational exercise
for physics students.

B Figure 2.59 Model
suspension bridge

Reaction forces

If two objects are touching (in contact with) each other, then each

must exert a force on the other. For example, if you push on a wall,

then the wall must also push back on you; when you stand on the floor
your weight presses down but the floor must also push up on you to
support your weight. If this was not true you would fall through the floor
or the wall.

In Figure 2.60 the boy's weight is pushing down on the ground and his hand is also
pushing the wall. The force of the wall on the boy’s hand and the force of the ground
on his feet are examples of contact forces (also called reaction forces). These forces
are always perpendicular to the surface and that is why they are often called normal
B Figure 2.60 Reaction forces  reaction forces (the word ‘normal’ used in this way means perpendicular).

reaction

Solid friction

‘When objects are moving (or trying to move) and they are in contact with
other surfaces, forces between the surfaces act in such a way as to oppose
(try to stop) the motion. This type of force is called friction.

There are many ways of trying to reduce the effects of friction in an
attempt to make movement easier, but friction can never be completely
overcome. Friction between two objects acts parallel to the surfaces of
both, in the opposite direction from the motion (or intended motion).
This is shown in Figure 2.6, in which a block is being accelerated by
being pulled by a rope along the floor.

But without friction, movement would be very difficult. Consider
how you walk across a room (Figure 2.62) ~ in order to take a step, the
foot pushes backwards on the ground and, because of friction, the ground
e — pushes forward on the foot. Without friction, walking and most methods of
pushof  force from 4 . -

o orond transportation would be impossible.
Friction is discussed in more detail later in this chapter.

B Figure 2.62 We need friction to walk
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Air resistance

Air resistance (sometimes called drag) is also a force that opposes motion. An object moving
through air has to knock the air out of the way, and this produces a force in the opposite
direction to motion.

 Figure 2.63 The LZR Racer swimsuit is built using
NASA technology

 Figure 2.64 Shanghai maglev train

B Figure 2.65 Wind tunnel testing

The study of the factors affecting air resistance is of great
importance when discussing falling objects, parachutes and all
modes of transport (especially for vehicles moving fast) and it has
many interesting sporting applications.

The amount of air resistance depends on the cross-sectional
area of the moving object, but also on the way in which the air
flows past the surfaces. Alrering the shape of an object and the
nature of its surfaces can have a considerable effect on the air
resistance it experiences. Changing the shape andfor surface of
an object, particularly at the front, in order to reduce air
resistance is called streamlining.

Most importantly, the faster an object moves the higher
the air resistance opposing its motion becomes. Typically,
for a given object, it is often assumed that air resistance
is proportional to the speed squared. This means that air
resistance becomes much more important for objects moving
very quickly. The air resistance opposing a 100 m sprinter
moving at 10m s~ could be 400 times bigger than on a
casual walker moving at 0.5ms™. The retarding effects of
air resistance on a car driving a few blocks to the local shops
at an average speed of 30 km b~ would be much less than
the same car driving at 110km h~! along a motorway (about
13 times greater).

Similar ideas apply to the drag effects when an object,
person or animal moves through (or on) water (fluid
resistance). For example, the amount of resistance experienced
by a swimmer can be reduced by about 5% by wearing drag-
reducing swimsuits, as shown in Figure 2.63. Of coutse it is
very important that the suit does not affect the swimmer’s
movement in any way and that the extra weight of the
swimsuit is insignificant.

Figure 2.64 shows one of the magnetic levitation (‘maglev’)
trains that run between Shanghai and its main airport, which
is about 30km away. Magnetic forces lift the train above the
surface of the track to eliminate friction, and the streamlined
shape of the train is designed to reduce air resistance. The
train completes the journey in about 7 minutes and reaches
a top speed of about 430km hY, although in test runs it
exceeded 500kmhL.

The effect of air resistance on different objects is often tested
in ‘wind tunnels’ (Figure 2.65). Instead of the object moving
through stationary air, it is kept still while fast moving air is
blown against it.
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T Al travel

W Figure 2.66 Forces
on objects that are
floating or buoyant
under water

Aircraft use a lot of fuel moving passengers and goods from place to place quickly, but we are
all becoming more aware of the effects of planes on global warming and air pollution. Some
people think that governments should put higher taxes on the use of planes to discourage people
from using them too much. Improving railway systems, especially by operating trains at higher
speeds, will also attract some passengers away from air travel. Of course, engineers try to make
planes more efficient so that they use less fuel, but the laws of physics cannot be broken and jet
engines, like all other heat engines, cannot be made much more efficient than they are already.

Planes will use a lower fuel if there is a lower air resistance acting on them. This can be
achieved by designing planes with streamlined shapes, and also by flying at greater heights
where the air is less dense. Flying more slowly (than their maximum speed) can also reduce the
amount of fuel used for a particular trip, as it does with cars, but people generally want o spend
as little time travelling as possible.

The pressure of the air outside an aircraft at its typical cruising height is far too low for the
comfort and health of the passengers and crew, so the air pressure has to be increased inside
the plane, but this is still much lower than the air pressure near the Earth's surface. The
difference in air pressure between the inside and outside of the plane would cause problems if
the plane had not been designed to withstand the extra forces.

Planes generally carry a large mass of fuel, and the weight of a plane decreases during a
journey as the fuel is used up. The upwards force supporting the weight of a plane in flight
comes from the air that it is flying through and will vary with the speed of the plane and the
density of the air. When the plane is lighter towards the end of its journey it can travel higher,
where it will experience less air resistance.

1 a Find out how much fuel is used on a long-haul flight of, say, 12 hours.
b Compare your answer with the capacity of the fuel tank on an average sized car.

On a shorhaul flight as much of 50% of a plane’s fuel might be used for taxiing, taking
off, climbing and landing, but on longer flights this can reduce to under 15%. Explain
the difference.

o

)

Do you agree that the use of planes should be discouraged in some way? Does the rest of your
group agree with you? Does the government have the right or obligation to try to change
people’s behaviour by the use of taxes! (Taxes on alcohol and cigarettes are similar examples.)

Upthrust

Upthrust is a force exerted vertically upwards on any object that is in a fluid (gas or liquid). This
force arises because the pressure of the fluid on the object is greater at its bottom than at its
top. Upthrust acts in the opposite direction to weight and its effect is to reduce the apparent
weight of the object.

The upthrust from water is a familiar experience for swimmers and divers and is the same
force that keeps a boat afloat. The weight of a floating object, or an object buoyant under water,
is equal and opposite to the upthrust (see Figure 2.66). Upthrust forces also exist on objects in air,
but they are less significant and are only normally noticeable on very light objects like balloons.

floating

buoyant at
constant depth

upthrust l weight

53
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W Figure 2.67
Free-body diagrams.
The object has a solid
outline and the forces
are shown in red. The
dotted lines might
not be included

Non-contact forces

Ofall the forces discussed above, gravitational force (weight) is different from the others because
it acts across space and there does not need to be any contact (between an object and the
Earth). Magnetic forces and electric forces behave in a similar way, and non-contact muclear forces
also exist within atoms. Understanding these fundamental forces plays a very important part in
physics. These forces are all covered in more detail in later chapters of this book.

In order to fully explain all the contact forces mentioned earlier in this chapter, it would be
necessary to consider the electromagnetic forces acting between particles in the different objects/
substances.

B Free-body diagrams
‘When objects come into contact with each other they exert forces on each other. This means
that even the simplest force diagrams can get confusing if all the forces are included. To avoid
this confusion, we often draw only one object and show only the forces acting on that one object.
Forces that act from the body onto something else are not included.

Drawings that show only one object and the forces acting on it are called free-body
diagrams. Some simple examples are shown in Figure 2.67.

a Abox on the ground b The Moon orbiting the Earth
normal reaction .

e

Moon

weight

Earth

< Aswinging pendulum d A box pulled along the ground
(at constant speed)
% normal reaction

tension

friction pulling force

weight weight

53 Figure 2.68 shows two unequal masses connected by
string over a frictionless pulley. Draw free-body
diagrams to show the forces acting on both masses

pulley

54 Figure 2.69 represents a hot air balloon. The two ropes
are stopping it from moving vertically away from the

ground. Draw a free-body diagram for all the forces

acting on the basket.

M

= Figure 2.68

w Figure 2.69
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weight, mg
W Figure 2.70
Resolving the weight
of apendulum into
components:
Fy=mgsing
Fy=mgcose

B Resultant forces and component forces

Resultants
There is usually more than one force acting on an object. In order to determine the overall
effect of two or more forces on an object, we must add up the forces, taking their directions into
consideration. This gives the resultant (overall, net) force acting on the object.

Determining the sums and differences of vectors, such as forces, was covered in Chapter 1. It
might be helpful to review that section before continuing.

55 Three separate forces of 1N, 2N and 3N act on an object at the same time. If the forces are parallel to
each other what are the possible values for the magnitude of the resultant force?

56 Use a scale drawing to determine the resultant of two forces of 8.5N and 12.0N acting at an angle of
120° to each other.

57 Calculate the resultant of forces of 7.7N and 49N acting perpendicularly to each other.

58 The resuftant of two forces is 74N to the west. If one force was 18N to the south, what was the size and
direction of the other force?

59 A 32kg box is being pushed across a horizontal floor with a horizontal force of 276N. The frictional force
is equal to 76% of ts weight.
 Draw a free-body diagram for the box.
b What i the resultant force on the box?

Components
Two or more forces can be combined to give a resultant, but the ‘opposite’ process is just as important.
A single force can be considered as equivalent to two separate forces, which are usually
chosen to be at right angles to each other (Fcos8 and Fsin®). This is called resolving a force
into two components (Chapter 1).
Resolving forces into components is usually done when a single force is not acting in the
direction of motion. As an example, consider the swinging pendulum shown in Figure 2.70.
The single force of the weight, mg, can be resolved into a force, F, acting in the instantaneous
direction of motion and a force, Fy, that is at right angles to F, acting along the line of the
string and equal and opposite to the tension in the string.

60 The mass of the pendulum shown in Figure 2.70 is 382g and the angle 8 s 27.4°.
a What is the tension in the string?
b What is the force acting in the direction of motion?

The mass shown in Figure 2.71 is stationary on the slope (inclined

plane).

 Draw a free-body diagram showing the forces acting on the mass.

b Resolve the weight of the mass into two components that are
parallel and perpendicular to the slope.

A resultant forward force of 8.42 x 104N acting on a train of mass

3.90 x 105kg accelerates it a rate of 0.216ms-2when itis travelling @ Figure 2.71

on a horizontal track.

a If the train starts to climb a slope of angle 1.00° to the horizontal, calculate the component of weight
acting down the sloj

b Whatis the new resultant force acting on the train?

¢ Predicta possible acceleration of the train as it starts to climb the slope.

d Suggest why itis more difficult for trains to travel up steeper slopes than for cars.

B Translational equilibrium
An object that has no resultant force acting on it is said to be in translational equilibrium.
The word ‘translational’ refers to movement from place to place. Being ‘in equilibrium’ means

that the forces acting on an object are ‘balanced’, so that they have no overall effect and the
object will therefore continue to move in exactly the same way (or remain stationary).
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-

® Figure 272
The object is in
translational
equilibrium, but
not in rotational
equilibrium

a b

weight  weight

It should be noted that it is passible for parallel, equal and opposite forces to act on an abject
along different lines and thereby cause it to rorate, as shown in Figure 2.72. The object will start
to rotate under the turning effect of the two forces, but there will be no translational movement.
It is not in rotational equilibrium.

B Newton'’s first law of motion
Newton’s first law of motion summarizes the conditions necessary for translational equilibrium:

Newton’s first law of motion states that an object will remain at rest, or continue to move in
a straight line at a constant speed, unless a resultant force acts on it.

In other words, if there is a resultant force acting on an object, it will accelerate.

Examples of Newton's first law
It is not possible to have an object on Earth with no forces acting on it because gravity affects
all masses. Therefore any object that is in equilibrium must have at least two forces acting on
it, and quite possibly many more, All moving objects, or objects tending to move, will also have
frictional forces acting on them. If an object is in translational equilibrium, then the forces
acting on it (in any straight line) are balanced, so that the resultant force is zero. Consider the
following examples.
B Objects at rest with no sideways forces — The box shown in Figure 2.67a is in equilibrium
because its weight is equal to the normal reaction force pushing up on it.
Horizontal motion at constant velocity — Consider Figure 2.67d, which also shows an object
in translational equilibrium because the forces are balanced. It may be stationary or moving
to the right with a constant velocity (we cannot tell from this diagram).
Vertical motion of falling objects  Figure 2.73 shows a falling ball. In a the ball is just
starting to move and there is no air resistance. In b the ball has accelerated and has some
air resistance acting against its motion, but there is still a resultant force and acceleration
downwards. In  the speed of the falling ball has increased to the point where the increasing

air resistance has become equal and opposite to the

weight. There is then no resultant force and the ball is in
~ translational equilibrium, falling with a constant velocity

called its terminal velocity or terminal speed.

AN g X
air air
1 resistance h resistance ® Horizontal acceleration — Figure 2.74 shows the forces

ht 2 7 i
e acting on a bicycle and rider. Because the force from the

road is bigger than air resistance the cyclist will accelerate

W Figure 2.73 The resultant force on a falling to the right. As the bicycle and rider move faster and faster,
object changes as it gains speed they will meet more and more air resistance. Eventually

the air resistance becomes equal to the forward force (but
opposite in direction) and a top speed is reached. This is
similar to the ideas used to explain the terminal speed of a
falling object and the same principles apply to the motion of
all vehicles.

PT < air resistance

‘We know that any object that is stationary for some time, like a
book placed on a table, is in equilibrium, and an object moving
with constant velocity is also in equilibrium. But it is important
to realise that a moving object that is only at rest for a moment
is not in equilibrium. For example, a stone thrown vertically

in the air comes to rest for a moment at its highest point, but
the resultant force on it is not zero and it is not in equilibrium.

normal reaction

B Figure 2.74 A cydlist accelerating

force from normal

e reaction Similarly, at the instant that a race is started a sprinter is

stationary, but that is the time of highest resultant force and
acceleration.
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£ier

Three forces in equilibrium

If two forces are acting on a mass such that it is not in equilibrium, then to produce
equilibrium a third force can be added that is equal in magnitude to the resultant of the
other two, but in the opposite direction. All three forces must act through the same point.
For example, Figure 2.75 shows a free-body diagram of a ball on the end of a piece of string
kept in equilibrium by a sideways pull that is equal in magnitude to the resultant of the
weight and the tension in the string.

The equilibrium of three forces can be investigated simply by connecting three force meters
together with string just above a horizontal surface, as shown in Figure 2.76. The three forces
and the angles between them can be measured for a wide variety of different values, each of
which maintains the system stationary.

tension

pull —this force
can keep the ball
in equilibrium

resultant of
tension and weight

weight

W Figure 2.75 Three forces keeping a suspended ball B Figure 2.76 Investigating three forces in
in equilibrium equilibrium

63 Draw fully labelled free-body diagrams for:
a a car moving horizontally at constant velocity
b an aircraft moving horizontally with a constant velocity
¢ a boat decelerating after the engine has been switched off
d a car accelerating up a hll.

64 Figure 2.77 shows the path of an object thrown through the air without air resistance, Make a copy of the
diagram and add to it vector arrows to represent the forces acting on the object in each position.

50720

w Figure 2.77

65 A heavy stitcase resting on the ground has a mass of 30.6kg.
 Draw a labelled free-body diagram to show the forces acting on the suitcase.
b Re-draw the sketch to show all the forces acting if someone tries to lft up the case with a vertical force
of 150N.

66 Stand on some bathroom scales with a heavy book in your hand. Quickly move the book upwards while
watching the reading on the scales. Repeat, but this time move the book quickly downwards. Explain your
observations.

67 & If you are in an elevator (ift) with your eyes closed, is it possible to tellif you are stationary, or moving
up or moving down? Explain
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b A person in an elevator (1ft) experiences two forces: their weight downwards and the normal reaction force
up from the floor. Sketch a free-body diagram to show the forces acting on a person in an elevator if:
i they are moving at a constant velocity

iv the elevator decelerates after it has been moving downwards
v the elevator decelerates after it has been moving upwards.
68 A skydiver i falling with a terminal velocity of about 200kmh-! when he opens his parachute.
 Draw free-body diagrams showing the forces acting on the skydiver:
i at the moment that the parachute opens
ii just before the skydiver reaches the ground.
b Sketch a fully labelled graph showing how the velocity of the skydiver changed from the moment he
left the plane to the time he landed on the ground.
69 Refer back to Figure 2.71, which shows a box resting on a slope. It can only stay stationary because of the
frictional force opposing its movement down the slope. What is the magnitude of the frictional force?
70 Figure 2.78 shows a climber using  rope to get up a mountain. Draw a free-body diagram to represent
‘the forces acting on the climber.

e

\

@ é
L

air resistance weght

w Figure 2.78 = Figure 2.79

71 Figure 2.79 represents two raindrops falling side by side with the same instantaneous velocity. The forces
acting on drop A are shown and it has a radius r.
 Copy the diagram and show the forces acting on drop B, which has radius 2r.
b Describe the immediate motion of the two drops and explain the difference.

LETNENGESSE Tl Aristotle and natural philosophy

Isaac Newton is widely quoted as writing modestly about his achievements: 11 do not know what
I may appear to the world, but to myself I seem to have been only like a boy playing on the
sea-shore, and diverting myself now and then finding a smoother pebble or a pretier shell than
ordinary, whilst the great ocean of truth lay all undiscovered before me.’

Newton's apparent humility is also reflected in the following quotatio
little further it is by standing on the shoulders of giants. Although this is not an entirely original
quotation, it is believed that Newton was giving credit to those scientists and philosophers who
had preceded him. Among these was Aristotle.

Aistotle (384-322 nc) was a Greek philosopher and one of the most respected founding
figures in the development of human thinking and philosophy. His work covered a very wide
range of subjects, including his interpretation of the natural world and the beginnings of
what we now call science, although it was called ‘natural philosophy’ and had a very different
approach from modern scientific methods.

Although the ‘science’ of the time did not involve careful observation, measurements,
mathematics or experiments (remember, this was more than 2300 years ago), Aristotle did
appreciate the need for universal (all-embracing) explanations of natural events in the world

around him.

if I have seen a
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 Figure 2.80
Aristotle

™ Figure 2.81
Asimple experiment
to measure frictional
forces

He believed that everything in the world was made of a
combination of the four elements he called earth, fire, air and water.
The Earth was the centre of everything and each of the four earthly
elements had its natural place. When something was not in its
natural place, then it would tend to return — in this way he explained
why rain falls and why flames and bubbles rise, for example.

With our greatly improved knowledge in the modern world it can
be easy to dismiss Aristotle’s work and point out the inconsistencies.
But his basic ideas on motion, for example, were so simple and
powerful that they were widely believed for more than 1500 years,
until the age of Galileo and Newton.

Solid friction

As discussed earlier, friction is a force that will try to stop any solid surface moving over another
solid with which it is in contact. The origins of friction can be various and complicated but, in
general terms, the magnitude of frictional forces will depend on:

B the nature of the two materials

the ‘roughness’ of the surfaces of the two materials (roughness is not easily defined and
although rougher surfaces often create more friction, it would be wrong to assume that
rougher surfaces ahways increase frictional forces)

the forces acting normally between the surfaces (pushing them together).

To reduce the friction between two given surfaces, something should be placed between them.
This could be water, oil, air, graphite, small rollers or balls. Fluids used in this way are called
lubricants.

The forces of friction can be investigated using simple apparatus such as that in Figure 2.81,
which shows a wooden block being pulled on a horizontal table. The horizontal pulling force is
increased until the block just starts to move.

wooden block force meter
| i | pull

B

Applying Newton’s first law, if the block is not moving then it must be in translational
equilibrium, so that there is no resultant force and the frictional force must be equal and
opposite to any pulling force, as indicated by the force meter, If the block is pulled with a bigger
force but it still does not move then the frictional force must also have increased, remaining
equal and opposite to the pulling force. But the frictional force will have an upper limit, and

if the force is continually increased, at some time it will become greater than the maximum
possible value of the frictional force. Then there will be a resultant force on the block and it will
accelerate (see Figure 2.82).
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How frictional forces stationary

no
change as the force friction
applied increases

friction

pull

F

pull

friction

F

limiting pull
static stationary.

m

friction

i 1 —
dynamic accelerating

friction

7

Usually the frictional force during motion (dynamic f

ion) is less than the maximum

frictional force before movement has started (static friction). The force of dynamic friction can
be considered to be approximately the same for all speeds. That is, for any given two surfaces,
the force of dynamic friction has an approximately constant value, whereas the force of static
friction can vary from zero up to a limiting value.

Maximum static
frictional force, Fy /N

50 100
Normal reaction force
(= total weight pressing
down), RIN
B Figure 2.83 Typical variation of
maximum static frictional force with
normal reaction force (a similar pattern
of results will be obtained for dynamic
friction)

Figure 2.83 shows typical results showing how the maximum value of the
static frictional force varies as the total weight pressing down is changed by
loading masses on top of the block. Note that the total weight is equal to the
normal reaction force between the surfaces, R.

If the experiment shown in Figure 2.81 is repeated with the same block,
but with surface B resting on the table, the measurements of frictional
forces will be (approximately) the same. Even though the area of A may be
half that of B, the pressure under the block will be doubled (p = F/A — see
Chapter 3), pushing the surfaces closer together. In this simplified analysis,
maximum values of frictional force depend only on the nature of the two
surfaces and the normal reaction force between them, and not on the area
involved.

Looking at Figure 2.83, we can see that maximum static frictional force,

F,, is proportional to normal reaction force, R, so that:

where u is a constant for friction between these two materials, which can be
determined from the gradient of the graph.

It is usual to quote two different values — for static friction z_ and for
dynamic friction j4,. These constants are known as the coefficients of
friction. (The term ‘coefficient’ simply means a constant used to multiply a
variable, in this case a force.) Since these coefficients/constants are ratios of
forces, they have no units,

Table 2.2 gives some examples of the coefficients of static friction. Values are quoted for two
clean, dry, flat, smooth surfaces. Although such simplified situations are a very useful starting
point in any analysis, it should be understood that in realistic situations frictional forces are
often complex and unpredictable.
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 Table2.2 Approximate coefficients
;‘OF:P"‘X"‘{‘?“ Vﬂ":e‘ Materials of static friction, 1,
static friction sl L= 00

ski dry snow 004

Teflon steel 0.05

graphite steel 01

wood concrete 03

wood metal 04

rubber tyre _grass 04

rubber tyre road surface (wet) 05

glass metal 06

rubber tyre road surface (dry) 08

steel steel 08

glass glass 09

skin metal 09

The following two equations for frictional forces can be found in the Physics data booklet.

Fe<puR
Fe<ugR

Alrernatively the maximurn possible frictional forces are given by . = iR, or Fy = 1R.

Worked example

11 a Whatis the coefficient of friction for the two surfaces represented in Figure 2.83?

b Assuming the results were obtained for apparatus lie that shown in Figure 2.81, what minimurm force
‘would be needed to move a block of total mass
i 2009
ii 200097
iii Why is any answer to ii unreliable?
¢ Estimate a value for the dynamic frictional force for the same apparatus with a 200 mass
i for movement at 1.0ms"
i for movement at 2.0ms™!

a = Ll,}m - ;‘i = 0.40 (This is equal to the gradient of the graph.)
bi F=pR=pmg =040 x 0.200 x 981 = 078N
ii 0,40 % 2000 x 9.81 = 78N
i Because the answer i extrapolated from wel outside the range of experimental esults shown
on the graph.

€ i Wewould expect the dynamic frictional force to be a fittle smaller than the maximum static
frictional force, say about 0.6N instead of 0.78N.
i The dynamic frictional force is usually assumed to be independent of speed, 5o the force would
still be about 0.6N t the higher speed.
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TS Tyres and road safety

Much of road safety is dependent on the nature of road surfaces and the tyres on vehicles.
Friction between the road and a vehicle provides the forces needed for any change of velocity —
speeding up, slowing down, changing direction and going around corners. Smooth tyres will
usually have the most friction in dry conditions, but when the roads are wet, ridges and grooves
in the tyres are needed to disperse the water (Figure 2.84).

W Figure 2.84 Tread
onacartyre

To make sure that road surfaces produce enough friction, they cannot be allowed to become too
smooth and they may need to be resurfaced every few years. This is especially important on sharp
corners and hills. Anything that gets between the tyres and the road surface — for example oil,
water, ice and snow — is likely to affect friction and may have a significant effect on road safety.

Increasing the area of tyres on a vehicle will change the pressure underneath them and this
may alter the nature of the contact between the surfaces. For example, a farm tractor may have
a problem about sinking into soft ground, and such a situation is more complicated than simple
friction between two surfaces. Vehicles that travel over soft ground need tyres with large areas
to help avoid this problem.

Use the internet to find out what materials are used in the construction of tyres and road
surfaces to produce high coefficients of friction.

2 a Explain what a coefficient of friction equal to zero would mean
b Is it possible to have a coefficient of friction greater than 17 Explain your answer.

3 & A 30kg wooden container rests on a cry concrete floor. Estimate the force needed to start to move it sideways.
b Estimate the solid frictional force opposing the motion of a 55 kg girl skating across ice.

4 Consider question 61 and Figure 2.71. The mass can only be stationary on the slope because of friction
a Explain how an inclined plane can be used to determine a value for the coefficient of static fiction
between the surfaces
b If the block shown in the diagram just begins to slip down the slope when the angle is 45°, calculate a
value for the coefficient of static friction.

5 The coefficient of friction between a moving car and the road surface on a dry day was 0.67.
a If the car and driver has a total mass of 1400kg, what frictional force acts between the road and
the tyre?
b Ifthree passengers with a total mass of 200kg get into the car, calculate a new value for the frictional force.
 Discuss the possible effects on safety of having extra passengers in the car.

6 How can friction with roads be increased under icy conditions?

7 Suggest why Formula One racing drivers ‘warm up’ the tyres on their cars. Find out how this is this done.
Also, suggest why F1 tyres are so large.

78 Suggest circumstances under which a ‘rougher surface might reduce (rather than increase) friction.
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N ENTI YLl Newton’s Principia: an outstanding combination

of using mathematics and intuition
Isaac Newton is generally accepted as having been one of the greatest scientists of all time. His
three books collectively called Philosophize Naturalis Principia Mathematica, generally known
as the ‘Principia’, which include his laws of motion (and gravitation), are among the most
influential books ever published (Figure 2.85).

Newton was English, but his

PHILOSOPHIA

books were written in Latin. In order

to advance the understanding of

mechanics, Newton is often credited NATRRALES

with ‘inventing’ the mathematics of PRINCIPIA

caleulus, which now plays such an ;
MATHEMATICA.

important role in the application of
mathematics to many branches of
advanced physics. But the ‘invention’
of calculus was a matter of considerable
debate between Newton and the
notable German mathematician
Gottfried Leibniz, who also had Lyascns VENTON BLAUR AT |

reputable claims. (But was calculus

invented or discovered?) W Figure 2.85 Title page of Newton's Principia

One of the most famous stories in the history of science is that Newton was suddenly
inspired to think of gravity in a new way when observing an apple falling from a tree. It makes a
good story to think of this as a moment of inspiration, a flash of intuition, but we will never know
if that was true or not. But certainly Newton himself did make reference to apples falling from
trees while explaining his thought processes in devising his law of gravitation.

Sudden, unexpected moments of inspiration have always played an important part in the
development of new ideas in all ateas of human thinking. However, the American inventor
Thomas Edison is famous for saying that ‘genius is 1% inspiration and 9% perspiration’,
suggesting that hard work is also needed to convert great ideas into something useful.

B Newton’s second law of motion

Newton’s first law establishes that there is a link between resultant force and acceleration.
Newton’s second law takes this further and states the mathematical connection — when a
resultant force acts on a (constant) mass, the acceleration is proportional to the force:

axF

Both force and acceleration are vector quantities and the acceleration is in the same direction as
the force.

Investigating the effects of different forces and different masses on the accelerations
produced is an important part of most physics courses, although reducing the effects of friction
i essential for good results. (Air tracks or friction-compensated runways are useful in this
respect.) Such experiments also show that if the same resultant force is applied to different
masses, then the acceleration produced is inversely proportional to the mass, m — for example,
doubling the mass results in half the acceleration.

Combining these results, we see that acceleration is proportional to Ffm. Newton's second
law can be written as:

Foecma

If we define the unit of force, the newton, to be the force that accelerates 1kg by 1ms?, then we
can write:

force (N) = mass (kg) x acceleration (ms)

F=ma
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This widely used equation is listed in the Physics data booklet.

This is just one version of Newton's second law and it is restricted to use with constant
masses. A second version of the law will be discussed later in this section, after the concept of
momentum has been introduced.

Note that for gravitational forces (weights, W), F = ma can be written as W = mg, where g
represents the acceleration due to gravity, (W = mg was used earlier in this chapter)

Newton's second law shows clearly that sudden changes of speed (large accelerations or
decelerations) require large forces (F o< ). This can be very helpful in explaining why, for
example, a glass will break when dropped on the floor, but might not break if dropped onto a
cushion (shorter time and larger deceleration on the hard floor, so that the forces acting on the
glass are bigger).

Worked examples

12 a What resultant force is needed to accelerate 1.8kg by 3.3ms2?

b What acceleration would be produced if the same force were applied to a mass of 800g?

A car engine produces a forward force of 4400N, but the forces of air resistance and friction opposing
the motion of the car are a total of 1900N.

a What is the resultant force acting on the car?
b If the car accelerates under the action of this force by 1.8ms=2, what s its total mass?

a resultant force, F= 4400 — 1900
F=2500N forwards

bm=F
a
m o 2500
m=1400kg

H

a What is the resultant force acting on a mass of 764g falling towards Earth (assume there is no air
resistance)

b What is the common name of this force?

F=7.49N

b This force s usually called the weight of the object and, in this context, the equation F = ma would
usually be written as W= mg.

Newton's second law can also be applied to small masses, like atomic particles. For example, an
electron hasa mass of 9.1 x 10 kg and if a force of 1N were to act on i, it would accelerate at
arate of 1.1 x 100 ms2!

Forces acting for a limited time
The resultant forces that change the velocities of various objects do not continue to act forever.
Often such forces act for a few seconds or less, and in the case of many impacts and collisions

the duration of the forces involved may be only fractions of a second. (The word interaction is
often used as a general term to include all possible situations)
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B Figure 2.86 Impact
ina sand-pit reduces
force

As an example, consider a falling object. If a mass is dropped onto a surface, the force exerted
during the impact is not equal to its weight (as is often thought) but can be calculated from
F =ma. For example, if a falling 2.0kg mass lands in sand and its speed is reduced from 6.0ms!
to zeto in 0.50s, then the average deceleration is ~12 ms-2 (0-6.0)0.50), and the average
retarding force is 24 N. If the same mass was dropped onto concrete at the same speed, the time
for the impact would be much less and the force much bigger. For example, if the impact lasted
0.050s, then the average retarding force would be 240N.

The forces on the long jumper shown in Figure 2.86 are reduced because the time of impact
is increased by landing on sand.

Whenever any moving object is stopped, the longer the time of impact, the smaller the
deceleration and, therefore, the smaller the forces involved. These ideas are very useful when
using physics to explain, for example, how forces are reduced in accidents.

When the aim is to accelerate an object with a force, the longer the time for which the force
is applied, the bigger the change of velocity. In many sporting activities a ball is struck with
some kind of bat, club or racquet, and the longer the time of contact the better. This is one
reason for the advice to ‘follow through! with a strike.

79 What resultant force is needed to accelerate a train of mass 3.41 x 10%kg from rest to 15.0ms" in exactly 20s?

80 When a force of 5.6N was applied to a 4.3kg mass it accelerated by 0.74ms2. Calculate the frictional
force acting on the mass.

81 A small plane of mass 12400 kg is accelerated from rest along a runway by a resultant force of 29600N.
2 Whatis the acceleration of the plane?
b If the acceleration remains constant, what distance is needed before the plane reaches its take-off

speed of 73.2ms"1?

82 A car of mass 1200 kg was travelling at 22ms~ when the brakes were applied. The car came to rest in a
distance of 69m.
2 What was the deceleration of the car?
b What was the average resultant force acting on the car?

83 Abig box of mass 150kg is pulled by a horizontal, thin rope in an effort to move it sideways along the
ground. The box just begins to move when the frictional force is 340N.
 Draw a free-body diagram to show all the forces acting on the box when it starts to move.
b If the tension in the rope is 380N, calculate the acceleration of the box.
© Explain what might happen if an attempt was made to accelerate the box at 1ms2
84 A metal block of mass 6509 moves horizontally across a sheet of glass at a constant speed while a force
of 2.8N is applied.
a What i the coefficient of dynamic friction for these surfaces?
b If 2 940g block of the same metal is pulled across the glass with a force of 4.5N, calculate the
acceleration produced.
85 A small train carriage of mass 12500kg rests on a slope.
a If the coefficient of static friction is 0.42, what s the biggest angle of a slope (to the horizontal) that will
enable the carriage to remain stationary?
b When the slope s at that angle, if the engine produces a force of 6.0 x 104N parallel to the track,
calculate the acceleration of the train up the slope.
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86 Use Newton's second law to explain why it will hurt you more if you are struck by a hard ball than by a
soft ball with the same mass and speed

&7 What force would be needed to accelerate a proton (mass 1.67 x 10-kg) by 1.0 x 10°ms27

88 Atrolley containing sand is pulled across a frictionless horizontal surface with a small but constant
resultant force. Describe and explain the motion of the trolley if sand can fall through a hole in the bottom
of the trolley.

89 A man of mass 82.5kg is standing stil in an elevator (ift) that is accelerating upwards at 1.50ms2
a What is the resultant force acting on the man?
b What is the normal reaction force acting upwards on him from the floor?

90 Figure 2.87 shows two masses connected by a light string passing over a pulley.

10k
_/9

20kg

= Figure 2.87

 Assuming there is no friction, calculate the acceleration of the two blocks

b What resultant force is needed to accelerate the 2.0 kg mass by this amount?

 Draw fully labelled free-body diagrams for the two masses, showing the magnitude and direction
of all forces

91 A high-jumper (Figure 2.88) of mass 75.4kg raised his centre of mass from 0.980m to 2.05m when
clearing a high-jump bar set at 2.07m.

= Figure 2.88

& What vertical take-off speed was necessary in order for him to rise to this height?
b If the athlete took 0.225 to project himself upwards, what was the average resultant force acting on him?
© What force did the ground exert upwards on him?

d What did the athlete do in order to make the ground push him upwards?

 Explain, using good physics, why it i sensible for him to land on foam when falling back to the ground.

2 a Explain why a person jumping down from even a small height should bend their knees as they land.
b Explain how air bags (and/or seat belts) reduce the injuries to passengers in car accidents

93 A basketball of mass 0.62kg was thrown downwards with an impact speed of 16ms™! onto some
bathroom scales and the maximum force was estimated to be 280N,
a If the average force exerted on the ball was about half the maximum force, what was the approximate
deceleration of the basketbal?
b Estimate the length of time that the basketball was in contact with the scales before it bounced away
from the surface.
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B Newton’s third law of motion

Newton's third law tells us about the forces acting between two bodies. Whenever any two
objects come in contact with each other, or otherwise interact, they exert forces on each other
(Figure 2.89). The two forces must always have the same magnitude; more precisely, the force
that A exerts on B is equal and opposite to the force that B exerts on A.

point of contact

W Figure 2.89 When two bodies interact F, = ~Fy

Newton's third law of motion states that whenever one body exerts a force on another body,
the second body exerts exactly the same force on the first body, but in the opposite direction.

Essentially this law means that forces must ahuays occur in equal pairs, although it is important
to realize that the two forces must act on different bodies and in opposite directions. The two
forces are always of the same type, for example gravitylgravity or friction friction. Sometimes
the law is quoted in the form used by Newton: ‘to every action there is an equal and opposite
reaction’. In everyday terms, it is simply not possible to push something that does not push back
on you. Here are some examples:

If you pull a rope, the rope pulls you,

If the Earth pulls a person, the person pulls the Earth (Figure 290).

If a fist hits a cheek, the cheek hits the fist (Figure 2.91).

If you push on the ground, the ground pushes on you.

If a boat pushes down on the water, the water pushes up on the boat (Figure 292).

If the Sun attracts the Earth, the Earth attracts the Sun.

If a plane pushes down on the air, the air pushes up on the plane.

gravitational

2.0 Earth on the

i

woman on the
h

M Figure 2.90 The force on the B Figure 2.91 The force on the glove is equal and
woman is equal and opposite to opposite tothe force on the cheek
the force on the Earth
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Ak

M Figure 2.92 The force pushing the man forward is equal to the
force pushing the boat backwards

94 Figure 2.93 shows a suggestion to make a sailing boat move when there is no wind. Discuss how effective
this method could be.

= Figure 2.93

95 Abook has a weight of 2N and s at rest on a table. The table exerts a normal reaction force of 2N
upwards on the book. Explain why these two forces are not an example of Newton's third law.

96 Seven examples of pairs of Newton's third law forces are provided above. Give three more examples
Try to use different types of force

97 Alarge cage with a small bird sitting on a perch is put on some weighing scales. What happens to the
weight shown on the scales when the bird is flying around the cage (compared with when it s sitting
still? Explain your answer.

ToK Link
Predeterm

sm

Classical physics believed that the whole of the future of the universe could be prediicted from knowiledge of
the present state. To what extent can knowledge of the present give us knowledge of the future?

All matter is made of particles and it has been suggested that if we could know everything about the
present state of all the particles in a system (their positions, energies, movements etc.), then maybe we
could use the laws of classical physics to predict what will happen to them in the future. /f these ideas
could be expanded to include everything, then the future of the universe would already be decided and
predetermined, and the many apparently unpredictable events of everyday life and human behaviour (ike
you reading these words at this moment) would just be the laws of physics in disguise.

However, we now know that the laws of physics (as imagined by humans) are not always so precisely
defined, nor as fully understood as physicists of earlier years may have believed. The principles of quantum
physics in particular contrast with the laws of classical physics. Furthermore, in a practical sense it is totally
inconceivable that we could ever know enough about the present state of everything in the universe in
order to use those data to make detailed future predictions.
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W Figure 2.94 The toy dogs get their energy from

batteries

2.3 Wo rk, energy an d [POWET - the fundamental concept of

energy lays the basis on which much of science is built

Energy is probably the most widely used concept in the whole of science and the word is also
in common use in everyday language. Despite that, the idea of energy is not easy to explain or
define, although it is still a very useful concept.

When a battery is fitted in a child’s toy dog (Figure 2.94),
it moves, jumps up in the air and barks. After a certain length
of time the toy stops working. In order to try to explain this we
will almost certainly need to use the concept of energy. Chemical
energy in the battery is transferred to electrical energy, which
produces motion energy in a small electric motor. Some energy
is also transferred from electricity to sound in a loudspeaker.
Eventually all the useful energy in the battery is transferred to the
surroundings. The concept of ‘energy’ makes this easier to explain.

Wi can talk about the energy ‘in’ the gasoline (petrol) we put
in the tanks in our cars (for example) and go on to describe that
energy being transferred to the movement of the car. But nothing
has actually flowed out of the gasoline into the car, and all this is
just a convenient way of expressing the idea that the controlled
combustion of gasoline with oxygen in the air can do something
that we consider to be useful.

Perhaps the easiest way to understand the concept of energy is
this: energy is needed to make things happen. Whenever anything
changes, energy is transferred from place to place or from one
form to another. Most importantly, energy transfers can be calculated and this provides the
basic ‘accounting system’ for science. Any event will require a certain amount of energy for it
to happen and if there is not enough energy available, it cannot happen. For example, if you
do not get enough energy (from your food) you will not be able to climb a 500m hill; if you do
not put enough gasoline in your car you will not get to where you want to go; if energy is not
transferred quickly enough from an electrical heater it will not keep your room warm enough
in cold weather.

Calculating energy transfers is a very important part of physics and we start with very
common situations in which energy is transferred to objects to make them move.

B Work done as energy transfer
Ohe very common kind of energy transfer occurs when an object is moved (displaced) by using
a force. This is called doing work (symbol W). The word ‘work’ has a very precise meaning in
physics, which is different from its use in everyday language:

work done = force x displacement in the direction of the force
If the force is constant and in the same direction as movement, we can write:

W=Fs

However, in many examples either or both of these two assumptions may not be true.

The unit of work is the joule, J. 1] is the work done when a force of 1N displaces an object
1m in the direction of the force. The same unit is used for measuring all forms of energy —
Kilojoule, kJ, and megajoule, M], are also in common use.

Work and energy are scalar quantities.

The weightlifter in Figure 295 is not doing any work on the weights over her head while they
are being held still, because there is no movement. But energy is being transferred in her muscles
and, no doubt, they hurt because of that.

If the movement is perpendicular to a force, no work is done by the force. For example,
the force of gravity keeps the Moon in orbit around the Earth (Figure 2.96), but no work is
being done.
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W Figure 2.97
Movement that is not
in the same direction
as the force

gravitational
force on Moon

(not to scale)

B Figure 2.96 No work is done as the Moon
orbits the Earth.

W Figure 2.95 This weightlifter is not doing any
work

Worked example

15 How much work is done when a 1.5 kg mass is raised 80 cm vertically upwards?

“The force needed to raise an object (at constant velocity) is equal to ts weight (mg) and the symbol
is widely used for vertical distances. (To avoid confusion, W will normally be used to represent work
and not weight.)

W=Fs

W=mgxh
W=15x9:81 x0.80
w=12)

Calculating the work done if the force is not in the same direction as
the displacement

Sometimes a displacement is produced that is not in the same direction as the force (Figure 297).
For whatever reason, the ohject shown can only be displaced in the direction shown by the
dashed red line, but the force is acting at an angle  to that line.

force, F

distance moved, 5

‘We know that work done = force x displacement in the direction of the force. In this case the
force used to calculate the work done is the component of F in the direction of movement — that
is Fcos 6, so that:

W =Fscos@




2.3 Work, energy and power 71

This equation is listed in the Physics data booklet.
If force and movement are in the same direction, cos8 equals 1 and the equation becomes
Fs, as before. If the force is perpendicular to motion then cos equals zero and no work is

done.

Worl

example

16 The 150kg box in Figure 2.98 was pulled 2.27m across horizontal ground by aforce of 248N, as shown

[
248N

132N

W Figure 2.98

a How much work was done by the force?

b Ifthe frictional force was 132N, what was the acceleration of the box?

¢ Suggest why it may make it easier to move the box f itis pulled in the direction shown by the dashed line.

d When the box was pulled at an angle of 20.0° to the horizontal, the force used was 204N. Calculate
the work done by this force in moving the box horizontally the same distance.

a W=Fs
W =248 x 2.27 =563

2=0773ms?

¢ When the box s pulled in this direction, the force has a vertical component that helps reduce the
normal reaction force between the box and the ground. This will reduce the friction opposing
horizontal movement.

d The force is not acting in the same direction as the movement. To calculate the work done we need
to use the horizontal component of the 204N force.

W =Fcos20.0°x s
W =204 x 0.940 x 2.27
W=435)

98 Calculate the work done when a 12kg suitcase is:
a pushed 1.1m across the floor with a force of 54N
b lifted 1.1m upwards.

99 The pram in Figure 2.99 is being pulled with a force that is not in the same direction as its movement.
Calculate the work done when the pram is pulled 90cm to the right with a force of 36N at an angle of
28° to the horizontal.

= Figure 2.99
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Force

no force

oy foree, F
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100 In Figure 2100 a gardener
is pushing a lawnmower
ata constant speed of
0.85ms with a force, P, of
70N at an angle of 40° to
the ground.

a Calculate the magnitude

b How much work is

of the frictional force, F.

done in moving the
lawnmower for 35?2

= Figure 2.100

Calculating the work done by varying forces

When making calculations using the equation W = Fscos @ we must use a single,
constant value for the force but, in reality, forces are rarely constant. In order to
calculate the work done by a varying force we have to make an estimate of the average
force involved. In some situations we can assume that the force varies in a predictable
and linear way, so that the average force is halfway between the starting force and
the final force. A simple example would be calculating the work done in stretching

a spring, as shown in Figure 2.101. Provided that the spring is not overstretched, the

i« extension, x force is proportional to the extension (displacement of the end of the spring), as

shown in the force—extension graph. (This relationship is known as Hooke’s law)
Using W = Fs in this situation involves using the average force during the
extension of the spring. As the spring was stretched, the force increased linearly from
zeo to F and the average was F/2. The work done, W, was therefore (F2) x Ax. (The
symbol x is commonly used to represent extensions, and Ax changes of extension.)
This calculation is identical to a calculation to determine the shaded area under
the graph. This is always true — if the way a force varies with displacement is known

2 Exensonx i detail, a force-displacement graph can be drawn and then:

W Figure 2101 Force
and extension when
stretching a spring

® Figure 2.102
Force-extension
(displacement) graph
for rubber under
tension

The area under a force-displacement (distance) graph equals the work done.

The usefulness of determining the work done from the area under a graph becomes
more obvious when we consider stretching a material like rubber, for which the
displacement is not proportional to the force. Typically, rubber becomes stiffer the
more it is seretched. Figure 2.102 shows a possible force—extension (displacement)
graph for rubber.

The work done, W; in stretching the rubber by 40cm (for example) is found from
the area under the curved graph. This can be estimated from the shaded triangle,
which is judged by ee to have a similar areas

W =05 x 50 x 040 = 10]

0.40
Extension, x
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Worl

example

17 a Calculate the work done in raising the centre of gravity of
a trampolinist of mass 73kg through a vertical height of
2.48m (see Figure 2.103)

b When he lands on the trampoline he is broughtto rest for
amoment before being pushed up in the air again. If the
maximum displacement of the trampoline is 0.8, sketch a
force~displacement graph for the surface of the trampoline.

a W=Fs =weight x height = mg x h
W=73x981 x 248 = 1800)

b The shape of the graph is not known, so it has been
drawn inearly for simplicity (Figure 2.104), The area
under the graph must be approximately equal to 1800J
(ignoring any energy transferred to other forms). This
means that the maximum force must be about 4500N,
50 that 0.5 x 0.8 x 4500 = 1800

Z 4500 M Figure 2:103 The more the
s trampoline stretches, the higher the
trampolinist can jump
Grea = 1800)
0
08

Extension/m

M Figure 2.104

101 A spring was 48mm long with no force applied. When a force of 8.3N was applied its overalllength
extended to 74mm. How much work was done on the spring (assuming that the spring obeyed Hooke's law)?
102 Some springs are designed to be compressed (squashed) s well s stretched. The suspension system of a
caris a good example of this.
a Estimate the maximum downwards force you can exert on the side of a car and how far down it will
move because of your force.
b Calculate an approximate value for the work done on the spring in this process.

03 Along thin strip of a plastic was stretched by hanging 100g masses on the end of i. For masses up to
0.800kg the extension was proportional to the force stretching it. The extension was 14cm for a load of
0.800kg. For heavier loads the plastic became more flexible and when it broke with a load of 1.2kg, the
extension was 30cm and the plastic had permanently changed shape
& Sketch a force—distance graph to represent this behaviour.

b Estimate the total work done in stretching the plastic to:

i 14cm
ii 30cm 2 3
¢ Suggest what happens to the energy transferred 3
during the stretching of the plastic. 8 32

104 A steeper gradient on a force—extension (F-s) graph 28
means that a spring requires a greater force to stretch

it by a certain amount. In other words, the gradient of 2
a force—extension graph represents the stiffness of the 20
spring. AF/As s called the force constant of the spring,
but a similar concept can be used when stretching 16
materials other than springs. 12
a Calculate the force constant for the spring represented
in Figure 2.105 8
b How much work was done when the spring was i
extended by 8.0cm?
© What was the length of the spring when the force was 0
19N ifits original length was 27.0cm? 0 20 40 60 80 100
d Explain why it would be unwise to use information = Flgure 2.105 Extension/cm

from this graph to predict the length of the spring if a
mass of 10kg was hung from its end.
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Additional
Perspectives

 Figure 2106
Stress-strain graph

Force and extension: stress and strain

Force—extension graphs can be drawn for specimens of different materials (often in the shape
of wires). Such graphs provide important basic information about the stiffness and strength of
the actual specimens tested, whether they remain out of shape and their ability to store energy
when stretched. Of course, all this depends not only on what the specimen is made of but also
on its original length and cross-sectional area. However, if we draw stress—strain graphs (rather
than force—displacement graphs), they can be applied to specimens of any shape of the same
material.

force  change in length

area  Strain= nal length

stress =

As an example consider Figure 2.106a, which shows the stress—strain relationship for a metal
wire up to the point where it breaks.

From this graph we can make the following conclusions about this metal:

 For strains up to about 0.05 (5%), any extension produced will be proportional to the force
applied (stress is proportional to strain).

© For bigger stresses, the metal becomes less stiff.

© The wire will be approximately twice its original length when it breaks.

o The work done in stretching the material can be found from the area under the graph if the
dimensions of the wire are known.

iy wire breaks
e 9
16% 10
3
S 9x10°ly
o
005 10
Strain
L b
e
3
0

Strain

Figure 2.106b represents the same metal, but shows what happens as the force is removed in two

different situations. For A the maximum force on the wire did not take it beyond its limit of

proportionality and the wire returned to its original shape. This is called ‘elastic’ behaviour.

For B the wire stretched a lot more before the force was removed and the wire was permanently

deformed from its original shape. This is known as ‘plastic’ behaviour.

1 a Ifthe original length of the wire was 1.20m and its cross-sectional area was 3.8 x 105m?,
calculate the force required to break the wire and its length just before it broke,

b Estimate the force needed o break another wire of the same metal, but of length 24 m.

0

Calculate the ratio stress/strain for the linear section of the graph. This is the stiffness of
the metal. What are the units of stiffness?

@

Approximately how much work was done in stretching this wire to its breaking point?
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B Different forms of energy

When anything happens (i.e. something changes) it is because energy has been transferred from
one form to another or from one place to another. It is important to have an overview of the
‘most important forms of energy. In this section we will briefly introduce the following:
gravitational (potential) energy

nuclear (potential) energy

chemical (potential) energy

electric (potential) energy and energy transferred by an electric current

elastic strain (potential) energy

thermal energy (heat)

radiant energy

kinetic energy (including wind energy)

internal energy

mechanical wave energy (including sound and waves on water).

(Although it is not needed for this chapter, it may be of interest to note that any mass has an
energy content that is equivalent to the magnitude of the mass. The two are related by Einstein’s
famous equation E = mcZ. This is covered in Chapter 7

Potential energies
When work is done to stretch a spring (see Figure 2.101), we say that energy has been transferred
to it and that the energy is then in the form of elastic potential (strain) energy. (Elastic
behaviour means that when the force is removed the material will return to its original shape.
When we say that a material is strained, we mean that it has changed shape) While the spring
is stretched we can say that energy is ‘stored’ in it and that the energy is still available for later
use, possibly to do something useful like running a toy or a wind-up watch, Elastic patential
energy is just one of several more important forms of potential energy.
Potential energies are energies that are stored. In general, potential energies exist where
there are forces between objects. The following is a list of the important potential energies:
B When a mass is lifted off the ground against the force of gravity, we say that it has gained
gravitational potential energy, This energy is stored in the mass. If the mass is allowed
to fall, it loses gravitational potential energy and this energy could be transferred to do
something useful.

Nuclear (potential) energy is associated with the forces between particles in the nuclei of all atoms.

Chemical (potential) energy is associated with the forces between electrons and other
particles in atoms and molecules.

Electric (potential) energy is associated with the forces between electric charges.

Elastic strain (potential) energy is associated with the forces needed to change the shape of objects.

Kinetic energy

Wiork has to be done on any object to make it move from rest or to make it move faster. This
means that all moving objects have a form of energy. This is called kinetic energy. (Kinetic’
means related to motion.) Wind energy is the kinetic energy of moving air.

Energy being transferred

When energy is being transferred from place to place, we may refer to the following forms of
energ
B electrical energy carried by an electric current

B thermal energy (heat) transferred because of a difference in temperature
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radiant energy transferred by electromagnetic waves (light energy’ or ‘solar energy’ are
specific examples of electromagnetic radiant energy)

mechanical waves (like water and sound waves) involve oscillating masses. They combine
kinetic energy and potential energy (see Chapter 4).

Internal energy

There is a large amount of energy inside substances because of the random motions of the

particles they contain and the forces between them. The total random kinetic energy and

electric potential energy of all the particles inside a substance is called its internal energy.
Whenever objects move in everyday situations, some or all of their kinetic energy will be

transferred to internal energy hecause of frictional forces (and then thermal energy spreads out

into the surroundings).

B Examples of energy transfers

Everything that happens in our lives involves transfers of energy, so we do not need to look far
for examples. When we switch on an electric fan, energy transferred from the electric current is
changed into kinetic energy of the fan and then the kinetic energy of the moving air. After the
fan is turned off, all of that energy will have spread out into the environment as thermal energy
and then internal energy. But where did the current get its energy from? Maybe in a nearby
power station the chemical energy in oil was transferred to internal energy and kinetic energy of
steam, which was then converted to kinetic energy in the turbines that generated the electricity.

The Sun has provided most of the energy we use on this planet. Nuclear energy in hydrogen
nuclei in the Sun is converted to internal energy and radiation. The radiation that reaches Earth
is transferred to chemical energy in plants (and then animals). Oil comes from what remains of
plants and small organisms that died millions of years ago and have then decayed in the absence
of oxygen.

Worked example

18 Describe the energy transfers that occur when a mass hanging vertically on the end of a metal spring is
displaced and allowed to move up and down (oscillate) freely untilt stops moving.

Whenever the spring is stretched or squashed there will be changes in elastic potential energy.
Whenever the mass moves up and down there will be transfers of gravitational potential energy.
When the spring and mass lose potential eneray, the mass will gain kinetic energy. The mass will

lose kinetic energy when it is transferred back to potential energy. Some energy will be continually.
transferred to the surroundings in the form of thermal eneray, so that eventually the motion will stop.

105 Make a single flow chart showing all the energy transfers listed in the two paragraphs above.

106 Name devices whose main uses are to perform the following energy transfers:
a electricity to sound
b chemical to electricity
< nuclear to electricity
d sound to electricity
& chemical to electromagnetic radiation
£ chemical to kinetic
g elastic strain to kinetic
h kinetic to electricity
i chemical to internal
j electromagnetic radiation to electricity
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Nature of Science

W Figure 2.107 A mass
gaining gravitational
potential energy

B Principle of conservation of energy

The study of the different forms of energy and the transfers between them is the central theme
of physics. The main reason that the concept of energy is so important lies in the principle of
conservation of energy. (‘Conservation’ means to keep the same.)

The principle of conservation of energy states that energy cannot be created or destroyed; it
can only be transferred from one form to another.

In other words, the total amount of energy in the universe is constant. This is perhaps the most
important principle in the whole of science. If, in any particular situation, energy seems to have
just appeared or disappeared, then we know that there must be an explanation for where it has
come from or where it has gone to. It is worth repeating at this point that all everyday processes
spread (dissipate) some energy into the surroundings and this dissipated energy is then of no
further use to us, but it has not ‘disappeared.

In order to use the principle of conservation of energy, we must be able to measure and
calculate energy transfers. Equations for calculating quantities of energy in its different forms
(see the next section) are essential knowledge for all students of physics.

The importance of the conservation of energy

Despite its considerabl the wid ing principle of conservation of energy
cannot be directly verified by individual experiments. To prove that a physics principle (law/
theory) is always true, for any process, at any place at any time is simply impossible. Added to
which, all mechanical processes dissipate energy into the surroundings, making it difficult to
quantify where energy is going. So it is perhaps not surprising that it took so many years for the
principle to become fully established. But since then no experiment has ever produced results
that have contradicted the principle, although the original concept of energy has had to be
adapted and broadened over time to include heat and mass.

Calculating mechanical energies

Gravitational potential energy

When we lift a mass we transfer energy to it and, because we are using a force to move
it, this kind of energy transfer can be described as an example of doing work. We have
already seen (in Worked example 17) that we can calculate the work done from

W = mgh. The difference in energy that a mass has, because of the work that was done
to move it up or down to a new position, is called its change in gravitational potential
energy (Figure 2.107).

The symbol E is used to represent energy in general and Ey is used to represent
gravitational potential energy in particular. When a mass m is raised a vertical height
Ah, as shown in Figure 2.107, the change in gravitational potential energy, AE;, can be
calculated from:

AE, = mghh

This equation is included in the Physics data booklet.

Note that this equation enables us to calculate changes in gravitational potential energy
between various positions. If we wanted to calculate the ‘total’ gravitational energy of a mass, we
would have to answer the question, gravitational potential energy compared with where? This
might be the floor, sea level or the centre of the Earth, for example. This is discussed further in
Chapter 10.
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Worked example

19 How much gravitational potential energy is gained in each of these situations?
a An 818g book is raised 91 cm from the floor to a desk
b AS6kg boy walks up 18 14-cm steps from the first to the second floor of a building
 The same boy walks down to the first floor from the second floor.
a AE=mghh
AE,=0.818 x 9.81 x 091
AE,=73)
b AF,=mghh
AE,=56x 981 x (18 x 0.14)
AE,=1400)

© -1400)

‘The negative sign means that the gravitational potential energy is less than on the second floor.

and bottom of a 2800m mountain?

07 a What s the difference in gravitational potential energy of a 74kg mountain climber between the top

b Is the value of the gravitational field strength the same at the top and bottom of the mountain? If not,

dloes it affect your answer to a?

= Figure 2.108 Ngong Ping cable car in Hong Kong

a How much gravitational potential energy must be
transferred to a car of mass 1800kg during the
journey if it has eight passengers with an average
mass of 47kg?

08 A cable car rises a vertical height of 700m in a total distance travelled of & km (Figure 2.108).

™ electric motor and pulley

cable

b Suggest reasons why a lot more energy (than your elevator car

answer to a) has to be transferred in making this
journey.

109 a How much gravitational energy must be transferred
10 an elevator of total mass 2340kg when it ises 72
floors, each of average height 3.1 m? mumm@mg

b The same amount of gravitational potertial energy

must be transferred from the elevator when it
comes down again. Elevators use counterweights
(see Figure 2.109). As the elevator comes down the
counterweight goes up, and when the elevator goes =

up the counterweight comes down. Explain the W, pulley in basement

advantage of this system. Funicular railways usually

have two carriages: as one goes up, the other ® Figure 2.109 An elevator and its

comes down. counterweight
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Kinetic energy

Consider a mass m accelerated uniformly from rest by a constant force, F, acting in the direction
of motion over a distance s. The work done can be calculated from W' = Fs. But F = ma as
%=1+ 2as (with u = 0), 50 the equation can be re-written as:

2, 1
W = Fo = ma X 3 = Smo

2

That i, the kinetic energy of a moving mass, Ey, can be calculated from:

i
Eg=1mv

This equation is included in the Physics data booklet.

Worked example

20 Calculate the kinetic energy of a car of mass 1320kg traveling at 27 ms~!

Lo

EK=%X 1320 x 272

E=4.8x105)

110 a Calculate the kinetic energy of:
i soccer ball (mass 440 g) kicked with  speed of 24ms-!
ii a 24g bullet moving at 420ms-'.
b Estimate the kinetic energy of a woman sprinter in an Olympic 100m race.

Amass of 2.4kg in motion has kinetic energy of 278). What s its speed?
112 An electron has a mass of 9.1 x 10-21kg. I it moves at 1% of the speed of light, what s ts kinetic
energy? (Speed of light = 3.00 x 108ms™)

A car traveling at 10ms~ has kinetic energy of 100kJ. If its speed increases to 30ms-", what is its new
kinetic energy?

Elastic potential energy

Figures 2.101 and Figure 2.102 show force—extension graphs with the areas underneath
representing the work done by the force (energy transferred) during the stretching of a spring or
other material.

If the spring or material stretched elastically, it will recover its shape when the force is
removed and the energy transferred again can be be used to do something useful. This energy
stored is called elastic potential energy and, as discussed before, it is equal to the area under the
graph. Elastic potential energy is a particularly helpful concept when explaining the behaviour
and usefulness of springs and rubber.

If the stretching force, F, is proportional to the extension, Ax, as shown in Figure 2.101, then
the gradient

£ = constant, k
where k is known as the force constant of the spring or material. Sometimes the term ‘spring
constant’ is used. The units of k are Nm™ (or Nem™). A larger force constant means that a
spring/material is stiffer — more force is required to produce the same extension. A larger force
constant will be represented by a steeper graph.

Consider again Figure 2.101 in which the force is proportional to extension and a force F
produces an extension Ax. An equation for the elastic porential energy, Ey, can be determined by
considering the area of the triangle under the graph up to that point:

1
Ep = $FAx
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and because

F=kix
Lo
Ep = Thits

This equation is in the Physics data booklet.

If the force is not proportional to the extension then this equation cannot be used, but the
energy transferred can still be determined from an estimate of the area. However, useful elastic
potential enexgy is often associated with proportional stretching, such as in springs that are not

fe graphs usually represent materials that do not return
to their original shape when the force is moved, so that much of the energy that was transferred
in stretching cannot be stored and then recovered. (The energy will tend to make the material
get warmer.) Rubber is an important exception (see Figure 2.102).

Worked example

21 When a force of 38.2N was applied to a steel spring its length increased linearly from 23.7cm to

34.1cm.

a Calculate the force constant of this spring.

b Calculate the length of the spring if the force is reduced to 22.4N.

¢ Calculate a value for the extension produced by a force of 50.0N. Why is your answer unreliable?

d How much elastic potential energy is stored in the spring:
i when its extension is 5.9cm?
i when the force was 7.6N?

£ Explain why doubling a stretching force can result in multiplying the stored elastic potential energy by
four,

382 3
= zm 70237) =36/ Nm:

Adding this to an original (unstretched) length of 0.237 m gives an overall length of 0.298m.
F_500

c Ax= 0.136m

This value is unreliable because we do not know if the spring’s extension is sill proportional to this
larger force (which is greater than the value quoted in the original question).

1
= KBX
= 1% 367 x 00592 = 064)

¥=35=002Im
=%x 367 x 0.0212=0.081)

f If the extension is proportional to the force, doubling the force also doubles the extension.

114 Describe, including a suitable diagram, how you could perform an experiment to determine the force
constant of a spring.

115 & If a spring has a force constant of 134Nm-!, what extension is produced by a force 10N? (Assume
that the spring is not overstretched.)
b How much elastic potential energy is stored in the spring with this force?
 What force would be needed to store 1.51J of elastic potential energy in the spring?

116 Estimate the amount of elastic potential energy stored in the suspension system of a car when a family
of four people sit inside it
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IETE Tl Making work easier
When lifting a heavy object vertically, the amount of (gravitational
potential) energy that we need to transfer to it is governed only by
its weight and the vertical height (mgh). For example, to lift a 100kg
inass height of m reiuivess bout 1000] of wirk to be dome on it
Alihiongh 1000] iamiota lot of work that does ot mean that weican: F
Ak

lever

There are two main reasons why this job could be difficult. Firstly, we
‘may not be able to transfer that amount of energy in the time required
to do the work. Another way of saying this is that we may not be

powerful enough. (Power is discussed later in this chapter) Secondly, pulley system
we may not be strong enough because we are not able to provide the

required upwards force of about 000N Power and strength are often

confused in everyday language. £

Lifting (heavy) weights is a common human activity and many types
of simple ‘machine’ were invented many years ago to make this type

of work easier, by reducing the force needed. These include the ramp ™ Figure 2:110 Simple
(inclined plane), the lever and the pulley (Figure 2.110). riachinas

In each of these simple machines the force needed to do the job is
reduced, but the distance moved by the force is increased. If there were no energy losses (any
energy losses would be mainly due to friction), the work done by the force (Fs) would equal the
useful energy transferred to the object being raised (mgh). In practice, because of energy losses,
we would transfer more energy using a machine than if we lifted the load directly without the
machine. This is not a problem because we are usually much more concerned about how easy it
is to do a job, rather than the total energy needed o the efficiency of the process.

Figure 2.111 shows a car jack being used to
raise one side of a car.

Estimate how much gravitational
energy must be transferred to the car so
that a tyre can be changed.

®

b Bychanging the design of the jack it is
possible in theory to raise the car with
almost any sized force that we choose.
Estimate a convenient force that most
people would be happy to use with a
et W Figure 2.111 Changing a car tyre using a
simple machine (car jack)
¢ Use your answers to parts a and b to
estimate how far the force must move in order to raise the car.
d Explain how it can be possible for the force to move such a large distance.
e Discuss why it might be useful for there to be a lot of friction when using a car jack.

Mechanical transfers of energy

So far in this chapter we have introduced important equations for four different kinds of
mechanical energy:

B Wiork done (energy transferred) when a force moves an object:

W =Fs

B Kinetic energy of a moving object:

Ey = Jme?
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o]

® Figure 2.112

B Changes of gravitational potential energy when an object moves up or down:

AE, = mghh

B Elastic potential energy when something is deformed elastically:
Lias?

E, = 3kix

When objects change their motion, energy will be transferred between these forms, and we can

equate the appropriate equations to each other in order to predict what will happen, as shown

by the following examples. In arder to do this we need to assume that no energy is transferred to

other forms (such as thermal energy or internal energy). This usually means that fiction and/or

air resistance have to be considered to be negligible.

1 Gravitational potential [kinetic energy

When an object falls towards the ground it transfers gravitational porential energy to kinetic
energy. When we throw or project an object vertically upwards we have to give it kinetic energy,
which is then transferred to gravirational potential energy. At its highest point the kinetic
energy of the object will be zero and its gravitational potential energy will be highest.

For an object of mass m that falls from rest moving through a vertical height, Ah,
without air resistance we can write:

AE,

e =g

mghh = Jme2,
Tefollows that:
Vi = 288h

This useful equation is equivalent to the equation of motion: v2 = 1 + 2as, with u = 0, a written
as g, and s written as Ah. The same equation can be used for objects moving upwards. The
equation can also be used for objects moving up or down slopes (without rolling), but only if we
assume that friction is negligible.

Experiments to measure the highest speed of an object that has fallen vertically from a
known height will show that, in practice, the kinetic energy gained is less than the gravitational
potential energy lost. The difference can provide some information about the forces of air
resistance that were acting on the falling object. Figure 2.112 shows a related experiment in
which a falling mass, m, pulls another mass, M, along a horizontal table. In this investigation
air resistance might not be significant, but frictional forces probably are. Both masses will gain
kinetic energy.

trolley string pulley

gravitational
potential energy to
kinetic energy
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Worked examples

22 Aballis dropped from a height of 18.3m. With what speed does it hit the ground? What assumption did
you have to make in order to do this calculation?

V2= 2000
V=2 %981 x 183

Vi = 189ms71

This assumes that there was no energy dissipated because of air resistance. Note that this question
could be written in a different way: with what speed would a ball have to be thrown upwards in
order to reach a height of 18.3m.

23 The ball shown in Figure 2.113 was released from rest in position A. It accelerated down the slope and
had its highest speed at the lowest point. ft then moved up the slope on the other side, reaching its
highest point at B.

M Figure 2.113

a Explain why B is lower than A,

b Describe the motion of the ball after leaving position B, explaining the energy transfers until it finally
comes to restat F.

a As the ball rolls backwards and forwards there is a continuous transfer of energy between
gravitational potential energy and kinetic energy. The ball would only be able to reach the same
height as A and regain allof its gravitational potential energy, if there was no friction. Because of
friction some kinetic energy of the moving ball i transferred to internal energy in the ball and the
slope, 5o it cannot reach the same height.

b The ball accelerates as it moves down the slope. When it reaches . all of the extra gravitational
potential it had because of its position at B has been transferred, and the ball has its highest
speed. The ball decelerates as it moves up to C as kinetic energy s transferred back to gravitational
potential energy. Atall times that the ball is moving, some energy is being transferred to internal
energy, so that the maximurn height and maximum speed of the ball get less and less. Eventually the
ball stops atF.

2 Elastic potential energy/kinetic energy

Sometimes we might use the energy stored in a spring, or a rubber band, to give an object kinetic
energy and project it across the ground o through the air. Figure 2.114 shows an experiment in
which an elastic cord is used to project a trolley across a horizontal surface. When the force is
released the trolley will move to the right as the stretched elastic regains its shape. The effect on
the initial speed of the trolley of varying the force, the extension or the mass of the trolley can
be investigated.

W Figure 2.114 Using
stretched elastic to
projectatrolley
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Firing an arrow from a bow uses the same kind of energy transfer from elastic potential energy.
Assuming that the stretching force is proportional to the extension it produces, this kind of
energy transfer can be expressed quantitatively as follows:

EP:EK

Laxt =Lt
Lt =L
Although it should be noted that much of the original energy can be transferred to other forms,

rather than just the kinetic energy of the projected object. Consider the following example.

Worked example

24 a Assume that the force constant of a catapult is 480Nm' and calculate the maximum possible speed
of a50g stone fired from a catapult if the extension of the rubber on the catapult is 18cm.
b Explain why in practice the actual speed will be much smaller.

1 1
a Jebxt = Jmi2

0.5 x 480 x 0.182 = 0.5 x 0.05 x v2
=176ms™

b The equation assumes that all of the elastic potential energy in the rubber is transferred to the
kinetic energy of the stone, but in practice a lot of the stored energy will be transferred to kinetic
energy of the rubber and to making the rubber siightly warmer.

117 From what height would you have to drop a mass for it to hit the ground
with a speed of exactly Sms-'7 (Assume no air resistance.)

118 A stone is thrown vertically upwards with a speed of 14ms-1. What s the
maximum possible height that it could rise to?

119 In order to estimate the height of a building, a ballis repeatedy thrown
vertically upwards and its speed changed unti it just reaches the top of
the building (see Figure 2.115)
a If the ball takes 4.2 from the moment it is released to the time it takes
1o it the ground, estimate the height of the building.
b What are the main sources of error in this experiment?

120 A ball is allowed to move down the slope shown in Figure 2.116a.
a If the surface s friction-free, what is its speed at point P? (ignore any
effects due to the ball rolling/spinning.)
b The same ballis then allowed to move down the friction-free slope = Figure 2.115
shown in Figure 2.116b. What is its speed at Q?
 Explain why the ball reaches point P more quickly than point Q.
d But, of course, balls do roll down slopes. Suggest how this will affect your answers.

= Figure 2.116
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121 A rubber ball was dropped vertically onto the floor from a
height of 1.0m. After colliding with the floor it bounced up
10 a height of 60cm. After the next bounce it only reached a
height of 36cm.

a Inwhat form is the energy when the ballis in contact
with the ground? length = 54cm

b List the energy transfers that take place from the release
of the ball until the top of the first bounce.

¢ Calculate the speed of the balljust before and just after it
touches the floor during the first bounce.

d Predict the height of the third bounce. What assumption
did you make?

Figure 2.117 shows a pendulum. Calculate the maximum velocity of the pendulum when released from
rest as shown.

= Figure 2.117

Asteel ball of mass 124, moving at 8.24ms™" on a horizontal frictionless surface, collides with an
open-wound compression spring that has a force constant of 624Nm-". What is the maximum possible
compression of the spring?

2

A rubber band of mass 4.7g is stretched by 12cm and then released so that it is projected vertically. The
force and extension are proportional to each other and the force constant of the band is 220Nm-" and
only 10% of the elastic potential energy is transferred to kinetic energy. Calculate the height to which
the rubber band will rise.

125 A gymnast of mass 39kg falls from a height of 2.3m onto the horizontal surface of trampoline. Estimate
an effective combined force constant of the springs if the trampoline depresses by 43cm before she
comes to a momentary stop.

3 Doing work to change motion
Using forces to accelerate or decelerate objects is a very common human activity. The
relationship work done equals change of kinetic energy therefore has many uses. The equation is:

Fs = dm? - T
‘When using this equation, the force, F, must be assumed to be constant, or an average force can
be used. Where the force does not vary linearly, the area under  force-distance graph can be
used to determine the change in kinetic energy.

This equation can be used for objects that are accelerating or decelerating, but if the motion
starts or ends with an object at rest (zero kinetic energy), we can write:

Fs = Jm?
This equation shows us that when a force is used to stop a moving object, the smaller the force
that is used, the longer the stopping distance of the object. (Or the greater the force used,
the shorter the stopping distance.) Therefore, in order to reduce the forces in an impact, the
stopping distance (and ime) should be made as large as possible. For example, jumping into sand
involves less force on our bodies than jumping onto solid ground.

I the speed of an object is decreasing because of work done by friction andjor air resistance,
its kinetic energy will be transferred to internal energy, thermal energy and maybe some
sound, We say that the energy has been dissipated, which means that it has spread out into the
surroundings. This very common process is happening around us all the time.

Moving objects might also slow down because they collide with other things. As with friction,
this will result in the dissipation of energy, but usually some energy is also used to deform the
shape of the objects. The change of shape might be temporary, but it is often permanent.

Worked examples

25 A constant resultant force of 2420N acts on a 980kg car at rest. What i its speed after the car has
moved 100m? (ignore resisive forces)
Fs=dmp
220% 100 = ] x 980 x 12
v=22ms
(Using F = ma and the equations of motion will give the same answer)
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26 What average force is needed to stop a car of mass 1350kg travelling at 28ms-1in a distance of 65m?

Fs=1ma
Fx65=1x 1350 x 28
F=8100N

27 In a car accident, the driver must be stopped from moving forward (relative to the car) and hitting the

steering wheel in a distance of less than 25cm.

a If he has a mass of 80kg, what force is needed to stop him in this distance if he and the car were
travelling at 10ms~' immediately before the impact?

b How is this force applied to him?

a Fs=gmit
Fx0.25=1x 80102

F=16000N

b The force is applied mainly by an inflated air bag (Figure 2.118) and/or from a seat belt. It i a very
large force, but considerably less than the force that would act on him if he colided with the steering
wheel. The effect of the force s also reduced because it is spread over a large area. (This reduces the
pressure)

M Figure 2.118 An air bag greatly reduces the forces in an accident

126 What average force is needed to
reduce the speed of a 400000kg
train from 40ms~' to 10ms~'in a
distance of 1.0km?

127 ‘Crumple zones' are a design feature
of most vehicles (Figure 2.119).
They are designed to compress and
deform permanently i they are in a
collision. Use the equation Fs = %mvz
10 help explain why a vehicle
should not be too stiff and rigid.

128 A bungee jumper (Figure 2.120) of
mass 61kg is moving at 23ms™!
when the rubber bungee cord begins
‘to become stretched. - N
= Calclate hor Kineticeneray at that ™ Figure 2:119 The front of the car s deformed but the
moment.

Figure 2121 shows how the extension of the cord varies with the applied force.

b What quantity i represented by the area under this graph?

< Describe the relationship between force and extension shown by this graph.

d Use the graph to estimate how much the cord has extended by the time it has brought the jumper to
astop.

passenger compartment is intact
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Taupo, New Zealand

129 A pole-vaulter of mass 59.7kg falls from a height of 4.76 m onto some foam.
a Calculate the maximum kinetic energy on impact.
b Wil air resistance have had a significant effect in reducing the velocity of impact? Explain your answer.
< If the foam deforms by 81 cm, calculate the average force exerted on the pole-vaulter.

130 Explain why you should always bend your legs when jumping down onto the ground.

131 & A nail in @ piece of wood is struck once by a 1.24kg hammer moving at 12.7ms-". If the nailis pushed
15mm into the wood what was the average force exerted on the nail?
b What assumption did you make?

Regenerative braking systems in trains

The kinetic energy that must be given to a long, fast-moving train is considerable. Values
of 108] or more would not be unusual, When the train stops, all of that energy has to be
transferred to other forms and, unless
the energy can be recovered, the

same amount of energy then has to be
transferred to accelerate the train again.
This is very wasteful, so the train and
its operation should be designed to keep
the energy wasted to a minimum. One
way of doing this is to make sure that
big, fast trains stop at as few stations as
possible, perhaps only at their origin
and final destination.

Most ways of stopping moving vehicles
involve braking systems in whic

the kinetic energy of the vehicle :
is transferred to internal energy W Figure 2.122 The Light Rail Transit trains on the SBS
because of friction. The internal network in Singapore have regenerative braking

87
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energy is dissipated into the surroundings as thermal energy and cannot be recovered. A lot
of research has gone info designing efficient regenerative braking systems’ in recent years,
usually involving the generation of an electric current, which can be used to transfer energy to
chemical changes in batteries.

Small electric trains, which are often operated underground or on overhead tracks, are a
feature of most large cities around the world (Figure 2.122). Such trains usually have stations
every few kilometres or less, so regenerative braking systems and other energy-saving policies
are very important. When designing a new urban train system, it has been suggested that
energy could be saved by having a track shaped as shown in Figure 2.123.

) ==
EEOI—————— === station
8 Figure 2.123 Possible track profile

Explain exactly what is meant by ‘saving energy’.
Explain the reasoning behind the proposal shown in Figure 2.123.

Discuss other features of an urban train system that could ‘save energy’

> w oW

Discuss which kind of engine/motor would be the best choice for such trains.

ToK Link

To what extent s scientific knowledge based on fundamental concepts such as energy? What happens to
scientific knowledge when our understanding of such fundemental concepts changes or evolves?

Any definition of physics will almost certainly include reference to energy, mass and force. These concepts
are considered essential to an understanding of how the universe behaves. They are also described as
fundamental because scientists currently believe that these concepts have no simpler explanations, o that
an understanding of physics begins with them. But our understanding of these fundamental concepts has
changed over the centuries and may continue to evolve in the future.

B Power as a rate of energy transfer
When energy is transferred by people, animals or machines to do something useful, we are often
concerned about how much time it takes for the change to take place. If the same amount of
useful work is done by two people (or machines), the one that does it faster is said to be more
powerful. (In everyday use the word ‘power is used more vaguely, often related to strength and
without any connection to time) If the same amount of useful work is done by two people (or
machines), the one that does it by using the least overall energy is said to be more efficient.

Power is the rate of transferring energy. It is defined as:
power - Enerzy transfrred

time taken

The symbol for power is P and it has the SI unit the watt, W (1 W = 1Js7)). The units mW, kW,
MW and GW are also in common use. The following are some examples of values of power in
everyday life.
B A woman walking up stairs transfers chemical energy to gravitational energy at a rate of
about 300 W.
An 18W light bulb transfers energy from electricity to light and thermal energy at a rate of
18joules every second.

A 0.0001 W calculator transfers energy at a rate of 0.0001 joules every second.
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® A 2kW water heater transfers energy from electricity to internal energy at a rate of
2000 joules every second.

A typical family car might have a maximum output power of 100kW.

A 500MW oilfired power station transfers chemical energy to electrical energy at a rate of
500000000 joules every second.

B In many countries homes use electrical energy at an average rate of about 1kW.

In this chapter, the energy transfer we are concerned with is that of doing work, W, so that we
can write:

work done

POWEr = time taken
W
L

This equation is not given in the Physics data booklet.

Worked examples

28 Calculate the average power of a 75 kg climber moving up a height of 30m in 2 minutes;

p=W
p_mabh

p=15x981x30
=T 2x60

x
P=180W

29 What average power is needed to accelerate a 1200kg car from rest to 20ms-! in 8.0
aw
P=7¢
P = kinetic energy gained/time taken
Y2
At
P_O.S x 1200 x 202
- 8.0

p=

P=3x 104W (= 30kW)

Power transferred when travelling at constant velocity
The calculation for Worked example 29 ignored the large amount of work done in overcoming
air resistance. But when any vehicle travels at a constant velocity, all of the work done is used
to overcome resistance, rather than produce acceleration. If we replace AW with FAs in the
equation for power (where F is the resistive force which, at constant velocity, is equal and
opposite to the forward force), we get:
FAs
P

and, because % = v, it follows that:

power to maintain constant velocity = resistive force x speed
P=Fv

This equation is given in the Physics data booklet.

89
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Worked example

30 A small boat is powered by an outboard motor with a maximum output power of 40kW. The greatest
speed of the boat is 27 knots (1 knot = 1.85kmh-). What is the magnitude of the forward force
provided by the motor at this speed?

1.85 x 1000
12 185X 1000 _ gy
1.85kmh’ 3600 0.51ms

At the maximum speed, resistive force, F = maximum force from engine.
P=Fv
40000 = F x (27 x 0.51)
F=2900N

B Efficiency

It is an ever-present theme of physics that, whatever we do, some of the energy transferred

is ‘wasted’ because it is transferred to less ‘useful’ forms. In mechanics this is usually because

friction or air resistance transfers kinetic energy to internal energy and thermal energy. The

useful energy we get out of any energy transfer is always less than the total energy transferred.
When an electrical water heater is used, nearly all of the energy transferred makes the water

hotter and it can therefore be described as ‘useful’, but when a mobile phone charger is used, for

example, only some of the energy is transferred to the batrery (most of the rest is transferred to

thermal energy). Driving a car involves transferring chemical energy from the fuel and the useful

energy is considered to be the kinetic energy of the vehicle, although a the end of the journey

there is no kinetic energy remaining.

A process that results in a greater useful energy output (for a given energy input) is described as

being more efficient. Efficiency is defined as follows:

. useful energy output _ useful work out
efficiency = <y energy input _ total work in
Because it is a ratio of two energies, efficiency has no units. It is often expressed as a percentage.
It should be clear that, because of the principle of conservation of energy, efficiencies will always
be less than 1 (or 100%).

An alternative definition of efficiency is obtained by dividing work by time to get power:

. useful power out
efficiency = ~roraT power in
These two equations are given in the Physics data booklet
It is possible to discuss the efficiency of any energy transfer; such as the efficiency with which
our bodies transfer the chemical energy in our food to other forms. However, the concept of
efficiency is most commonly used when referring to electrical devices and engines of various
kinds, especially those in which the inpu energy or power is easily calculated. Sometimes we
need o make it clear exactly what we are talking about. For example, when discussing the
efficiency of a car do we mean only the engine, or the whole car in motion along a road with all
the energy dissipation due to resistive forces?
e efficiencies of machines and engines usually change with the operating conditions.

For example, there will be a certain load at which an electric motor operates with maximum
efficiency; if it is used to raise a very small or a very large mass it will probably be inefficient.
Similarly, cars are designed to have their greatest efficiency at a certain speed, usually about
100kmh™. If a car is driven faster (or slower) then its efficiency decreases, which means that
more fuel is used for every kilometre travelled.

Car engines, like all other engines that rely on burning fuels to transfer energy, are
inefficient because of fundamental physics principles (Option B). There is nothing that we
can do to change that, although better engine design and maintenance can make some
improvements to efficiency.
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B Figure 2.124
Experiment to
measure the
efficiency of a motor

In recent years we have all become very aware of the need to conserve the world's energy
resources and limit the effects of burning fossil fuels in power stations and various modes of
transport on global warming (see Chapter 8). Improving the efficiency of such ‘heat engines' has
an important role to play in this worldwide issue.

Many experiments can be designed to determine the efficiency of various machines or
processes. Figure 2.124 shows how the efficiency of an electric motor can be found by comparing
the electrical power input to the rate at which it can raise a known load (weight). The variation
of efficiency with load and/or input power can be investigated.

motor

ruler

Worked example

31 a In an experiment, energy is provided to an electric motor at a rate of 0.80W (Figure 2.124). If it raises a
20g load by 80cm in 135, what s ts efficiency?
b What happens to all the energy that is not transferred usefully to the load?

a Power used to raise mass, P= 290
002981 x 080
13
P=0.12W

useful power output
Total power output

=015 (or 15%)

efficiency =

012

efficency = 42

b 85% of the energy transferred by electricity to the motor does not go usefully to the increased
gravitational energy of the load. The wasted energy goes mostly to internal energy in the motor,
‘which is then transferred as thermal 1o the In adition, gy will have
been transferred to sound and some energy was used to stretch the string that connected the load
to the motor.

132 a How much energy must be transferred to ift twelve 1.7kg bottles from the ground to a shelf that is
1.2m higher?
b Ifthis task takes 18, what was the average useful power involved?

133 Estimate the output power of a motor that can raise an elevator of mass 800 kg and six passengers
38 floors in 52s. (Assume there s no counterweight.)

134 How large are the resistive forces opposing the motion of a car that is operating with an output power
of 23kW at a constant speed of 17ms?

135 & Whatis the output power of a jet aircraft that has a forward thrust of 660000N when travelling at its
top speed of 950kmh-' (264ms~") through still air?
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b If homes use on average 1 KW of electrical power, how many homes could this same amount of power
supply?
< Discuss whether the rapidly increasing use of aircraft for travel around the world should be
discouraged
136 The output from a power station is 325 MW. What s the power input if it is 36% efficient?

137 A man uses a ramp to push a 60.0kg box onto the back of a truck, as shown in Figure 2.125. To lift the
box directly would require a vertical force of 590N, but by using the ramp this force is reduced.

= Figure 2.125

a Calculate the minimum force needed to push the box up the ramp if there is no fiction.

b In practice the force needed was 392N. What was the size of the frictional force? Explain why this
force can be useful.

< The length of the ramp is 2.11m. Calculate the work done in pushing the box along the ramp from the
ground onto the truck.

d The useful energy transferred to the box is its gravitational potential energy. Calculate the efficiency of
using the ramp.

2.4 Momentum and impUISe ~ conservation of momentum is an

example of a law that is never violated

B Momentum
The product of mass and velocity is an important quantity in physics.

Linear momentum is defined as mass multiplied by velocity.
Momentum is given the symbol p and has the units kilogram metre per second, kgms.
p=mv
This equation is listed in the P}r\‘s{cs data booklet.

Because kinetic energy, Ey = ymu?, the connection between momentum and kinetic energy
can be expressed as:

0
®™ 2m

E;

This equation is included in the Physics data bookler.
In all calculations concerning momentum it is very important to remember that momentum
s a vector quantity and the direction should always be given. In the core of this course we only
deal with momentun in straight lines (linear momentum), but similar ideas can be applied
elsewhere to the angular momentum associated with rotating objects or particles (Option B).

Worked example

32 Aball of mass 540g moving vertically downwards m(sme ground with a velocity of 8.0ms™". After
impact it bounces upwards with an initial velocity of 5.0ms=.
a Calculate the momentum of the ball immediately before and after impact
b What was the change of momentum during impact (Ap)?

a Initial momentum before impact, p = mu = 0.54 x 8.0 = 4.3kgms~' downwards. Final momentum
after impact, p =mv =054 x 5.0 = 2.7kgms~' upwards.

The oppasite directions may be represented by positive and negative signs rather than written
descriptions. That is, the momentum before impact was +4.3kgms~' and the momentum
afterwards was ~2.7kgms-. (The choice of signs is interchangeable.)

- (+4.3) =~7.0kgms™" (upwards)
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Newton’s second law expressed in terms of rate of change of momentum
Returning to Newton’s second law of motion (F = ma), we can now rewrite it in terms of
momentum by using the definition of acceleration, a = (v — w)/t:
m(v - u)
="
my = mu

F t

This equation can be expressed in words as: force equals change of momentum divided by time,
or force equals the rate of change of momentum. This version of Newton's second law is commonly
written in the form:

By
=B

This equation is listed in the Physics data booklet.
‘or most situations the two versions of

Newton’s second law of motion are equivalent
and the choice of which to use depends on the
information provided. Because the version above
does not require a constant mass, it is a more
generalized statement of the law.

Figure 2.126 shows a karate chop being used to
break some wooden boards. Consider
F = Ap/At: to maximize the force acting between
the hand and the boards, the mass striking
the boards must be as large s possible and moving
with a large speed. The time of impact needs to be
as small as possible.

B Impulse and force-time graphs

Impulse

As discussed earlier in this chapter, many forces
act on objects only for a limited time, and the
longer the time that the force acts for, the greater
the effect produced. For this reason the conceptof M Figure 2.126 Karate chop on wooden boards
impulse is introduced:

Impulse is defined as the product of force and the time for which the force acts:
impulse = FAt
Rearranging the equation F = Ap/At gives:
FAt = Ap
This equation is given in the Physics data booklet. Expressed in words it is:
impulse = change of momentum

Impulse has the same units as momentum: kgms™! (or N's may be used). In this book we will not
use any symbol to represent impulse.
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Worked example

33 Calculate the average force exerted on the bouncing ball by the ground in Worked example 32 if the
duration of impact was 0.18'.

078
(The negative sign represents a force upwards.)

Alternatively, the same answer could be obtained using F = ma:
V-0 _(50-(80) _ o,
20 80 s

Then,
F=ma=054x (-72) =-39N

Force-time graphs

In many simple impulse calculations we can assume
that the forces involved are constant, or that the
average force is half of the maximum force. For more
accurate work this is not good enough, and we need to
know in detail how a force varies during an interaction.  F, | __
Such details are commonly represented by force-time
graphs. The curved line in Figure 2.127 shows a typical

example of a force varying over time At. > Tme

In general, the area under any force—time graph
for an interaction equals force X time, which equals
the impulse (or change of momentum). This is true
whatever the shape of the graph. The area under the
curve in Figure 2.127 can be estimated by drawing a rectangle of the same area (as judged by
eye), as shown in red. F, s then the average force during the interaction.

Force sensors that can measure the magnitude of forces over short intervals of time can be
used with data loggers to gather data and draw force—time graphs for a variety of interactions,
both inside and outside a laboratory. Stop-motion replay of video recordings of collisions can
also be very interesting and instructive.

Force-time graphs can be helpful when analysing any interaction, but especially impacts
involved in road accidents and sports.

Force

area=FAt

W Figure 2.127 Graph showing how a
force varies with time

Worked example

34 Figure 2.128 shows how the force on a 57 tennis ball moving at 24ms-" varied when it was struck by a
racquet moving in the opposite direction.
a Estimate the impulse given 1o the ball
b What was the velocity of the ballafter being struck by the 2 1000
ra g
 The ball is struck with the same force with different £
racquets. Explain why a racquet with looser strings will
return the ball with higher speed.
d What is the disadvantage of playing tennis with a racquet
with loose strings?

500

a Approximate area under graph =

1000 x (3.0 x 10-3) = 3.0Ns 01 2 3 4 5 6

b mAv=30 Tmefms
30

o B Figure 2.128 Force-time graph for

striking a tennis ball
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The initial velocity was 24 ms-! towards the racquet. If the change of velocity was 53ms-!, then the
ball must have moved away from the racquet with a velocity of (53 ~ 24) = 29ms!

¢ The time of contact with the bal, At, will be longer with looser strings, so that the same force will
produce a bigger impulse (change of momentum).

d There s less control over the direction of the ball.

138 A train of mass 2.3 x 108kg travelling east along a straight track at 14.3ms-" reduces its speed to
9.8ms-. What is the change of momenturr?

139 What average force is needed to reduce the speed of a 1200kg car from 24ms~' to 11ms~ in 4.85?

140 A baseball bat hits a ball with an average force of 970 N that acts for 0.0088s.
& What impulse was given to the ball?
b What was the change of momentum of the ball?
¢ The ball was hit back in the same direction that it came from, If its speed before being hit was
32ms-", what was its speed afterwards? (Mass of baseball was 1453.)

141 Figure 2129 shows how the force between
two colliding cars changed with time. Both
cars were driving in the same direction and
after the collsion they did not stick together.
a Estimate the impulse.

b Just before the collision the faster car (mass
1200kg) was travelling at 18ms-". Estimate
its speed immediately after the collsion.

10000

Force/N

5000

142 Asoft ball (A) of mass 500g is moving to )
the right with a speed of 3.0ms-' when it 0 05 10 15
colides with another soft ball (B) moving Time/s
1o the left. The time of impact is 0.34s, .
after which ball A rebounds with a speed of = Figure 2.129
20ms™
& What was the change of velocity of ball A?

b What was the change of momentum of ball A?

¢ Calculate the average force exerted on ball A,

d Sketch a force-time graph for the impact.

 Add o your sketch a possible force-time graph for the
colision of hard balls of similar masses and velocities.

# Suggest how a force-time graph for ball B would be
different (or the same) as for ball A

Force

143 A car driver involved in an accident was prevented from
hitting the steering wheel by the action of an airbag. Figure
2.130 shows how the force on the driver varied during the
accident (until the car was stationary).

a If the maximum force on the driver was 2800N, estimate 0 0.25

the average force acting during the 0.25s. Time/s
b What was the change of momentum of the driver? = Figure 2.130
¢ If the mass of the driver was 73kg, what was the speed in

kmh-1 of the car and driver before the accident?

144 Consider Figure 2.126.
a D\s:uss in detail how the movement of the karate expert can maximize the force exerted on the

b Suggeslwha( features of the boards wil help to make this an impressive demonstration.

145 a Whatis the momentum of a 1340 kg car that has 4.30 x 10 of kinetic energy?
b Whatis the kinetic energy of a 340g mass that has a momentum of 8.3kgms~?
© Whatis the mass of a sub-atomnic particle that has a momentum of 2.50 x 10-23kgms-! when its
kinetic energy is 3.43 x 10162
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Nature of Science

B Conservation of linear momentum
We know from Newton’ third law that whenever any two objects interact (most commonly
collide) with each other for time At, they must always exert equal and opposite forces, F, on each
other. Consider again Figure 2.80.

F, = -F,

A B

It follows that the impulses, FAt, and changes of momentum, Ap, must also be equal and
opposite:

FyAt = ~Fyht
Bpy = Dby

In other words, if objects A and B exert forces on each other, any gain of momentum of A must
be equal to the loss of momentum of B so that the overall momentum is unchanged. It should
be stressed that this is true only if no other, external, forces are acting. This is expressed in the law
of conservation of momentum:

The total (linear) momentum of any system is constant, provided that no external forces are
acting on it.

Although the principle of conservation of momentum contains essentially the same physics as
Newton’s law, it is usually of much greater use in everyday situations. This is because it relates to
the masses and velocities before and after an interaction, rather than the varying forces during
short time intervals.

Why momentum is an important concept
There are no known exceptions to the principle of conservation of momentum (Newton’s
third law) and this is why momentum is such an important quantity in physics. Like energy,
momentum is always conserved. For this reason these fundamental principles are extremely
useful pieces of physics, which can be applied to help predict what happens in any interaction
involving forces between any number of diffrent objects, including everything from the

arge to the mi ly small (e.g. collisions of atomic particles).

The following points always need to be remembered when using the principle of conservation
of momentum:

B Momentum is a vector quantity, so its direction must always be included in calculations.

W The system must be isolated — only the interacting objects can be considered and there can
be no forces acting from outside of that system.

Immediately after an interaction, external forces (ke friction) will usually affect the

motions of the objects.

It is easy to give examples in which the momentum of an object decreases to zero, which

may appear to contradict the principle of conservation of momentum. This apparent loss of
momentum is usually because the system is not isolated — it is acted on by external forces, such
as friction. In other examples, some or all momentum may appear to be lost when something
collides with an object that has a much greater mass. The motion after impact may be too small
o observe or measure. A typical example could be a person jumping down onto the ground. The
predicted motion of the person—Earth system after impact is insignificant.

The force of gravity commonly increases the momentum of falling objects, but the abjects
are not isolated systems — there are external forces acting on them. For example, a 3kg rock
experiences a gravitational force towards the Earth of approximately 30N and therefore gains
momentum as it accelerates down. The law of conservation of momentum predicts correctly that
the Barth must gain an equal momentum upwards towards the rock. Because the mass of the
Earth is so great, its gain of momentum is insignificant.
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Figure 2.131 shows water
guns. Before it is used a gun
and the water inside it have no
momentum, but when water is
fired forward it gains momentum.
The principle of conservation of
momentum tells us that the gun
must gain an equal momentum
in the opposite direction.

B Figure 2.131 Water guns are popular during the Songkran
festival in Thailand

Worked examples

35 Mass A (4.0kg) is moving i 3.0ms!to the right when it collides with mass 8 6 0kg) moving n the
opposite direction at 5.0m
a fthey stick (ogethsraﬂer(he colision, what i their velocity?
b What assumption did you make?

a The total momentum must be the same before and after collision. Choosing veloities and momenta

(momentums) to the right to be positive and to the leftto be negative:
momentum of A = myu, = 4.0 x (+43.0) = +12.0kgms™!

-30kgms!

Therefore, the total momentum (before) the collision is +12 +(-30) = ~18kgms". The total
momentum after the collision must be the same as that before, so:

mormenturm of B = Mgy = 6.0 x (5.0

The negative sign means the velocity is to the left.

‘This explanation has been written outin detail to aid understanding. A more direct way of
answering any such question involving two masses interacting is as follows:
mormentum before interaction = momentun fter interaction

MUy + Mg

i+ MyVy

In this example:
@0 3.0)+ (60 x-5.0)= (4.0 + 6.0 x Vg

b The assumption made is that there are no external forces acting on the system. If there are
significant frictional forces involved, the calculated answer can be taken to be the instantaneous
velocity immediately after collsion, and the effects of friction can be considered afterwards.

36 A bus of mass 5800kg travelling at a steady 24ms~! runs into the back of a car of mass 1200kg
travelling at 18ms~" in the same direction. I the car is pushed forwards with a velocity of 20ms-",
calculate the velocity of the bus immediately after the collision. (Assume this is an isolated system and
ignore the actions of the drivers and engines.)
momenturm before interaction = momentum after interaction
My + Myl = MYy + My

(5800 x 24) + (1200 x 18) = (5800 x V) + (1200 x 20)

s = 23.6 ms~" in the original direction

97
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Additional
Perspectives

37 Abullet of mass 12.0g is fired at a speed of
550ms-" from a fifle of mass 1.40kg (Figure
2.132). What happens to the rifle?

In this example the total momentum is zero.
This means that the momentum of the bullet
must be equal and opposite to the momentum
of the rifle:

momentum before interaction =

momentum after interaction

Mylip + Mgty = MYy + MV

040 =(0.012 x 550) + (1.40 x V)

660 _ 471 mst M Figure 2.132

Vita= yoans
The negative sign shows that the rifle moves
in the opposite direction from the bullet.
(Thisis often called recoil)

The principle of conservation of momentum and road accidents
The principle of conservation of
momentum is useful when determining the
speeds of vehicles involved in accidents.

More than 1.2 million people are killed
in road accidents every year in the world,
and about 25 million are seriously injured.
As a global average, people have about a 1
in 80 chance of dying in a road accident.
However, there are very large differences
in safety standards between countries,
mostly because of the differences in the

W Figure 2,133 Momentum is conserved in this

behaviour of drivers and other road users,  collsion test
as well as the standards of policing and the quality of the road systems.

The design of new vehicles in most countries of the world now includes many features intended
to protect the occupants in the event of an accident. These so called passive safety standards
include seat belts, air bags, padding on interior surfaces and crumple zones, all of which reduce
forces in impacts by increasing the times and distances involved. But worldwide the majority of
people killed in road accidents are unaffected by these measures because they are not inside the
vehicles: they are typically either pedestrians or on bikes of various kinds, and struck by faster-
moving vehicles.
1 Find out from the internet where your country ranks in a list of the annual number of road
accidentsffatalities. If possible, also determine the major causes of road accidents in your
country and discuss how the situation could be improved.

0

It is widely accepted that vehicles travelling too fast (for the conditions) are a major cause
of serious accidents. Remember that when a car’s speed doubles, its kinetic energy increases
by a factor of four. Reducing speed limits is an obvious suggestion to try to reduce the
number of accidents, but many people are against this idea. Suggest why.
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146 A body of mass 2.3kg moving to the left at 82 cms~ collides with a stationary mass of 1.9kg. If they
stick together, what is their velocity after impact?

147 A 50.9kg bag of cement s dropped from rest onto the ground from a height of 1.46m.
2 Whatis the maximurn speed of the bag as it hits the ground?
b Will the actual speed be much different from the maximum theoretical speed? Explain your answer.
¢ Assuming that the bag does not bounce, predict the combined speed of the Earth and bag after the
impact. (Mass of the Earth = 6.0 x 10%4kg,) Is it possible to measure this speed?

148 In an experiment to find the speed of a 2.4q bullet, it was fired into @ 650g block of wood at rest on a
riction-free surface. ff the block (and bullet) moved off with an initial speed of 96cms™, what was the
speed of the bullet?

149 Aball moving vertically upwards decelerates and its momentum decreases, although the law of
conservation of momentum states that total momentum cannot change. Explain this observation.

150 An astronaut of mass 90 kg pushes a 2.3kg hammer away from her body with a speed of 80 cms~.
What happens to the astronaut? How can she stop moving?

151 Two toy cars travel in straight lines towards each other on a friction-free track. Car A has a mass of 432g
and a speed of 83.2cms-". Car B has a mass of 287g and speed of 68.2cms™. If they stick together
after impact, what is their combined velocity?

152 Asteel ball of mass 1.2kg moving at 2.7ms™ colides head-on with another steel ball of mass 0.54kg
moving in the opposite direction at 3.9 The balls bounce off each other, each returning back in the
direction it came from.

a If the smaller ball had a speed after the collision of 6.0ms~, use the law of conservation of
momenturn to predict the speed of the larger ball
b In fact, this result is not possible. Suggest a reason why not.

3 Figure 2134 shows two trolleys on a friction-free surface joined together by a thin rubber cord under
tension. When the trolleys are released, they accelerate towards each other and the cord quickly
becomes loose, Where would you expect the two trolleys to colide with each other?

[
0 100 cm
= Figure 2.134

W Vehicle propulsion

In order to accelerate a vehicle, or to keep it moving at a constant velocity overcoming friction
and air resistance, a force is needed. This can be achieved by the vehicle pushing backwards on
a road, so that the road pushes the vehicle forwards (Newton’s third law). But for the motion
of boats or vehicles (ravellmg through the air or space there is better way of explaining the
motion by considering the given to something in the opposite direction from the
intended vehicle motion.

When the propeller in Figure 2.135 spins, a force pushes the water backwards, and an equal and
opposite force therefore pushes the boat forwards. The backwards momentum of the high-speed
water would be equal and opposite to the forward momentum of the slowermoving boat if
there were no other forces acting on the boat.

The use of oars and paddles in boats involves similar principles, while propellers on planes and
helicopters make air move at high speed in the opposite direction from the vehicle’s intended
motion.

The jet engines on the plane shown in Figure 2.136 burn fuel combined with oxygen from the air
that is taken in at the front of the engine. The resulting gases are ejected (thrown out) at the back
of the engine with high speed. The gain in backwards momentum of the gases must be equal and
opposite to the forward momentum of the engine and plane (if no other forces are acting).

Newton's third law offers an alternative and equivalent explanation — the force pushing the
gases backwards is equal and opposite to the force pushing the plane forwards. Similar ideas
can be applied to rockets, except that no air is taken in at the front.

929
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W Figure 2.135 The propeller B Figure 2136 A jet engine
atthe back of a boat exerts a

force on the water and the water

pushes back on the propeller

154 A rocket engine on a spacecraft of mm mass 10000 kg efected 14kg of hot gases every second at an
average discontinuous speed of 240m
a What was the force on the spa(e(ram
b What was the acceleration of the spacecraft?
¢ Ifthe engines were used for 30, what was the impulse given to the spacecraft?
d What was the change of velocity?

= Figure 2.137

155 a Use Newton's third law to explain how the helicopter shown in Figure 2.137 can hover in the air.
b The helicopter blades give downwards momentum to the air. Apply the law of conservation of
‘momentum to this situation.

ToK Link

Rules can restrict imagination

Do conservation laws restrict or enable further development in physics?

The ‘simplicity’ of conservation laws and the fact that they can be applied to anything and everything

makes them very useful and conceptually appealing. However, it could be argued that their unquestioned
acceptance among scientists actually inhibits original thinking.
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B Elastic collisions, inelastic collisions and explosions

‘When objects come into contact (or otherwise interact) with each other and exert forces on
each other for relatively short periods of time, the interactions can be described as ‘collisions’.
We normally expect some or all of the kinetic energy of macroscopic objects to be dissipated in a
collision, but it is important to define the extreme case:

A collision in which the total kinetic energy of the masses is the same before and after the
collision is known as an elastic collision.

In our everyday, large-scale world elastic collisions are not possible because some energy is ahuys
dissipated into the surroundings.

Momentum is conserved in all collisions and in the theoretical extreme of an elastic
collision, kinetic energy is also conserved. The two conservation equations representing this
situation can be combined together simultaneously to predict exactly what would happen if an
elastic collision occurred (but this is not required in this course). For example, if a mass collides
elastically with another identical mass at rest, the only possibility is that the moving mass will
stop and the other mass will move off with the same velocity as the first mass. The scientific
purpose of a Newton’s cradle (Figure 2.138) is to demonstrate this effect.

W Figure 2.138
Newton's cradle

Collisions in which some or all kinetic energy is transferred to other forms of energy are called
inelastic collisions. Al collisions of everyday objects are inelastic.

A collision in which the objects stick together is called a totally inclastic collision.

In an ‘explosion’, masses that were originally at rest with respect to each other are propelled in
different directions, so that there is higher kinetic energy after the explosion than before. By
definition this type of interaction clearly cannot be described as elastic and can be considered to
be similar to a totally imelastic collision in reverse.

The percentage of the total kinetic energy retained in collisions between masses moving

é’@ together along a straight line can easily be investigated by measuring their masses and their

speeds before and after the impact, although a low-friction surface is necessary for reliable
results. It is instructive to investigate how the results change when the masses are varied, or the
natures of the colliding surfaces are changed. Typically, objects made from elastic materials,
like steel and rubber, retain the most kinetic energy. (Remember that a material described as
elastic regains its shape after a force has been removed) Conversely, inelastic materials deform
permanently and much energy is dissipated as internal energy and thermal energy.

The concepts of internal energy, sound and deformation cannot be used sensibly to describe
individual molecules. Therefore, on the microscopic scale, collisions between particles such as
molecules in a gas are usually elastic and easily modelled by computer simulations.
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156 A railway truck of mass 8340kg travelling at 14.3ms-" collides with another truck of mass 6420kg
travelling at 8.78ms-" in the same direction.
a If after collision the two trucks become joined together, what is their initial speed?
b Calculate the percentage of kinetic energy retained in the collision.

157 Atrolley of mass 2.0kg is moving at a speed of 1.3ms™ directly towards another stationary trolley of
mass 1.0kg.
a It immediately after the collsion the 1kg trolley moves at a speed of 1.4ms™, what is the speed of the
other trolley?
b Calculate the amount of energy dissipated in this colision.
158 Ifin the previous question the speed of the 1 kg trolley after the collision was stated to be 4.1ms-!

(instead of 1.4ms-, explain why it would still be possible to calculate an answer for part a of the
question, but not part b.

9 A cannon of mass 1100kg fires a cannonball of mass 6.2kg at a speed of 190ms-" (Figure 2.139).

= Figure 2.139 Firing a cannon

2 Calaulate the inital recoil speed of the cannon.

b The purpose of firing the cannon i to transfer chemical energy of the explosive into kinetic energy
of the cannon ball, but the cannon s also given kinetic energy. Calculate the percentage of the total
kinetic energy that is carried by the cannon ball.
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B Examination questions — a selection
Paper 1 IB questions and IB style questions

Q1 M is a small mass on the end of a lightweight string. It has been pulled to one side with a force that keeps it
stationary.

I
|
|
|
I
|
!
i M
i

Which of the following four diagrams is the correct free-body representation of the forces acting on the
mass?

A B <
An object of weight W is slipping down a slope (inclined plane) that makes an (D"mm

angle of 8 with the horizontal. If the object is moving with constant speed, what “_ &
is the magnitude of the frictional force up the slope?
A‘

Q.

(X

A W

B Wsin 6

C Wcos o
w

P 2

w

Q3 The work done when a constant force acts on a mass is always equal to:
A the magnitude of the force multiplied by the distance moved by the mass
B the magnitude of the force multiplied by the displacement perpendicular to the force
C the magnitude of the force multiplied by the displacement in the direction of the force
D the vector sum of the force and the distance moved by the mass.

Q4 A rocket is travelling across space when its engine ejects gases of total mass m in a time t. The speed of the
gases relative to the rocket is v.
Which of the following is the correct expression for the force exerted by the gases on the rocket?
A mv

B mv

2
C mvt
my

b
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Q5 Which of the following is a correct definition of the instantaneous velocity of a moving object at time t?

Q

Q

)

®

A distance moved
time taken
displacement
time taken
C rate of change of displacement at time t
D rate of change of distance at time t

A big object is dropped from a large height. It hits the ground at time T after being dropped. Which of the
following graphs best represents how the speed, v, of the object varies with time, ¢, until just before it hits
the ground?

Ay B v

0 0

0 Tt 0 Tt
C v Dy

0

0 Tt

When the motion of two cars was compared, it was found that car A was more powerful than car B. Which
of the following statements must be true?

A Car A produces more useful energy than car B.

B Car A produces a greater force than car B.

C In the same time, car A does more useful work than car B.

D In the same time, car A moves a greater distance than car B.

A mass of 5kg is pulled up a slope at a constant speed of 2ms~". After rising a vertical height of 4m, the
total work done was 1200J. The work done in overcoming friction was:
A 1000J B 200J C 2400/ D 1400J

Q9 An increasing force acts on an object and its acceleration increases as shown in the graph.

Acceleration/m 52
i

T T
0 4 8 121620
Time/s

If the object was initially at rest, what is the speed of the object after 20 seconds?
A 05ms™ B 2.0ms™! C 100ms™' D 200ms~!
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Q10 If there is no resultant force acting on an object, which of the following quantities must also be zero?
A speed B velocity C acceleration D momentum

Q11 An electric motor raises a 2.5kg mass a distance of 12m in a time of 6s. If the efficiency of the process was
20%, what was the input power to the motor?
A 10w B 25W C 250W D 500W

Q12 A mass is moving at a constant speed with a kinetic energy E,. What is the kinetic energy of another mass
that has twice the mass and half the speed of the first mass?

A % B E ¢ 95 D 4E,
Q13 A vehicle is driven up a hill at constant speed. Which of the following best describes the energy changes
involved?

A Chemical energy is converted into gravitational potential energy.
B Chemical energy is converted into gravitational potential energy, sound and thermal energy.
C Gravitational potential energy is converted into chemical energy.
D Gravitational potential energy is converted into chemical energy, sound and thermal energy.
© I Organization

Q14 A weight W is suspended from the ceiling on the end of a length of string. According to Newton’s third law
of motion there must be another force equal and opposite to the weight. This second force is:
A the downwards force of the string on the ceiling
B the upwards force of the string on the weight
C the upwards force exerted by the weight on the Earth
D the tension in the string.

Q15 A stone is thrown up into the air at an angle to the horizontal. Assuming that air resistance is negligible,
which of the following is not constant while the stone is moving through the air?
A horizontal component of velocity
B vertical component of velocity
C total energy of the stone
D acceleration of the stone

Q16 A steel ball is released from rest into a cylinder containing oil. Which of the following statements is
incorrect?
A The force opposing motion is called drag.
B If the cylinder is large enough the ball will reach a terminal speed.
C The weight of the ball is reduced in the oil.
D A larger ball will experience a greater resistive force.

Q17 When an unstretched steel spring was extended by 10cm the elastic potential energy stored in it was
0.20 J. What was the force constant of the spring?
A 40x103Nm™!
B 4.0Nm™
C 10Nm™"
D 40Nm™"

Q18 When a ball was dropped onto a hard surface a student believed that the collision was elastic. For this to be
true, the ball must:
A bounce up to the same height from which it was dropped
B stretch a lot
C be made of rubber
D get hotter.
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Q19 A gas atom strikes a wall with speed v at an angle 6 to the normal to the wall. The atom rebounds at the
same speed v and angle 6.

Which of the following gives the magnitude of the momentum change of the gas atom?
A zero

B 2mvsin6

C 2mv

D 2mvcos@

© B Organization

Paper 2 IB questions and IB style questions

Q1 Abullet of mass 32g is fired from a gun. The graph shows the variation of the force F on the bullet with
time t as it travels along the barrel of the gun.

FN
2500

2000

1500

1000

500

tims

The bullet is fired at time t = 0 and the length of the barrel is 0.70m.
a State and explain why it is inappropriate to use the equation s = ut + Y2at? to calculate the
acceleration of the bullet.
b Use the graph to:
i determine the average acceleration of the bullet during the final 2.0ms of the graph
show that the change in momentum of the bullet, as the bullet travels along the length of the
barrel, is approximately 9Ns.
c Use the answer in b i to calculate:
i the speed of the bullet as it leaves the barrel
i the average power delivered to the bullet.
d Use Newton'’s third law to explain why a gun will recoil when a bullet is fired.

@

@

@
3
€)

© B Organization
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Q2 A dlay block initially on the edge of a table is fired away from the table, as shown in the diagram.

tble  cayblock  path

0.85m

AN
ground 3
(not to scale)

The initial speed of the clay block is 4.3ms=" horizontally. The table surface is 0.85m above the ground.
Ignoring air resistance, calculate the horizontal distance travelled by the clay block before it strikes the
ground. @
The diagram shows the path of the clay block neglecting air resistance. Make a copy of the diagram and
show on it the approximate shape of the path that the clay block will take assuming that air resistance
acts on the clay block.

o

© 1B Organization

Q3 a A system consists of a bicycle and cyclist travelling at a constant velocity along a horizontal road.

i State the value of the net force acting on the cyclist. )]
ii On a copy of the diagram, draw labelled arrows to represent the vertical forces acting on
the bicycle. )

With reference to the horizontal forces acting on the system, explain why the system is travelling
at constant velocity.

b The total resistive force acting on the system is 40N and its speed is 8.0ms™". Calculate the
useful power output of the cyclist. V)
¢ The cydlist stops pedalling and the system comes to a rest. The total mass of the system is 70kg.
i Calculate the magnitude of the initial acceleration of the system. )
ii Estimate the distance taken by the system to come to rest from the time the cyclist
stops pedalling. 2

State and explain one reason why your answer to c ii is only an estimate. )

© IB Organization
Q4 Explain the difference between the coefficients of static and dynamic coefficients of friction. 2
The angle of a flat wooden slope to the horizontal is increased slowly until a metal cube just
begins to slide down the surface. If the coefficient of static friction between the surfaces is 0.56,
what is the greatest possible angle before the cube begins to slide? (2)

oo



W Figure 3.1
Differences between
solids, liquids and
gases; the vector
arrows represent
the velocities of the
molecules

Thermal physics

Thermal physics deftly demonstrates the links between the macroscopic measurements
essential to many scientific models with the microscopic properties that underlie these
models.

The properties of ideal gases allow scientists to make predictions about the behaviour of
real gases.

3.1 Thermal con CeptS — thermal physics deftly demonstrates the links
between the macroscopic measurements essential to many scientific models with the
microscopic properties that underlie these models

B Molecular theory of solids, liquids and gases
An understanding of the particulate nature of matter is essential basic knowledge in physics,
chemistry and most other branches of science.

In solids the molecules (or atoms, or ions) are held close together by strong forces, usually in
regular patterns. The molecules vibrate about their mean positions. See Figure 3.1.

In liquids the molecules still vibrate, but the forces between some molecules are overcome,
allowing them to move around a little. The molecules are still almost as close together as in
solids, but there is little or no regularity in their arrangement, which is constantly changing.

In gases the molecules ate much further apart than in solids and liquids, and the forces
between them are very, very small and usually negligible (except when they collide). This
results in all molecules moving independently in random directions with a range of different
(usually fast) speeds. These speeds are continually changing as a result of collisions.

-2 s

solids have a liquids have a gases do not
fixed shape fixed volume have a fixed shape
and volume but a variable shape or volume

T

AP,

b { . PR T

# P
ff ,‘i ;x/ N f i \‘
molecules vibrate molecules have enough kinetic ‘molecules move in random

in fixed position energy to overcome some directions t high speeds
forces and move around
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B Thermal energy and temperature differences
Energy transferred from hoter to colder as a result of a temperature
difference is called thermal energy. Thermal energy s often called
‘heat’, but this can be confusing because the word heat is also commonly,
and wrongly, used for the energy inside substances. The energy inside
substances is called internal energy.

Objects continuously exchange energy with their surroundings. An
object that is hotter than its surroundings will give out (emir) more energy

than it takes in, and a colder object will take in (absorb) more energy than
it gives out.

B Figure 3.2 This thermogram, taken using Figure 3.2 shows the temperature differences in a saucepan and cooker,
ifiarect rasistion; usse calonr i Ehom which will result in a flow of thermal energy. Thermal energy is always
different temperatures in a saucepan on a d from higher to lower
ker. The scal f hite (hottest), = —

cooker, The scale runs frortwhite (hotrest), Temperature determines the direction of the net thermal energy
through red, yellow, green and blue to :

N transfer between two objects.
pink (coldest)

. Consider the simple example of two objects (o substances) at different
g temperatures able to transfer thermal energy between themselves, but
5 isolated from everything around them (their surroundings). The hotter
£ object will transfer energy to the colder object and cool down, while at
2

the same time the colder object warms up. As the temperature difference
between the two objects gets smaller, so too does the rate of thermal
energy transfer. This is represented in Figure 3.3, which shows how the
temperature of two objects (A and B) might change when they are placed
in thermal contact with each other. (Being in ‘thermal contact’ means
that thermal energy can be transferred between them, by any means.)

Eventually they will reach the same temperature.
W Figure 3.3 Two objects (A and B) at y they petz
! ; Hthe temporatues havestopped Conping and hothobeers s st the
different temperatures, insulated from A ; ; 5
" A same temperature, the objects are said to be in thermal equilibrium and
i £ =y there will be no net flow of thermal energy between them.
other, will reach thermal equilibrium T8y

In any realistic situation, it is not possible to completely isolate/
insulate two objects from their surroundings, so the concept of
thermal equilibrium may seem to be idealized. The concept of
hotter objects getting colder and colder objects getting hotter
suggests an important concept: eventually everything will end up at
the same temperature.

B Temperature and absolute temperature

The temperature scales that we use today were designed for simplicity and easy
reproduction. On the Celsius scale (°C), sometimes called the centigrade scale, 0°C

is defined as the temperature at which pure water forms ice (at normal atmospheric
pressure), and 100 °C is defined as the temperature at which pure water boils (at normal
atmospheric pressure). It is important to realize that this temperature scale was devised for
convenience — that is, these values were chosen, they were not discovered. In particular,
0°C is definitely not a zero of temperature, nor a zero of energy. It has no significance
other than being the melting point of ice. (For example, 10°C cannot be considered to be
‘twice as hot’ as 5°C.)

The Celsius temperature scale is used throughout the world and is a good example of how the
effective ication of data between individuals and countries is dependent on an agreed
system of units. For historical and cultural reasons, there a few countries (notably the USA) in
which the Fahrenheit temperature scale s still in use.
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After it was predicted that almost all molecular motion stops at =273 °C (see page 127), it
made sense to make this the true zero of temperature. This temperature is commonly called
absolute zero.

The Kelvin (absolute) temperature scale is an adaptation of the Celsius scale with its zero
at =273 °C. (A more precise value is ~273.15°C.) On this scale the unit is kelvin, K (not °K).
Changes in temperature of 1 °C and 1K were chosen to be identical, which makes conversion
from one scale to the other very straightforward:

T/K = 9FC +213

In the equation above, note that use of the symbol T for temperature implies the Kelvin scale
and the symbol 8 implies the Celsius scale. Table 3.1 compares some impartant temperatures on
the two scales.

When making calculations involving temperature changes, either degrees celsius or kelvins
may be used, but it is important to remember that when dealing with calculations involving just
one temperature, kelvins must be used.

B Table:3:1 Temperature °c K
A I:f absolute zero B 0
degrees Calsius and _Meling point of water 0 273
in kelvin body temperature 37 310
boiing point of water 100 373

Worked example

1 The normal freezing point of mercury is ~39°C. What is this temperature in kelvin?
TIK = 6°C + 273
=-394273
T=234K

1 a The world's highest and lowest recorded temperatures are reported to be 58°C (in Libya) and ~89°C
(in Antarctica). What are these temperatures on the Kelvin scale?
b The temperature of some water is raised from 17°C to 55°C. What is the temperature rise in kelvins?

2 & The volume of a gas is 37cm? when its temperature is 23°C. If the volume is proportional to the
absolute temperature (K), at what temperature (*C) will the volume be 50cmd?
b What will the volume be when the gas is at ~15°C?

M Internal energy
All substances contain moving particles. In the context of this chapter, the word ‘particle’ is a
general term that might apply to a molecule, an atom or an ion. Although different substances
may contain any or all of these, most substances are molecular and in the rest of this chapter the
term ‘molecule’ will be used to describe the particles in any substance.

Moving molecules have kinetic energy. The molecules might be moving in different ways,
which gives rise to three different forms of random molecular kinetic energy:
Molecules might be vibrating about fixed positions (as in a solid) ~ this gives the molecules
vibrational kinetic energy.

® Molecules might be moving from place to place (translational motion) - this gives the
molecules translational kinetic energy.
B Molecules might also be spinning (rotating) — this gives the molecules rotational kinetic energy.

Molecules can have potential energy as well as kinetic energy. In solids and liquids, i is the electrical
forces (between charged particles) that keep the molecules from moving apart or moving closer
together. Wherever there are electrical forces there will be electrical potential energy in a system, in
much the same way as gravitational potential energy is associated with gravitational force.
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In gases, however, the forces between molecules are usually negligible because of the larger
separation between molecules, This is why gas molecules can move freely and randomly. The
molecules in a gas, therefore, usually have negligible electrical potential energy — all the energy
is in the form of kinetic energy.

So to describe the total energy of the molecules in a substance, we need to take account of
both the kinetic energies and the potential energies. This is called the internal energy of the
substance and is defined as follows:

The internal energy of a substance is the sum of the total random kinetic energies and total
intermolecular potential energies of all the molecules inside it.

It is important not to call internal energy ‘heat’. That is, we should not refer to the thermal
energy (or heat) in anything.

In the definition of internal energy given above, the word ‘random’ means that the molecular

are disordered and dictable. That is, they are not linked in any way to each

other, or ordered — as their motions would be if they were all moving together, such as the
molecules in a macroscopic motion of a moving car. The molecules in a moving car have both
the ordered kinetic energy of macroscopic movement together and the random kinetic energy of
internal energy.

Summarizing the differences between temperature, internal energy
and thermal energy

Temperature, internal energy and thermal energy are widely used and are very important
concepts throughout all of science, but they are commonly misunderstood and misused terms.
To stress their importance, the meanings of these concepts are summarized below.

Internal energy is the total energy (random kinetic and potential) of all the molecules inside a
substance.

If energy is transferred to a substance it gains internal energy and its molecules move faster.
W say that it has become hotter and this is measured as an increased temperature. A more
precise meaning of temperature is given on page 127.

W Thermal energy (heat) is energy flowing from a higher temperature to a lower temperature.

In any particular example, the object or substance we are considering is often called the system,
and thermal energy flows between the system and the surroundings. Students may know that
thermal energy is transferred by conduction, convection and radiation, but detailed knowledge
of these processes is not needed in this chapter. They are discussed later, in Chapter 8.

In Figure 34 thermal energy is being conducted into one hand and out of the other,

 Figure 3.4 One
hand is receiving
thermal energy and
the other hand is
losing it

ToK Link

Sen

@ perception

Observation through sense perception plays a key role in making measurements. Does sense perception play
different roles in different areas of knowledge?

The scientific meaning of temperature is linked to microscopic molecular energies, but our appreciation of it
is largely based on everyday sense perceptions of hot and cold (which are easily shown to be unreliable).
Does this help or hinder our understanding of the temperature? Which of the other areas of knowledge are
50 dependent on information delivered directly to the body through the senses of touch, sight, hearing etc.?
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3 Equal masses of two different solids at 20°C are both heated to 40°C.
a Discuss whether they have the same amount of internal energy to begin with
b Discuss whether the same amount of thermal energy was transferred to both of them.

'S

Figure 3.5 sketches how the resultant force between two molecules varies with separation; x, represents
the average equilibrium separation between molecules in a solid. The molecules in a gas are typically ten
times further apart than in  solid

Separation

Repulsive force o Attractive force

= Figure 3.5 How intermolecular force
varies with molecular separation

a Describe how the resultant force between molecules
(in their equiibrium positions) changes if they move:

i further apart
ii slightly closer together.

b What can you conclude from this graph about how the
size of forces between molecules in a gas i different from
forces in a solid?

< Explain why you might expect the density of gases to be
about 10? times smaller than the density of solids.

The ‘sparkles' emitted from a sparkler (Figure 3.6) are
very hot. Explain why they do not usually cause any harm
when they land on people or their clothing. Use the terms
“temperature’, ‘internal energy’ and ‘thermal energy’ in
your explanation. (The hot sparkler itself will cause burns it m Figure 3.6 Sparklers are usually not
touched) as dangerous as they may look!

B Heating and working

Apart from supplying thermal energy to a system (‘heating it), there is another, very common
and fundamentally different way to make something hotter: we can do mechanical work on it.
A simple example would be the force of friction causing a temperature rise when surfaces rub
together. Heating is a non-mechanical transfer of energy.

Figures 3.7 and 3.8 provide examples of these different ways of raising the temperature of an
object. In Figure 37, the internal energy of the screw will rise as it gains thermal energy from the
hand holding it. In Figure 3.8, its internal energy will rise because a force s twisting the screw
into a piece of wood against resistive forces opposing it — doing mechanical work.

W Figure 3.7 Getting hotter by being in contact W Figure 3.8 Getting hotter because
with something at a higher temperature work is being done
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al Understanding heat: James Prescott Joule
Perspectives

The SI unit of energy is named after the Englishman, James Prescott Joule (Figure 39), who
was a nineteenth-century physicist and manager of a brewery. His experiences as a brewer may
have contributed to his renowned skills in accurate measurement, especially those involving
small temperature changes.

In the middle of the nineteenth century, ‘heat’ was believed to be an undetectable ‘caloric fluid’
that flowed from hotter to colder things. But Joule tried repeatedly to show that ‘heat’ was just
another form of energy that could be transformed
from an equal amount of other forms, such as kinetic
energy or gravitational potential energy.

B Figure 3.9 James
Prescott Joule

In particular, he is remembered for his ‘mechanical
equivalent of heat’ experiments in which mechanical
energy was used to raise the temperature of water. It

is even claimed that he spent part of his honeymoon:
trying to measure a very small temperature difference
between the top and bottom of waterfalls, which is not
an easy thing to do!

His work united the separate topics of energy and
‘heat’, and was important in the later development of
the law of conservation of energy and the first law of
thermodynamics. Joule also worked with Lord Kelyin
on thermometry and temperature scales.

1 The use of the word ‘heat’ can be confusing, especially if it is used to represent both energy
inside objects as well as energy being transferred. Discuss the use of the word ‘heat’ in this
Additional Perspective.

LEVTTCRG RSl Earlier ideas about heat were limited by a lack of knowledge about the particle
nature of matter

A little more than 200 years ago, heat was explained in terms of a vague ‘caloric fluid’ that
flowed out of a hot object. This was an example of ane of many serious scientific theories that
were developed to explain observed phenomena, but which were never totally satisfactory
because they could not explain all observations. The earlier ‘phlogiston’ theory of combustion is
another such theory related to heat.

Looking back from the twenty-first century, these theories may seem unsophisticated and
inaccurate (but imaginative!). However, they should be judged in the context of their times, and
at the time of these theories (seventeenth and eighteenth centuries) the molecular theory of
matter had not been developed, so the current understanding of the flow of thermal energy was
not possible then.

B Heating and cooling graphs

The dotted blue straight line in Figure 3.10 shows how the temperature of an abject heated

at a constant rate changes with time under the idealized circumstances of no thermal energy
(heat) losses. The temperature rises by equal amounts in equal times. However, thermal energy
losses to the surroundings are unavoidable, so the curved red line represents a more realistic
situation. The curve shows that the rate of temperature rise decreases as the object gets hotter.
This is because thermal energy losses (from the object to the surroundings) are higher with
larger temperature differences. If energy continues to be supplied, the object will eventually
reach a constant temperature when the input power and rate of thermal energy loss to the
surroundings are equal.
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£ ]
g H
g g
3 3
[ &
room temperature
room temperature
o Time
B Figure 3.10 A typical graph of B Figure 3.1 A typical graph of temperature
temperature against time for heating against time for an object cooling down to room
ata constantrate temperature. Note how the gradient decreases
with time

‘When something is left to cool naturally, the rate at which thermal energy is transferred away
decreases with time because it also depends on the temperature difference between the object
and its surroundings. This can be seen in Figure 3.11, in which the rate of cooling (as shown by
the gradients at different times) gets less and less.

B Specific heat capacity and thermal capacity
Specific heat capacity

To compare how different substances respond to heating, we need to know how much thermal
energy will increase the temperature of the same mass (usually 1 kilogram) of each substance by
the same amount (LK or 1°C). This is called the specific heat capacity, c, of the substance. (The
word ‘specific’ is used here simply to mean that the heat capacity is related to a specified amount
of the material, namely 1kg)

The specific heat capacity of a substance is the amount of energy needed to raise the
temperature of 1kg of the substance by 1K. (Unit: J kg™ K-!, but °C-! can be used instead
of K1)

The values of specific heat capacity for some common materials ae given in Table 3.2.

W Tablag2 Material Specific heat capacity/ kg1 K-
Some specific heat
e copper 390
different materials Aluminlf il
water 4180
air 1000
dry earth 1250
glass (typica) 800
concrete (typical) 800

In simple terms, substances with high specific heat capacities heat up slowly compared with
equal masses of substances with lower specific heat capacities (given the same power input).
Similarly, substances with high specific heat capacities will cool down more slowly. It should be
noted that water has an unusually large specific heat capacity. This is why it takes the transfer of
a large amount of energy to change the temperature of water and the reason why water is used
widely to transfer energy in heating and cooling systems.
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If a quantity of thermal energy, Q, was supplied to a mass, m, and produced a temperature
rise of AT, we could calculate the specific heat capacity from the equation:
Hen
mAT
(Remember that the delta sign, A, is used widely in science and mathematics to represent a small
change in a quantity.)

This equation is more usually written as follows:

Q=meAT

c

This equation is included in the Physics data booklet.
When a substance cools, the thermal energy transferred away can be calculated using the
same equation.
5 The simplest way of determining the specific heat capacity of a substance experimentally
{5i¢ay s to supply a known amount of energy from an electric heater placed inside (immersed in) the
" substance. Such a heater is called an immersion heater. This is easy enough with liquids, but for
solids it is often necessary to drill a hole in the substance to allow the heater to be fitted inside,
ensuring good thermal contact.
In the two experiments shown in Figures 3.12 and 313, a joulemeter is used to measure the
energy transferred directly. (More commonly, the energy can be calculated using knowledge of
electric circuits, from the equation: electrical energy = VIt, which is covered in Chapter 5

o

™ Figure 312 joulemeter
Determining the
specific heat capacity
of ametal

thermometer

timer

metal block

B Figure 313 joulemeter
Determining the
specific heat capacity

of water thermormeter held in a clamp

stirrer

[ expanded polystyrene cup
| ‘to provide insulation

timer
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Worked example

2 Suppose that the metal block shown in Figure 3.12 had a mass of 1500g and was heated for 5 minutes
with an 18W heater. If the temperature of the block rose from 18.0°C to 27.5°C, calculate its specific
heat capacity assuming that no energy was transferred to the surroundings.

—0
mAT
and
Q=Pt
50,
18 x (5 x 60)
B (275 - 180)

=380Jkg-°C"

In making such calculations, it has to be assumed that all of the substance was at the same
temperature and that the thermometer recorded that temperature accurately at the relevant
times, In practice, both of these assumptions might lead to significant inaccuracies in the
calculated value.

Furthermore, in any experiment involving thermal energy transfers and changes in
temperature, there will be unavoidable losses (or gains) from the surroundings. If accurate results
are required, it will be necessary to use insulation to limit these energy transfers, which in this
example would have led to an overestimate of the substance’s specific heat capacity (because
some of the energy input went to the surroundings rather than into the substance). The process
of insulating something usually involves surrounding it with a material that traps air (a poor
conductor) and is often called lagging.

In the following questions, assume that no energy is transferred to or from the surroundings

6 How much energy s needed to raise the temperature of a block of metal of mass 3.87 kg by 54°C if the
metal has a specific heat capacity of 456Jkg™ K17

7 What i the specific heat capacity of a liquid that requires 3840) to raise the temperature of a mass of
1569 by 18.0K?

8 Air has a density of 1.3kgm= and a specific heat capacity of 1000Jkg~"°C-". If 500kJ was transferred to a
room of volume 80m?, what was the temperature rise?
9 I 1.0MJ of energy s transferred to 15.0kg of water at 18.0°C, what will the final temperature be?

10 A drink of mass 500g has been poured into a glass of mass 250g (of specific heat capacity 850Jkg='°C"")
in a refrigerator. How much energy must be removed to cool the drink and the glass from 25°C to 4°C?
(Assume the drink has the same specific heat capacity as water)

11 A 20W immersion heater is placed in a 2.0kg iron block at 24°C for 12 minutes. What s the final
temperature? (Specific heat capacity of iron = 444Jkg-1 °C-1)

12 How long will it take a 2. 20kW kettle to raise the temperature of 800g of water from 16.0°C to its boiling
point?

13 An air conditioner has a cooling power of 1200W and is left in a room containing 100kg of air (specific
heat capacity 1000Jkg~1°C1) at 30°C. What wil the temperature be after the air conditioner has been
switched on for 10 minutes?

14 A water heater for a shower is rated at 9.0 kW. If water at 15°C flows through it at a rate of 15kg every
3 minutes, what will be the temperature of the water in the shower?

15 A burner on a gas cooker raises the temperature of 500 of water from 24°C to 80°C in exactly
2 minutes. What s the effective average power of the burner?
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Exchanges of thermal energy
Figure 3.3 shows the temperature—time graphs of two objects at different temperatures placed in
good thermal contact so that thermal energy can be transferred relatively quickly, assuming that
the system is insulated from its di Under these the thermal energy given
out by one object is equal to the thermal energy absorbed by the other object. Exchanges of thermal
energy can be used as an alternative means of determining a specific heat, as illustrated by
question 16, or in the determination of the energy that can be transferred from a food or a fuel.
Calorimetry is the name used to describe experiments that try to accurately measure the
temperature changes produced by various physical or chemical processes. Energy transfers can
then be calculated if the masses and specific heat capacities are known. Calorimetric techniques
may involve specially designed pieces of apparatus, called calorimeters, which are designed to
limit thermal energy transfer to, or from, the surroundings.

16 Alarge metal bolt of mass 53,69 was heated for a long time in

an oven at 245°C. The bolt was transferred as quickly as possible

from the oven into a beaker containing 257.9g of water iniially

&t 23.1°C (Figure 3.14). The water was stired continuously and

the temperature rose to a maximum of 26.5°C. thread used to

a Calculate the energy transferred to the water. rmnm, hot bolt

b Why was the bolt kept in the oven for a long time? 8 \ |

© Why was the transfer made quickly? 2 ’

d Calculate the specific heat capacity of the material of i |
which the bott is made.

© Why was it necessary to stir the water?

7 Is the value for the specific heat capacity of the bolt liely
to be an underestimate or an overestimate of its true hot bolt immersed in
value? Explain your answer. it

thermometer

7 When 14,59 of a certain fuel was bumed, thermal energy was  m Figure 3.14 A hot metal bolt placed
transferred to 63.99 of water. The water temperature rose i wate
from 18.7°C to 42.4°C. Assuming that no thermal energy
was transferred into the surroundings, calculate the maximum
amount of energy that can be transferred from 1kg of this fuel. (This is known s its specific energy)
18 When running water into a bath tub, 84kg of water at 54°C was added to 62kg of water at 17°C.
& What was the final temperature?
b What assumption did you make?
19 Sand initially at 27.2°C is added to an equal mass of water at 15.3°C. If the specific heat capacity of
sand is 822 Jkg-1 °C-1 and the specific heat capacity of water is 4180 Jkg-! °C-', what will be the final
temperature of the mixture? (Assume no energy is transferred to the surroundings.)

Thermal capacity
Many everyday objects are not made of only one substance, and referring to a specific amount
(a kilogram) of such objects is not sensible. In such cases we refer to the thermal capacity of
the whole object. For example, we might want to know the thermal capacity of a room and its
contents when choosing a suitable heater or air conditioner.

The thermal capacity of an object is the amount of energy needed to raise its temperature by
1K. (Unit: JK or J°C1)

P, ©)
thermal capacity, C = AT

Worked example

3 How much thermal energy is needed to increase the temperature of a kettle and the water inside it from
23°C 1o 77°C ifits thermal capacity is 6500 K-1?
Q=car
Q=6500x (77 - 23)
Q=351x10%
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For the following questions, assume that no energy is transferred to or from the surroundings.

20 The thermal capacity of a saucepan and its contents is 7000JK-". How long wil it take a 1.5kW electric
cooker to raise the temperature of the saucepan and ts contents from 22°C to 90°C?

21 Ifit took 32 minutes for a 2.5 kW heater to raise the temperature of a room from 8°C to 22°C, what was
the room’s thermal capacity?

22 If the contents of a refrigerator with a cooling power of 405W have a thermal capacity of 23.9kJK-1, how
fong will it take for the average temperature to be reduced from 19.50°C to 5.20°C?

Thermal capacity and building design

B Figure 2.15 A thick-walled traditional African house

In countries with hot, dry climates, keeping cool in the daytime can be a major problem,
especially if is not possible or desirable to use air conditioners. People in these countries have
known for centuries about the advantages of building homes with large mass and, therefore,
large thermal capacity (Figure 3.15). In some climates, it is also common for the air temperature
to fall significantly at night because of the low humidity and the lack of clouds, which allows
thermal energy to be radiated away.

During the day, the radiated thermal energy from the
Sun warms the building and using large amounts of
‘materials like earth and stone (which have relatively
high specific heat capacities) to make a home with a
high thermal capacity ensures that the temperature
rise is not too quick. At night, for the same reason, the
temperature of the building will not fall suddenly and
the peaple inside can keep warm. This effect produces
a pleasant thermal ‘lag’, with the temperature inside the
building ‘cooler’ in the morning and ‘hotter’ in the late
afternoon or evening.

In essence, buildings with high thermal capacity ‘average
out’ the temperature extremes that would otherwise be
caused by the weather conditions and any significant
anges in temperature between day and night. This isa

useful property of nearly all buildings, whether they are located in hot or cold climates, and most
buiings are best designed to have high thermal capacities. However, the economic costs of using
large quantities of otherwise unnecessary building materials will usually limit the mass of buildings.
1 a Make estimates of the various quantities of building materials needed, and then

calculate the approximate thermal capacity of a house similar to the one shown in the

foreground of Figure 3.15,

o

Assuming that on a hot day the radiated thermal energy from the Sun arrives
perpendicularly down on the building’ roof at a rate of 850 Wm, calculate the
maximum temperature rise produced during 1 hour in the middle of the day. Assume
that 5% of the thermal energy is absorbed in, and spread evenly throughout, the
building, (It is likely that every effort will be made to ensure that the building does not
absorb radiant energy falling on it ~ by using light colours to reflect back the energy)

a

The temperature rise you calculated in b was probably much higher than that which
actually happens. Suggest why.

a

Sketch a graph to show how you think that the air temperature in a hot, dry country
may vary over a period of two cloudless days and nights. Then add to your graph a
sketch showing how the inside temperature of a building such as that shown in
Figure 3.15 varies over the same time.

®

Suggest why air temperatures are always measured in the shade.
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DENTHI YL The inevitable transfer of mechanical energy to internal energy

We know that, without a force pushing them forwards, all moving objects will tend to decelerate
and eventually stop because of the forces of friction. Sometimes we need to provide extra forces
to stop a moving object, such asa car. This too is usually done with the help of friction. When
friction acts to slow motion, the macroscopic ordered kinetic energy of the moving molecules is
transferred to the random, disordered kinetic energies of the molecules in both surfaces. There
will be a rise in internal energy and temperature. Thermal energy will also be transferred to the
surroundings.

The transfer of ordered energy to disordered energy cannot be stopped or reversed. If a moving
object has been stopped by friction, it is simply not possible to transfer the increased internal
energy (involving the random kinetic energies of molecules) back into the macroscapic overall,
ordered kinetic energy of the moving object. Because of this, we may consider that useful energy
has been ‘wasted’ by the frictional braking.

Consider the example of a car stopping under the action of its brakes. Friction between
the tyres and the road, as well as air resistance on the surface of the vehicle, will contribute
to the resistive forces, but for simplicity we can assume that all the kinetic energy of the car is
transferred to raising the temperature of the brakes (Figure 3.16). An example of this kind of
calculation can be found in question 23.

Falling objects transfer gravitational potential energy to kinetic energy, If they do
not bounce when they hit the ground, we can assume in the short term (for ease of
calculation) thar all of the energy is transferred into the internal energy of the object.

In other words, no thermal energy is transferred to the ground or surroundings. An
interesting example is the expected small rise in temperature of water after it has fallen
over a waterfall (Figure 3.17).

W Figure 3.16 The disc brakes on a car can get B Figure 3.17 The water temperature at the bottom of the
very hot waterfall will be a littie higher than at the top
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23 A car of total mass 1200kg travelling at 17.3ms~" has four disc brakes, each of mass 424g and specific
heat capacity 1580Jkg~1°C-1.
a Calculate the kinetic energy of the car.
b Estimate the maximum temperature rise of the brakes when they are used to decelerate the car to rest.
© The real temperature rise will be less than that calculated in part b, but why would a temperature rise
be greater if the deceleration was greater?

24 A 12g bullet travelling at 670 ms~" (twice the speed of sound)is fired into a wooden block of mass 650.
a Estimate the temperature rise if the combined thermal capacity of the bullet and wood was 1880 K-
b What assumption have you made?
© Without using a detailed calculation, what temperature rise would be produced by a similar bullet
travelling at half the speed?

25 Using a steady force of 160N, a paddie wheel was turned
inside a tank containing 8.00kg of water at 18.6°C

(Figure 3.18).

a If the rotating force was moved a total distance of 250m,
how much work was done?

b Estimate the final temperature of the water.

© Why is it difficult to demonstrate that mechanical energy
can be directly transferred to an equivalent amount of

internal energy?

26 A 1800g piece of lead fell 14.8m off the roof of a building.
a If the specific heat capacity of lead is 130Jkg!°C-!
estimate the temperature rise of the lead after it hit the

ground.

b What assumptions did you have to make in order to be able
1o do this calculation?
 Explain why a piece of lead of twice the mass would have

approximately the same temperature rise if it fell the same
distance.

27 Horseshoe Falls at Niagara has a vertical height of 53m. What

= Figure 3.18 Joule's apparatus for

is the maximum possible temperature rise of water falling from ~ turning mechanical energy into
the top to the bottom of this waterfall? internal energy.

g
g
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melting melting liquid
point
all melted
solid

Time
B Figure 3.19 Temperature changes as a solid
is heated and melted (note that the lines are
curved only because of energy transferred to
the surroundings)

B Phase change
A phase is a region of space in which all the physical and chemical
properties of a substance are the same. A particular substance can
exist in a solid phase, a liquid phase or a gaseous phase. These are
sometimes called the three states of matter. For example, water can
exist in three phases (states): liquid, ice (solid) and steam (gas). A
bottle containing oil and water would have two phases, both in the
liquid state.

When thermal energy is transferred to a solid it will usually
get hotter. For many solid substances, once they reach a certain
temperature they will begin to melt (change from a solid to a
liquid), and while they are melting the temperature does not
change (Figure 3.19). This temperature is called the melting point
of the substance, and it has a fixed value at a particular air pressure
(Table 3.3). Melring is an example of a phase change. Another word
for melting is fusion.

Similarly, when a liquid cools, its temperature will be constant at its melting point while it
{3@ changes phase from a liquid to a solid (Figure 3.20). This process is known as solidifying or
fr

eezing. Be careful - the word ‘freezing’ suggests that this happens at a low temperature but this
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is not necessarily true (unless we are referring to turning water into ice, for example). The phase
changes of water are such common events in everyday life that we all tend to think of them as
the obvious examples but, of course, many other substances can melt and freeze. For example,
molten iron freezes’ at 1538°C.

(The graphs shown in Figures 3.19 and 3.20 have time represented on their
horizontal axes, but the shape of the graph would be the same if time were
replaced by energy transferred (assuming the power was constant).)

A change of phase also occurs when a liquid becomes a gas, or when

Aol a gas becomes a liquid. The change of phase from a gas to a liquid can
soldifying be by boiling or evaporation, but generally this process can be called
vaporization. Changing from a gas to a liquid is called condensation.
satts solid The temperature at which boiling occurs is called the boiling point
of the substance, and it has a fixed value for a particular air pressure
(see Table 3.3). Boiling points can vary considerably with different
surrounding air pressures.

liquid

Temperature

to
solidify

) Time A praphahewing theemperamserchiange: b T idHiding Herelio
B g it 320, TeRperaHie cHianges boiling will look very similar to that for a solid melting (Figure 3.19), while
i he graph for a gas being cooled will look very similar to that for a liquid
(solidifies) ; CgHep T A g g ” .
reezing (Figure 3.20).

To melt a solid or boil a liquid, it is necessary to transfer thermal energy to them. However,
as we have seen, melting and boiling occur at constant temperatures, so that the energy supplied
must be used to overcome intermolecular forces and to increase molecular separations. In the
ease of maleibg ome lorcevare avercome, busiuthe ease of botling all e remaining fores are
overcome.

When a liquid freezes (solidifies) the same amount of energy per kilogram is emitted as was
needed to melt it (without a change in temperature). Similarly, boiling and condensing involve
equal energy transfers.

Figure 321 represenits the four principal phase changes: Table 33 lists the méliing and
Bisiliing bt ot some comtabr sbstances:

W Figure 321 _ meting
Changes of phase
__ vaporization
B Table 3.3 Melting Melting point Boiling point
points and boiling Substance o K c K
Rointsofsame: water 0 273 100 373
substances (@t normal  “rcury 39 234 357 630
atmospheric pressure)  iconol (ethanol) Il 156 78 351
ogygen 219 54 183 %0
copper 1083 1356 2580 2853

iron 1538 1811 2750 3023
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Evaporation and boiling

Molecules in a liquid have a range of different some fast-moving molecules
kinetic energies that are continuously transferred Escaperrom e Ui sircd
between them. This means there will always /
be some molecules near the surface that have

. 3 <0 [F =
enough energy to overcome the attractive forces

thaeTold the moleclas sopathieein the laid, o Loex g2 o
Suclemoleculwican esoape fom: thesnslice == ~0.0
and this macroscopic effect is called evaporation.
TS B e R e RN i s
st haavengekinericemey of amrleoien
remaining in the liquid must decrease (until
Eisressl ey Pl . ot nleranelin) KB i RoRDpHE ARt AEplAins H A oaeopiE
il i emientine (opling) ehaealaya aEemapani epiasron o g,

EBvaporation occurs only from the surface of a liquid and can occur at any temperature,
although the rate of evaporation increases significantly with rising temperature (between the
el el holing points)- Halliog Gemirh af a fioaise tompebaiaiss— Fhé rivaperabiss b which.
i slarils s el Knehe snergy B fori bbb inaide the okl

the average KE decreases, so the
liquid cools

W Figure 3.22 Molecules leaving a surface

during evaporation

Evaporation, cooling and refrigeration

The cooling effect produced by water evaporating has been used for thousands of years to keep
people and buildings cool. For example, in central Asia apen towers in buildings encouraged
air flow over open pools of water, increasing the rate of evaporation and the transfer of thermal
energy up the tower by convection currents. The flow of air past people in buildings also
encourages the human body’s natural process of cooling by sweating.

Modern refrigerators and air conditioners also rely on the cooling produced when a liquid
evaporates. The liquid or gas used is called the refrigerant. Ideally it should take a large amount
of thermal energy to turn the refrigerant from a liquid into a dense gas at a listle below the
desired temperature.

In a refrigerator, for example, after the refrigerant has removed thermal enérgy from the food
compartment, it will have become a gas and be hotter. In order to re-use it and turn it back
into a cooler liquid again, it must be compressed and its temperature reduced. To help achieve
this thermal energy is transferred from the hot, gaseous refrigerant to the outside of the
refrigerator (Figure 3.23).

l ——{—— cooling compartment

warm vapour ——i

compressorfpump ——4

cold vapour
(low pressure)

expansion valve

heat exchanger
(refrigerant evaporates)

(refrigerant condenses
10 a liquid)

W Figure 3.23 Schematic diagram of a refrigerator
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As well as having suitable thermal properties, a refrigerant must also be non-poisonous and
‘must not be harmful to the environment. This is because, over a period of time, some of the
refrigerant may leak out of the system into the environment. In the 1980s it was realized that
the refrigerants being widely used (CFCs) were damaging the environment (the ozone layer

in particular) and their use was discouraged and banned in many countries. More recently
concern has centred on the effect of refrigerants on global warming. A lot of research has gone
into producing a variety of synthetic refrigerants with the right combinations of physical and
chemical properties.

Draw a simple sketch of an old central Asian building showing the tower, pool and
convection currents.

)

Wiater is cheap, non-poisonous to us and to our environment, and needs a large amount of
energy to make it evaporate. So why is it not used widely as a refrigerant in air conditioners?

[

Discuss whether or not a fountain in the living room of your home could help to keep you
cool ona hot day.

Fe

As explained above, thermal energy has to be removed from the refrigerant during its cycle.
Suggest how this can be done.

B Specific latent heat

Consider the energy transfers involved with changes of phase. As an example, Figure 3.24
shows the changes in temperature that might occur when a quantity of crushed ice is
heated continuously —first to become water, and then to become steam as the water boils.
There are two flat sections on the graph. The first flat section, at 0°C (the melting point of
water), shows where the additional energy input from the heater is used to overcome some
intermolecular forces in the ice. The temperature does not begin to rise until all the water
is in the liquid phase. The second flat section occurs at 100°C, the boiling point of water.
Here the energy being supplied is used to free all the molecules from intermolecular forces.

W Figure 3.24 U
Agraph of E 150
temperature against  ® -
N N 3 alin
time for the heating £ 199 9
of crushed ice =
50
0
Time or energy
transferred
-50 melting

The thermal energy involved with changing potential energies during any phase change s called
latent heat (latent’ means hidden). During melting or boiling, latent heat must be transferred to
the substance. During condensing o freezing, latent heat is transferred from the substance.

The latent heat associated with melting or freezing i called latent heat of fusion, Ly The
latent heat associated with boiling or condensing is known as latent heat of vaporization, L,
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The specific latent heat of a substance, L, is the amount of energy transferred when
1 kilogram of the substance changes phase at a constant temperature. (The units are Jkg™.)

That is,

thermal energy transferred _ Q

specific latent heat, L
mass m

which is more commonly written as:
RQ=mL

This equation is given in the Physics data booklet.

For example, the specific latent heat of fusion of lead is 245 x 10*Jkg™" and its melting point
s 327°C. This means that 2.45 x 104 is needed to melt 1 kg of lead at a constant temperature
of 327°C.

Experiments to determine specific latent heats (water is often used as a convenient example)
have many similarities with specific heat capacity experiments. Usually either an electric heater
of known power is used to melt or boil a substance (or a warmer liquid is used to melt a cooler
solid) — question 31 describes such an experiment.

Worked example

4 The latent heats of vaporization of water and ethanol are 2.27 x 108Jkg™ and 8.55 x 105Jkg™!
a Which one is ‘easier’ to turn into a gas/boil (at the same pressure)?
b How much thermal energy is needed to turn 50g of ethanol into a gas at ts boiing point of 78.3°C?

a Itis easier’ to boil ethanol because much less energy is needed to tumn each kilogram into a gas.
b Q=mL

Q=0.050 x (8.55 x 10%)
43 x104

28 Ifthe latent heat of fusion of a certain kind of chocolate is 160000Jkg~, how much thermal energy is
removed from you when a 10g bar of chocolate melts in your mouth?

29 Water is heated in a 2250W kettle. When it reaches 100°C it bois and in the next 1805 the mass of water
reduces from 987 g to 829g. Use these figures to estimate the latent heat of vaporization of water.

30 Why should you expect that the latent heats of vaporization of substances are usually larger than their
latent heats of fusion?

31 0.53 of steam at 100°C condensed on an object and then the water rapidly cooled to 35°C.
 How much thermal energy was transferred from the steam:
i when it condensed?
ii when the water cooled down?
b Suggest why a burn received from steam is much worse than from water at the same temperature
(100°C).

32 In the experiment shown in Figure 3.25, two identical SOW immersion heaters were placed in some ice in
two separate funnels. The heater above beaker A was switched on, but the heater above B was left off,
After 5 minutes it was noted that the mass of melted ice in beaker A was 54.7g, while the mass in beaker
Bwas 16.8g.

2 What was the reason for having ice in two funnels?

b Use these figures to estimate the latent heat of fusion of ice.

© Suggest a reason why this experiment does not provide an accurate result.
d Describe one change to the experiment that would improve its accuracy.
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= Figure 3.25 An experiment to determine the latent heat of fusion of ice

33 1209 of water at 23.5°C was poured into a plastic tray for making ice cubes. if the tray was already at
0°C, calculate the thermal energy that has to be removed from the water to turn it to ice at 0°C. (The
latent heat of fusion of water is 3.35 x 105Jkg™)

34 Clouds are condensed droplets of water and sometimes they freeze to become ice particles. Suppose a
oud had a mass of 240000kg, how much thermal energy would be released if it al turned to ice at 0°C?

35 Some water and a glass container are both at a temperature of 23°C and they have a combined thermal
capacity of 1500JK-". If a 48 lump of ice at ~8.5°C is placed in the water and the mixture is stirred until
all the ice has melted, what is the final temperature? (The specific heat capacity of ice is 2100J kg~ K-'.
The latent heat of fusion of water is 3.35 x 105Jkg™")

3.2 Modellin g & gas - the properties of ideal gases allow scientists to

make predictions about the behaviour of real gases

Thermodynamics is a branch of physics that involves the study of transfers of thermal energy
to do useful work. Usually this involves hot gases. In order to understand thermodynamics it is
necessary to develop a good appreciation of some of the most basic scientific concepts, including
molecular behaviours, energy, temperature and pressure. These concepts are used throughout all
branches of science.

B Kinetic model of an ideal gas
We will begin our introductory study of thermodynamics by considering a simplified model of
how molecules move in a gas.

Of the three phases of matter, gases are the easiest to understand because we can usually
assume that the motions of the molecules are random and independent. The random
microscopic behaviour of countless billions of individual molecules results in a totally predictable
macroscopic behaviour of gases that is much simpler to understand than the more complex
molecular interactions in solids and liquids.

We can start by making some simplifying assumptions about the behaviour of gas molecules.
This theory is known as the kinetic model of an ideal gas. It is called the kinetic’ theory
because it involves moving molecules. The model can then be used to help to explain pressure,
temperature and the macroscopic behaviour of real gases. It should be noted at this early stage
that this theoretical model is very good at describing the properties of real gases under most, but
not all, circumstances.
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W Figure 3.26
Using hot gases in
heat engines

Using hot gases

The invention of devices that could continuously use the thermal energy (heat) transferred from
a burning fuel to do useful mechanical work changed the world completely. No longer did people
and animals have to do such hard work — they could get engines to do it for them, and much
more quickly than they could do the same work themselves.

The idea that burning a fuel to heat water to make steam, which could then be used to make
something move, had been understood for a very long time. Using this in a practical way was
much more difficult and it was not until the early eighteenth century that the first commercial
steam engines were produced. It was about 100 years afterwards that George Stephenson built
the Locomotion for the first public steam railway, opened in Britain in 1825.

Nearly 200 years later, things are very different. We live in a world that is dominated by
heat engines (devices that get useful mechanical work from the flow of thermal energy). We are
surrounded by all sorts of different engines — in cars, boats, trains, planes, factories and power
stations producing electricity (see Figure 3.26). All these need a transfer of thermal energy from
fuels in order to work. It is difficult to overstate the importance of these devices in modern life,
because without them our lives would be very different. Of course, we are now also very much
aware of the problems associated with the use of heat engines: limited fossil fuel resources,
inefficient devices, pollution and global warming.

s NS

Assumptions of the kinetic model of an ideal gas
The microscopic model of a gas consists

[FIEm— e — /°
randomly. We can imagine these as z\ $

th ‘moleciles irta bax' as showm in

Figure 3.27. Arrows of different lengths

et o—s
represent the random velocities, There <
are many computer simulations of gas

behaviour to represent how the molecules

move over a period of time and it is

recommended to view one of these. nd
To simplify the theory, the following

assumptions are made, and then the gas
can be described as ‘ideal’

B The gas contains a very large rumberof | ?Lo
identical molecules. 2

The volume of the molecules is negligible
compared with the total volume
occupied by the gas.

B Figure 3.27 Gas molecules moving around at
random in a container

The molecules are moving in completely random directions, at a wide variety of speeds.

There ave no forces between the molecules, except when they collide. Because there are no forces,
the molecules have no (electrical) potential energy. This means that any changes of internal
energy of an ideal gas are assumed to be only in the form of changes of random kinetic energy.
All collisions are elastic — that is, the total kinetic energy of the molecules remains constant

at the same temperature. This means that there is no energy transferred from a gas to its
surroundings and the average random speed of its molecules will not decrease. If this were
not true, all gases would cool down and their molecules would fall to the bottom of their
containers and condense to liquids!
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Using the kinetic theory of an ideal gas

to explain gas pressure

‘When a molecule hits (collides with) a wall of a container, it exerts a force
on the wall (Figure 3.28).

The size of the force could be calculated if we knew the mass and
change in momentum of the molecule, together with the duration of the
impact (see Chapter 2). Each and every collision can result in a different
B Figure 3.28 Every molecular collision sized force, and it is not realistic to know all the forces that individual
with a wall creates a tiny force on the wall molecules exert on the walls. However, because the molecular motions

are random and because of the incredibly large number of them, the total
force caused by many molecular collisions on any unit area of container wall will be completely
predictable, and will (usually) be constant at all places in the container. This is called the
pressure of the gas. Both P and p are in widespread use as symbols for pressure.
Collisions between molecules (i lecular collisions) are ing all the time, but they
simply result in random changes to molecular velocities and have no overall effect on pressure or
other macroscopic properties of the gas.

W Pressure
The effect of a force often depends on the area on which it acts. For example, when the weight
of a solid pushes down on a surface, the consequences usually depend on the area underneath i,
as well as the magnitude of the weight.

Pressure is defined as force per unit area:

E
Ly
w— This equation is in the Physics data booklet. The ST unit of pressure is the pascal,
Pa. 1Pa=1Nm>
Note that the force used to calculate pressure is perpendicular to the surface, as
area, A

shown in Figure 320, That is, it is a normal force.

The pressure caused in a gas, by random molecular collisions, acts equally in
all directions and has a typical value in the order of magnitude of 10N on every
square centimetre. In SI units, the usual pressure of the air around us (atmospheric
B Figure 3.29 Defining pressure  pressure) is 1.0  10Pa at sea level. Atmospheric pressure acts upwards and

sideways as well as downwards.

=f
P=z

Using the kinetic theory of an ideal gas to explain gas temperature
Earlier in this chapter, temperature was explained as a way of determining the direction
of thermal energy transfer. Now we can interpret temperature in a more profound way:
in terms of molecular energies. When a gas is heated, the average speed of its molecules
increases. The thermal energy transferred into the gas increases the random kinetic energy
of the molecules.

‘When a substance is cooled its molecules move slower. Eventually almost all molecular
‘motion stops and it is not possible to reach a lower temperature. Experiments with gases
predict that this occurs at ~273.15°C which, as we saw earlier, is known as absolute zero.

The absolute temperature (T) of an ideal gas (in kelvin) is a measure of the mean random
translational kinetic energy of its molecules (Ey).

The bar above the E shows that an average value is being used.
This important relationship can be expressed mathematically as:

3
2
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B Figure 3.30 Typical
distributions of
molecular speeds in
agas

This equation is in the Physics data booklet

kg isa very important constant that links macroscopic temperature to microscopic energies.
It is called the Boltzmann constant and has a numerical value of 138 x 10-3J K- (provided in
the Physics data booklet).

Although we are discussing ideal gases, this equation and interpretation of temperature
can also be applied to real gases. Note that there is nothing in the equation that applies only
to a particular gas. In other words, at the same temperature, molecules of all gases have the
same average translational kinetic energy. By considering KE = 4mo?, we can see that molecules
of different gases must have different average speeds at the same temperature: more massive
molecules move slower.

kg can be interpreted in terms of the specific heat capacity of a gas: it is } of the average
amount of energy per molecule that must be supplied to raise the temperature of a monatomic
ideal gas by 1K. But note that more energy is needed to change the temperature of molecular
gases because rotational and vibrational kinetic energies are also involved.

36 Normal air pressure is about 1 x 105Pa
a What total force acts on an area of 1mm?2?
b If a student had a body with a total surface area of 1.5m?, what would the total force on their skin be?
© Why does such a large force not have any noticeable effect?

37 Why does the pressure on underwater divers increase when they go deeper?
38 & The pressure under our feet acts down on the ground, but the pressure in a gas acts in all directions.

lain this.
b In what direction(s) does pressure in a liquid act?

39 a Calculate the average translational kinetic energy of molecules in the air at 27°C.
b Calculate the temperature (°C) at which the average translational kinetic energy of the gas molecules is
1.0 x 1020,
< Estimate the average translational kinetic energy of the particles in the surface of the Sun. (Use the
internet to find the data required)

40 a Calculate an average speed for axygen molecules at 0°C — the mass of an axygen molecule = 5.32 x 1025kg.
b Calculate an average speed for nitrogen molecules t the same temperature — the mass of a nitrogen
molecule =4.65 x 10-25kg.

It is important to realize that individual molecules of the same gas at the same temperature
will be moving with a wide range of different speeds and kinetic energies. Any calculated value
is just an average. Temperature is a concept that can only be applied to a collection of a very
large number of molecules - not to individual molecules. That is, temperature is a macroscopic
concept, although statistically it has a microscopic interpretation.

Kinetic theory and the distribution of molecular speeds
Figure 3.30 shows the range and distribution of molecular speeds in a typical gas, and how it
changes as the temperature increases. This is known as the Maxuwell-Boltzmann distribution.

Note that there are no molecules
with zero speed and few with very
high speeds. Molecular speeds and
directions (that is, molecular velocities)
are continually changing as the result
of intermolecular collisions. As we
e have seen, higher temperature means
higher kinetic energies and therefore
higher molecular speeds. But the range
of speeds also broadens and so the
0 peak becomes lower, keeping the area
Molecularspeed  under the graph, which represents the
number of molecules, constant.

colder

Number of molecules
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Figure 331 illustrates the ranges of molecular speeds for different gases at the same
temperature. It shows that, as we have noted before, at the same temperature less massive
molecules have higher speeds than more massive molecules.

B Figure 331 Fl
Distribution of F

molecular speedsin 2 oxygen
different gasesatthe 5
same temperature g
£
2

water vapour
o
0

Molecular speed

1 a Explain why hydrogen gas diffuses more quickly than other gases at the same
temperature.

-

Suggest the name of a gas that diffuses very slowly.

a

If a cylinder of nitrogen gas at 20°C was placed in a plane at an airport and later
travelled at 500ms~, what would happen to the average speed of the nitrogen molecules
and the temperature? Explain your answer.

a

Suggest why a person’s voice sounds unusually high-pitched when they have just inhaled
a small amount of helium gas from a balloon.

®

Explain why it might be reasonable to assume that the volumes of all four gases
represented in Figure 3.31 are approximately equal.

B Mole, molar mass and the Avogadro constant
If we want to make calculations about the mass, speed and kinetic energy of gas molecules,
then we need to understand the link between the macroscopic measurement of mass and the
microscopic numbers of molecules.
The amount of a substance (symbol n) is a measure of the number of particles it contains and

it is measured in moles:

One mole (mol) of a substance is the amount of the substance that contains as many (of its

defining) particles as there are atoms in exactly 12 g of carhon-12.

The number of particles in a mole is called the Avogadro constant, N,

The value of the Avogadro constant is given in the Physics data booklet: N, = 6.02 x 10® mol-!

(to three significant figures). So that for a sample containing N molecules, the number of moles

is given by:
n

i
NA

This equation is given in the Physics data booklet.
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Fo3

A value for the Avogadro constant can be d ined i ly from an und di

of how electric currents (see Chapter 5) are carried by moving ions during electrolysis, and from
precise measurements of the changes of mass involved.

By definition, 1 mole of carbon-12 atoms has a mass of exactly 12 ¢ and contains 6.02 x 102
atoms. The same number of atoms of hydrogen would have a mass of only 1.0g because each
hydrogen atom has only L the mass of a carbon-12 atom. Similarly, 63.5g of copper
would contain the same number of atoms because, on average, each copper atom
has 63.5 times more mass than a hydrogen atom.

Most substances are molecular, and each molecule will consist of two or
‘more atoms. One mole of a molecular substance contains Avogadro’s number of
‘molecules. For example, 1 mole of oxygen atoms has a mass of 16g, but oxygen is a
molecule with two atoms, O,, so 1 mole of oxygen molecules (6.02 x 10° molecules)
has a mass of 32g. The molar mass of oxygen is 32gmol=.

The molar mass of a substance is defined as the mass that contains 1 mole of
(its defining) particles (unit: gmol™) .

W Figure 3.32 One mole of water Table 3.4 lists the molar masses of some common substances, as well as the number
(in the form of ice), sugar, copper of particles that this involves. Figure 3.32 shows what 1 mole of a number of

and aluminium

W Table 3.4
Molar masses

different substances looks like.

Molar

Substance mass/gmol-' Particles

aluminium 270 6.02 x 102 atoms of aluminium

copper 635 6.02 x 102 atoms of copper

gold 197 6.02 x 102 atoms of gold

hydrogen 202 12.04 x 107 atoms of hydrogen combined to make 6.02 x 102
molecules

oxygen 320 12.04 x 107 atoms of oxygen combined to make 6.02 x 102
molecules

water 180 6.02 x 102 atoms of oxygen combined with 12.04 x 1072 atoms
of hydrogen to make 6.02 x 1022 molecules of water

air (at normal ~29 6.02 x 102 molecules from a mixture of gases

temperature and

pressure)

sugar (sucrose) 342 6.02 x 107 large molecules

Worked example

5 The molar mass of water is 18gmol-". How many molecules are there in 1 kg of water?

1000
18
number of molecules in 55.6mol = 55.6 x (6.02 x 102%) = 3.34 x 102 molecules

number of moles (amount of water) in 1kg = = 55.6mol

You will need to use data from Table 3.4 to answer these questions.

41 a What mass of aluminium will contain exactly 4mol of atoms?
b What mass of sucrose will contain 1.0 x 1022 molecules?
 How many moles are there in 2.00kg of carbon?
 How many molecules are there in 1.0kg of carbon dioxide (CO,)?
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42 A gold ring had a mass of 12.3g
 How many moles of gold atoms did it contain?
b When it was weighed 50 years later its mass had decreased to 12.29. How many atoms were ‘lost’ from
the ring on average every second during this time?

43 a If the density of air in a classroom is 1.3kgm, what is the total mass of gas in a room with dimensions
25m x 6.0m x 10.0m?
b Approximately how many moles of air are in the room?
¢ Approximately how many molecules are in the room?

44 The density of aluminium is 2.7 gcm=.
a Whatis the volume of one mole of aluminium?
b What is the average volume occupied by one atorm of aluminium?
¢ Approximately how far apart are atoms in aluminium?

45 What mass of oxygen contains 2.70 x 102 molecules?

B Equation of state for an ideal gas
‘We now turn our attention to the large-scale (macroscopic) physical properties of an ideal gas:
amount, n, pressure, p, volume, V, and absolute temperature, T, Together, these four properties
completely describe the physical characteristics of any amount of any gas.

Using the assumptions of the kinetic theory for ideal gases and the laws of mechanics
(Chapter 2), it is possible to show that these four variables are linked by the equation:

% = constant
The value of the ‘constant’ in this equation is the same for all ideal gases. This is because, at the
same temperature, the molecules of all ideal gases have the same average translational kinetic
energy: more massive gas molecules travel slower than lighter molecules. The result is that equal
amounts of all ideal gases at the same temperature exert the same pressure in the same volume.
There is nothing in this equation that is used to represent the properties of any particular gas.

The ‘constant’ in this equation is called the universal (molar) gas constant. (This is often
simply reduced to ‘the gas constant’) It i given the symbol R and has the value of 831 JK- mol™..
This value is given in the Physics data booklet.

The equation can be re-written as follows:

pV =nRT

This equation is given in the Physics data booklet.
This equation is known as the equation of state for an ideal gas. This important equation
defines the macroscopic behaviour of an ideal gas. For example the pressure, volume or
temperature of a known amount, n, of an ideal gas can be calculated using the equation of state
if the other two variables are known. The microscopic meaning of an ideal gas was discussed
earlier in this chapter. The equation also defines the meaning of the universal gas constant
(R = pVT).
By considering its units, it should be clear that the universal gas constant, R, can be
interpreted as being related to the amount of energy needed to raise the temperature of 1 mole of
an ideal gas by 1K.

total random translational kinetic energy (= total internal energy) of all the molecules

in 1 mole of an ideal gas = 5-RT

This equation is not given in the Physics data booklet.
But we have already seen that the average translational kinetic energy of one molecule of an

ideal gas = <kgT and hecause 1 mole contains N, molecules, we can deduce that:

R
the Boltzmann constant, ky = —
Ny
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This equation is not given in the Physics data booklet.
So the equation for average translational kinetic energy of molecules:

3
= SkT
can also be written as:
B AR R

N,
This equation is in the Physics data booklet.

Effective collaboration is often needed for theories to develop
Unlike Newton's laws, for example, the kinetic model of an ideal gas is not usually attributed
to any particular famous scientific figure. The kinetic model of an ideal gas was not a theory
proposed by a single scientist after a discovery or moment of inspiration. It was the result of
collaboration and the gradual combination of ideas from many scientists, some lesser, some
greater, over many ye

Modern scientific research and development is usually characterized by collaborative
teamwork, with members of a team usually having different specialities, different skills
and different ives. The ion is that this a productive scientific
environment in which new and original thinking can prosper. But it was not always this way.
In the past, scientific research tended to he more individualized and sometimes secretive.

Worked examples

6 Whatis the pressure of 23mol of a gas behaving ideally in a 0.25 m? container at 310K?

_ kT

L
23x8.31x310

[

p=24x105a
7 a Afixed mass of an ideal gas has a volume of 23.7cm? at 301 K. If its temperature is increased to 365K

atthe same pressure, what s its new volume, V,?
b Explain why the volume has increased.

R _ constant
b

V,=287am

b The volume has increased because the pressure has not changed. The molecules are moving faster
and would collide with the walls more often (and with more force) creating a higher pressure unless
the volume increased.

Estimate the total translational kinetic energy of all the molecules in an average sized room.
approximate volume = 4 x 4 x 3~ 48m?

approximate mass of air = 48 x density of air (1.3kgm-

62kg
mass of air 62
number of moles = < s = 5o = 2100 mal

approximate kinetic energy = number of moles x KEmol-! = 2100 x %RT

At a temperature of 300K (27°C), this gives a value of:
2100 x 1.5 x8.31 x 300 ~ 8 x 10%)
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W Differences between ideal gases and real gases
Of course, ideal gases are not exactly the same as real gases. However,
the differences are usually, but not always, insignificant so that we often
assume that the equation of state for an ideal gas can be used to make
calculations for a sample of a real gas. But real gases will not behave like
ideal gases (and obey the equation of state) if the intermolecular forces
become significant because the molecules are closer together, or when
molecular sizes can no longer be considered negligible compared with
their separations. This can happen at high pressures and densities or at
low temperatures.

‘When a gas is cooled down the molecules move slower and slower
and the pressure decreases (assuming that the mass and volume do not
M Figure 3.33 Oxygen gas stored in strong change). As the temperature falls, real gases turn into liquids and then
metal cylinders solids, if the temperature becomes so low that the molecules do not have

enough kinetic energy to overcome the intermolecular forces. However,
an ideal gas cannot be liquefied.

In order to store or transport gases it is usually necessary to reduce their volume by using
high pressures and/or by turning them into liquids (Figure 3.33). The containers need to be
very strong and treated carefully, and under these conditions we would not expect the gases to
behave ideally.

46 What volume of gas (in cm?) contains 0.780mol of a gas at 264K at atmospheric pressure (1.00 x 10Pa)?
47 At what temperature (°C) is 0.46 mol of gas if the pressure exerted in an 8520 cm? container is 1.4 x 105Pa?

48 Approximately what amount of air would exert a pressure
of 2.60 x 107Pa in a 12000cm? cylinder used by a scuba
diver (Figure 3.34)?

49 a What is the molar mass of oxygen?
b What volume will be occupied by 1.0kg of oxygen at
25°C and 13 x 105Pa?

50 What pressure will be exerted by putting 2.49g of helium
gas in a 600cm? container at -30.5°C?

51 a A container has 4060 cm? of a gas at twice atmospheric

pressure (2.00 x 10°Pa). ff the volume is reduced to - F"—‘“'e 2 Becomingasobader

3240cm? at the same temperature, what i the new involves learning about variations
pressure? of gas pressure under water (see
b Explain why the pressure has increased. question4B)

52 a Some helium gas in a flask exerts a pressure of 2.12 x 108Pa at
~234°C. If the temperature is increased by exactly 100°C, calculate a
value for the new pressure (assuming that the flask does not expand).

b Explain why the pressure increases.
¢ Explain why the use of the equation of state might lead to an
inaccurate result in this example.

53 A gas at 287K has a volume of 2.4m? and a pressure of 1.2 x 105Pa.
When it is compressed the pressure rises to 1.9 x 105Pa and the
temperature rises by 36K. What is the new volume?

54 Container C has 4 moles of gas. Container D is at the same temperature.
but has 3 moles of gas in twice the volume. What i the value of the
ratio pc/py?

55 The volume of a gas i to be doubled, but the pressure must be kept the
same. What must the final temperature (Celsius) be if it was originally at
17°C2

56 Explain how the cruising height of the hot-air balloon shown in Figure 3.35 l Figure 3.35 A hot-air
can be controlled. balloon
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W Figure 3.35
simple manometer

We cannot directly use our human perception (sight for example) to help understand the behaviour of
molecules in a gas. That is one reason why we need a ‘mode’. But can we ever be sure that a model is a
true representation of reality, if we can never observe events directly? Or will there always be some doubt?
And, if the model s useful, does it really matter if the model i a ‘true’ representation of something that we
cannot observe anyway?

Can amodel of the solar system, for example, be considered to be knowledge of @ higher level, because we
can directly observe and record the motion of the planets?

Experimentally investigating the macroscopic behaviour of real gases

Given a closed container with a gas sealed inside it, there are four macroscopic, physical
properties of the gas that we can measure relatively easily: mass, volume, temperature and
pressure. For a fixed mass of gas, the other three properties will be interlinked — change one and
at least one of the other two must change, or maybe all three will change.

Measuring gas pressures

A small difference in gas pressures can be measured using a simple U-tube containing a liquid,
as shown in Figure 3.36. The gas from a container on the lefthand side (not shown) is at a
pressure higher than the pressure from the atmosphere on the righthand side. This piece of
apparatus is called a simple manometer.

The difference in pressure, Ap, causes a difference in liquid levels and the height Ah is a measure
of that pressure difference. For example, it could be recorded as 14.0cm of water. If mercury were
used in the tube instead of water, Ah would be about 1cm because mercury is approximately 14
times denser than water. To convert the pressure difference to pascals, the formula Ap = Ahpg can
be used, where p is the density of the liquid

in the manometer. (This equation can be

gas pressure st deived by considering p = F/A with respect
(;EZ:; ;zi: iy et to the extra weight of the liquid on one side

and the cross-sectional area of the tube.)

—_—
To directly measure the actual pressure of
the gas in the container using a manometer
(rather than a pressure difference) it would
be necessary to completely remove the air
from the righthand side (create a vacuum).
Ah would then be larger and it would
require a very long tube, unless mercury
was used.
An instrument designed for measuring
atmospheric pressure is called a barometer.
More generally, instruments for measuring
gas pressure are often called pressure gauges.
There are many different designs.
1 What is a pressure of 14cm of water expressed in pascals!
2 a Suggesta suitable length of mercuryilled tubing for measuring atmospheric pressure
(about 1 % 10°Pa). Explain your answer.

b Why would it be necessary for the tubing to be strong?
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 Figure 3.37
Two methods for
investigating
Boyle's law

™ Figure 338

Two graphs
showing that gas
pressure is inversely
proportional to
volume

The gas laws

Theree classic physics experiments showed that all real gases, under most circumstances, follow
the same simple patterns of behaviour (these are often called the three gas laws). Students are
also recommended to use computer models to investigate the physical properties of gases over a
much wider range of circumstances than would normally be possible in a school laboratory.

Variation of gas volume with pressure: Boyle’s law

Figure 3.37 shows two sets of apparatus that could be used to investigate how changing the
pressure on a fixed mass of gas affects its volume, Using a force to change the volume of a
gas will tend to change its temperature, which will complicate the results. To minimize this
unwanted effect the changes should be made slowly.

volume V o air under test computer

volume of
pressure air under
test

sensor

interface and

Typical experimental results are represented in Figure 3.38a. The line on this graph is called
an isotherm (‘iso’ means ‘the same’ - all the data points on an isotherm are for the gas at the
same temperature).

ap b p

L
v

Figure 3.38b represents the same data re-drawn to produce a linear graph through the
origin, confirming that, for a fixed mass of gas at constant temperature, pressure is inversely
proportional to volume (Boyle's law):

1
b

Variation of gas pressure with temperature: the pressure law

Figure 3.39 shows two sets of apparatus that could be used to investigate how changing the
temperature of a fixed mass of gas in a constant volume affects its pressure.
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H Figure 3.39 a short length of b
connecting tube.

Twosetsof apparatus 9

that can be used

to investigate the

pressure law

pressure

pressure
gauge

{—— air under test

| water

data logger

Typical experimental results are d in Figure 340, Experimental results are usually
taken within the range 0°C to 100°C (273K to 373K) and then the graph is extrapolated back
to predicr pressures at lower temperatures. The pressure is predicted to reduce to zero close
to =273 °C (absolute zero, 0K). The pressure is zero at this temperature because almost all
molecular motion has stopped.

For a fixed mass of gas at constant volume, the pressure is proportional to the temperature
(K) (the pressure law):

pe<T
® Figure 3.40 o
Gas pressure is
proportional
o absolute !
temperature (K) i
|
A | |
s I I
g | |
- | |
S | !
-7 | I
P | |
o f T
0 273 373 RS
| open-ended tube Variation of gas volume with temperature:
thermometer . Charles’s law
scae Figure 341 shows simple apparatus that could be
used to investigate how changing the temperature of
a fixed mass of gas maintained at constant pressure
fained affects its volume. As the water is heated, thermal
‘trap air in tube 4 %
energy flows into the trapped gas, which expands
gas (air) (the liquid moves) maintaining a constant pressure
water 3 =l because the open end of the tube will remain at
S atmospheric pressure.

W Figure 3.41 Simple apparatus for investigating
Charles's law
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Typical experimental results are represented in Figure 3.42. The volume is predicted to reduce to
zero close to ~273 °C (absolute zero, 0K).
For a fixed mass of gas at constant pressure, the volume is proportional to the temperature

(K) (Charles’s law):
VeT

Combined gas laws

The results of the three gas law experiments can be combined to give:
Ve T

Further experimental investigati firm that, under most ci the physical
properties of real gases are described by the equation:

V= nRT

This empirical equation (based on experimental results) is the same as the theoretical equation of
state discussed on page 131. In other words, when the equation was first developed it confirmed
earlier experimental discoveries.

Understanding changes in the state of a gas, and how they can be represented graphically,
plays an important part in the study of heat engines (Option B).

B Using kinetic theory to qualitatively explain the gas laws

W Boyle's law — As the volume of a gas is decreased, the molecules will hit the walls more
frequently because they have less distance to travel between collisions. So, the smaller the
volume, the higher the pressure.

Pressure law — When the temperature of a gas increases, the average molecular speed
increases. The molecules collide with the walls with more force and more frequently. (There
are more collisions every second with the walls.) So, the higher the temperature, the higher
the pressure.

Charles's law — When the temperature of a gas increases, the average molecular speed
increases, so the molecules collide with the walls more frequently and with more force.

This results in a net outward force on the walls of the container, but if any of the walls are
moveable the gas will expand, keeping the pressure on the inside the same as the pressure on
the outside of that wall, So, the higher the temperature, the larger the volume (but only if
the gas is able to expand freely).
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Additional
Perspectives

57 & Explain why the forces between molecules in a solid or liquid are much larger than the intermolecular
forces in a gas.
b Can intermolecular forces between molecules ever be truly zero? (Look back at Figure 3.5) Explain your
answer.
58 a Explain in detail what happens to the molecules in a warm gas placed inside a colder container.
b What happens to the internal energy and temperature of the walls and the gas?
59 a Explain why the pressure in an ideal gas is prediicted to become zero if itis cooled to 273°C.
b If they are cooled enough, real gases will condense to liquids long before they get to ~273°C.
Explain this observation with reference to molecular speeds and intermolecular forces.
60 Make a copy of Figures 3.38a and 3.38b and then add another isothermal fine to each to represent the
results that would be obtained with the same gas in the same apparatus, but at a higher temperature.

Understanding randomness

Throughout this topic there have been frequent uses of the word ‘random’ with respect to
energy or motion. But what exactly does ‘random’ mean? The word has various uses throughout
science and more generally, often with slight differences in meaning. For example, we might
say that the result of throwing a six-sided die is random because we cannot predict what will
happen, although we probably appreciate that there is a one-in-six chance of any particular
number ending up on top. In this case, all outcomes should be equally likely. Another similar
example could be if we were asked to ‘pick a card at random’ from a pack of 52. Sometimes we
use the word random to suggest that something is unplanned, for example a tourist might walk
randomly around the streets of a town.

Unpredictability is a key feature of random events and that certainly is a large part of what we
mean when we say a gas molecule moves randomly. All possible directions of motion may be
equally likely, but the same cannot be said for speeds. Some speeds are definirely more likely
than others. For example, at room temperature a molecular speed of 500ms™ is much more
likely than one of 50ms™. Similarly when we refer to random kinetic energies of molecules
(in any of the three phases of matter) we mean that we cannot know or predict the energy of
individual molecules, although some values are more likely than others. But there is a further
meaning: we are suggesting that individual molecules behave independently and that their
energies are disordered.

Perhaps surprisingly, in the kinetic theory the random behaviour of a very large number of
individual molecules on the macroscopic scale leads to complete predictability in our everyday
macroscopic world. Similar ideas occur in other areas of physics, notably in radioactive decay
(Chapter 7), where the behaviour of an individual atom is unknowable, bu the total activity of
a radioactive source is predictable. Of course, insurance companies and casinos can make good
profits by understanding the statistics of probabili

1 Iften coins were tossed and three came down as heads and seven came down as tails, it
would not be too surprising. But if 100 were tossed and only 30 were heads it would be
amazing; and if a thousand tosses produced 300 heads and 700 tails it would be almost

letely unbelievable. Explain these

N

Explain why individual gas molecules colliding with the walls of their container produce a
predictably constant pressure.

w

Choose five numbers between 1 and 10 at random. How did you make your choice? How
could anyone tell by looking at the numbers you have chosen, that they were really picked
at random?
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Examination questions — a selection

Paper 1 IB questions and IB style questions

Q1

Q2

Q

©

Q

£3

Qs

Q

)

el
<

The temperature of an ideal gas is a measure of:

A the average momentum of the molecules

B the average speed of the molecules

C the average translational kinetic energy of the molecules
D the average potential energy of the molecules.

If the volume of a fixed mass of an ideal gas is decreased at a constant temperature, the pressure of the gas
increases. This is because:

A the molecules collide more frequently with each other

B the molecules collide more frequently with the walls of the container

C the molecules are moving at a higher average speed

D the molecules exert greater average forces on the walls during collisions.

The specific heat capacity of a substance is defined as the amount of thermal energy needed to raise the
temperature of:

A the mass of the substance by 1K

B the volume of the substance by 1K

C unit volume of the substance by 1K

D unit mass of the substance by 1K.

Which of the following is an important assumption of the kinetic theory of ideal gases?
A The forces between molecules are zero.

B All the molecules travel with the same speed.

C The molecular potential energies are constant.

D The molecules have zero momentum.

A system consists of an ice cube placed in a cup of water. The system is thermally insulated from its
surroundings. The water is originally at 20°C. Which graph best shows the variation of total internal energy
U of the system with time t?

AU BUJ

0 t

<y Dy
L= > ——
% t o9 t

Which of the following is the correct conversion of a temperature of 100K to degrees Celsius?
A -373°C B -173°C C 173°C D 373°C

Which of the following is a correct statement about the energy of the molecules in an ideal gas?
A The molecules only have kinetic energy.

B The molecules only have thermal energy.

C The molecules only have potential energy.

D The molecules have kinetic and potential energy.
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Q8

Q9

A copper block of mass M was heated with an immersion heater. The graph shows how the temperature of
the block was affected by the thermal energy supplied to it. The gradient of the line is m.

Temperature

o

0

Thermal energy
Which of the following expressions equals the specific heat capacity of the block?

1
Am Bm c mM DW

© B Organization

The temperature of an ideal gas was increased from 50°C to 100°C. The average translational kinetic energy
of its molecules increased by a factor of:

A 12 B 2.0 C 40 D 50

Q10 Two objects near each other are at the same temperature. Which of the following statements has to be true?

A The objects have the same internal energy.
B The objects have the same thermal capacity.
C No thermal energy is exchanged between the objects.
D The net thermal energy exchanged between the objects is zero.
© B Organization

Paper 2 IB questions and IB style questions

Q1

Q2

Q3

This question is about change of phase of a liquid and latent heat of vaporisation.
a Aliquid in a calorimeter is heated at its boiling point for a measured period of time. The following data
are available.
power rating of heater = 15W
time for which liquid is heated at boiling point = 4.5 x 102s
mass of liquid boiled away = 1.8 x 10-2kg

Use the data to determine the specific latent heat of vaporisation of the liquid. [
b State and explain one reason why the calculation in part a will give a value of the specific latent
heat of vaporisation of the liquid that is greater than the true value. (2)
© B Organization
a The internal energy of a piece of copper is increased by heating.
i Explain what is meant, in this context, by internal energy and heating. 3)
i The piece of copper has mass 0.25kg. The increase in internal energy of the copper is 1.2 x 10°J
and its increase in temperature is 20K. Estimate the specific heat capacity of copper. @
b An ideal gas is kept in a cylinder by a piston that is free to move. The gas is heated such that its
internal energy increases and the pressure remains constant. Use the molecular model of ideal
gases to explain:
i the increase in internal energy (1)
i how the pressure remains constant. (3)
© B Organization
a Under what conditions can the equation pV = nRT be applied to real gases? @
b A balloon containing air was kept in a freezer at a temperature of —-8.80°C. When its volume was

210cm? and its pressure was 1.60 x 10° Pa it was moved and placed outside where the temperature
was 31°C. If the volume increased to 224 cm?, what was the new pressure inside the balloon? #3)
If the balloon contained a little water, explain what differences you would expect. @

a
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ESSENTIAL IDEAS

= A study of oscillations underpins many areas of physics with simple harmonic motion
(SHM), a fundamental oscillation that appears in various natural phenomena.

m There are many forms of waves available to be studied. A common characteristic of all

travelling waves is that they carry energy, but generally the medium through which they

travel will not be permanently disturbed.

All waves can be described by the same sets of ical ideas. Detailed

of one area leads to the possibility of prediction in another.

= Waves interact with media and each other in a number of ways that can be unexpected

and useful.

When travelling waves meet they can superpose to form standing waves in which energy

may not be transferred.

4.1 Oscillations -2 study of oscillations underpins many areas of physics
with simple harmonic motion (SHM), a fundamental oscillation that appears in various
natural phenomena

The various kinds of oscillation listed below
show the extent to which oscillations are
found all around us and suggest why the
study of oscillations is such an important
part of physics. Although there are many
different objects that may oscillate, most of
them can be better understood by using the
same simple model, called simple harmonic
motion.

B Examples of oscillations
There are repeating motions of many
diverse kinds, both in nature and in the
manufactured world in which we live.
Examples of these oscillations include:

B Figure 4.1 Oscillations of a humming bird’s wings

tides on the ocean

the movement of our legs when we walk
a heart beating

clock mechanisms

atoms vibrating

machinery and engines

a guitar string playing a musical note

our eardrums (when we hear a sound)

electronic circuits that produce radio
waves and microwaves

waves of various kinds, including light,
which are transmitted by oscillations.

And there are many, many more examples
to be found throughout mechanical and
electrical engineering. W Figure 4.2 Investigating a pendulum
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Oscillations can be very rapid and difficult to
observe. In a school laboratory we usually begin
the study of oscillations with experiments on very
simple kinds of oscillators that are easy to see and
that oscillate at convenient rates, for example a
pendulum or a mass on a spring (or between springs)
(see Figures 4.2 and 4.3). These two simple oscillators
behave in very similar ways to many other more
complicated oscillators and we can use them as basic I

movement of card
\ it

models that we can apply to other situations.

An airtrack that is gently curved in the vertical
plane can be very useful for detailed investigations
of very slow oscillations. Other oscillations that can
be investigated in a school Iaboratory include a mass
vibrating on the end of a metre ruler, a liquid in a
U-tube, a ball rolling on a curved surface and ice
floating on water.

marker pen
trace

 Figure 4.3 Investigating a mass

oscillating on a spring

B Simple harmonic oscillations

Experiments such as those shown in Figure 4.2 and Figure 4.3 demonstrate an important property
of many oscillators: for any particular oscillator, the time taken for each oscillation is the same,
whatever the starting displacement. This means that when energy is dissipated, so that maximum
speeds and displacements decrease, the time taken for each oscillation still remains the same.

The word isochronous is used to describe events that occupy equal times. Perfectly
isochronous oscillations may not be possible in the macroscopic world, but many real oscillators
(a swinging pendulum, for example) are almost isochronous. Oscillations like these are known as
simple harmonic oscillations.

T Oscillations and measurement of time

Bttt e b e e g s
used in the world’s most reliable and accurate clocks. Isochronous electronic oscillations are now
et wid byt e e e B oany rearcns i this tnede o weeld (inelodivg trave] commring,
communications and location finders), it is necessary for different countries to agree on time-keeping
Tt e e e i R g TR g s e 4 S e

Our impression of the flow of time is an interesting philosophical and scientific issue based
largely on repeating events, such as the daily spin of the Earth on its axis that gives us night
and day, and the yearly orbit of the Earth around the Sun that gives us seasons.

Planet Earth's time system of years, days, hours, minutes and seconds would seem

strange to aliens from another planet. In fact, the Earth spins once on its axis not every

24 hours, but about every 23 hours and 56 minutes, Our 24-hour day is based on the

time it takes for the Sun to return to its highest elevation as viewed from Earth and,

apart from the rotation of the Earth itself, this is also affected, to a much lesser extent,

by the Earth’s daily movement in its orbit around the Sun.

The Earth’s rotation is also decreasing at a rate of about 2 seconds every 100000 years,

so the length of the day is minutely but relentlessly increasing, This is mainly due to the

gravitational interaction between the Earth and the Moon.

1 Before the invention of pendulum clocks, how did people measure short intervals
of time?

2 Imagine you are watching a video of a pendulum swinging. Explain how you would
B Figure 4.4 A digital watch know whether the video was being played forwards or backwards. Discuss whether
relies on electrical oscillations. this helps us understand the meaning of time.
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B Time period, frequency, amplitude, displacement and

phase difference
The reason why an oscillation may be simple harmonic is discussed later in this chapter. First,
we need to define the basic terminology that we use to describe oscillations.

Oscillations may occur whenever an object s displaced from its equilibrium position and
then experiences a ‘restoring force pulling, or pushing, it back where it came from. The object
then gains kinetic energy and passes through the equilibrium position, so that its displacement is
now in the opposite direction to the original. The restoring force then also acts in the opposite
direction so that the object decelerates, stops and then accelerates back towards the equilibrium
position again. The process keeps repeating.

The equilibrium (or mean) position is the position at which there is no resultant force on
the object. In other words, the equilibrium position is the place where the object would stay
if it had not been disturbed and the place to which it tends to return after the oscillations
have stopped.

The displacement, x, of an oscillator is defined as the distance in a specified direction from
its equilibrium position.

(This is similar to the more general definition of displacement given on page 21.) The
displacement varies continuously during an oscillation.

‘When describing an object that keeps repeating its motion, there are two very obvious
questions to ask ~ how large are the oscillations and how quickly does it oscillate?

The amplitude of an oscillator is defined as its maximum displacement. The maximum
displacement is the distance from the equilibrium position to the furthest point of travel.

‘We use the symbol x,, (or sometimes A) for amplitude. A bigger amplitude means that there is
more energy in the system.

The (time) period, T, of an oscillation is the time it takes for one complete oscillation.
That is, the minimum time taken to return to the same position (moving in the same
direction).

A complete oscillation is sometimes called a cycle.

Most oscillations are quick — there may be a great many oscillations every second. Therefore
it is usually more convenient to refer to the number of oscillations every second (rather than the
period).

The frequency, f, of an oscillator is defined as the number of oscillations in unit time (usually
every second).

‘When something is disturbed and then left to oscillate without further interference, it is said to
oscillate at its natural frequency.

Of course, the frequency and time period of an oscillation are essentially the same piece of
information expressed in two different ways. They are connected by the simple formula:

1
r-1
f
This equation is given in the Physics data booklet.

The concept of frequency is so useful that it has its own unit. A frequency of one oscillation
per second is known as one hertz, Hz. The units kHz (10 Hz), MHz (10°Hz) and GHz (10°Hs)
are also often used.
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Phase difference
‘We may want to compare two or more similar oscillations that have the same frequency. For
example, children side by side on swings in a park, as shown in Figure 4.5.

™ Figure 4.5 Four
oscillations out of
phase

If two oscillators continue to do exactly the same thing at the same time, they are described
as being in phase: they always pass through their equilibrium positions moving in the same
directions at the same time. In this context the word ‘phase’ means a stage in a process
(oscillation). It should not be confused with a phase of matter (Chapter 3).

1f similar oscillations are not moving together in phase, then they are described as having a
phase difference.

If one oscillation is always ‘ahead’ of the other by exactly half an oscillation (or ‘behind’ by
half an oscillation), then they will be moving in opposite directions as they pass through the
equilibrium position and are described as being exactly out of phase.

Oscillations may be out of phase by any amount between these two extremes, but the
detailed measurement of phase difference is not needed in this chapter (see Chapter 9).

Worked example

A child on a swing went through exactly five complete oscillations in 10.4s.
a What was the period?
b What was the frequency?

A pendulum was timed and found to have exactly 50 oscillations in 43.65.

a What wasits period?

b What was its frequency?

 How many oscilations wil it undergo in exactly 5 minutes?

d Explain why itis a good idea, in an experiment to find the period of a pendulum, to measure the total
time for a large number of oscillations.

N

Whatis the period of a sound wave that has a frequency of 3.2kHz?
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Radio waves oscillate very quickly
2 What is the frequency in Hz of  radio wave with a time period of 5 x 10957
b Express the same frequency in MHz.

-

A pendulum has a frequency of 0.5 Hz and an amplitude (measured along the arc) of 2.4cm. After release
from its maximum displacement on the left-hand side,
 what is its displacement after:
i 05s
ii 3.057
b What distance has it travelled after 5,057
¢ Asecond, identical, pendulum s placed next to the first and is released from its maximum
displacement o the right-hand side 35 after the first. Describe the phase difference between
‘the two pendulums.

B Conditions for simple harmonic motion

The simplest kind of oscillation will occur when an object, such as a mass attached to a spring
(Figure 4.3), is displaced from its equilibrium position and experiences a restoring force, F, which
is proportional to the displacement and in the opposite direction. Under these circumstances,
doubling the amplitude will result in twice the restoring force, so that the object will oscillate
with a constant time period, even if the amplitude varies. In general, an isochronous oscillation
may occur if

Foc—x

The negative sign in this equation indicates that the force is in the opposite direction to the
displacement. In other words, the force opposes the motion. That is why it is called it is a
restoring force.

This kind of oscillation is called simple harmonic motion (SHM). Although it is a
theoretical model, many real-life oscillators approximate quite closely to this ideal model of
SHM. SHM is defined in terms of accelerations, but because acceleration is proportional to
force the relationship has the same form.

Simple harmonic motion is defined as an oscillation in which the acceleration, a, of a body is
proportional to its displacement, x, from its equilibrium position and in the opposite direction:

aes—x

That is, the acceleration is always directed towards the equilibrium position (as shown

by the negative sign) or, in other words, the object decelerates as it moves away from the
equilibrium position (see Figure 4.6) in which the proportionality is confirmed by a straight
line through the origin. A force-displacement graph will be similar, with a gradient equal in
magnitude to the force constant.

 Figure 4.6 Acceleration, a
Acceleration-

displacementgraph ..
for SHM

~max|~
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Nature of Science

o)

™ Figure 4.7
Collecting data on
the oscillations of
amass onaspring
using a sensor and

The importance of the SHM model

Repetitive motions (oscillations) are to be found in many aspects of our lives, and we can begin
to understand most of them by using the model of simple harmonic oscillation, the study of
which plays a very important role in physics (and which is covered in more detail in Chapter

9 for Higher Level students). A number of simple oscillators that are described well by the
basic theory can be investigated in the laboratory, but many others do not match the theory so
conveniently. Advanced mathematical models and computer simulations of oscillators can be
developed from basic SHM to include the dissipation of energy and thereby represent reality
more realistically.

5 a Makea ist of six things in your home or school that can oscillate.
b For each oscillator, discuss whether the oscillations are likely to be isochronous or not.

6 a Doyou think that a mass moving freely up and down vertically on the end of a rubber band will be
undergoing simple harmonic motion?
b Explain your answer.

Make a copy of Figure 4.6. Suppose that the graph you have drawn represents the SHM of a mass,
m, oscillating vertically on the end of a spring of force constant k. Add two other lines to the graph to
represent the oscillations of:

a @ mass of 0.5m on the same sprin

b amass m on a spring with a force constant of 0.5k.

B Graphs of simple harmonic motion

Using data-gathering sensors connected to a computer, as shown in Figure 4.7, it is relatively easy
to produce displacement-time graphs for a variety of oscillators.

data logger position sensor interface
The graph in Figure 4.8 shows the variation in displacement, x, with time, t, for our
idealized model of a particle moving with simple harmonic motion. Here we have chosen
that the particle has zero displacement at the start of the timing and has an amplitude of
%y The graph has a simple sinusoidal shape (like a sine wave). Equally, we might have chosen
the graph to start with the particle at maximum displacement. It would then appear as a
cosine wave.

® Figure 4.8 %

Dusplaceme.nuume g %

graph for simple g

harmonic motion 2

bya 8

sine wave - timing Time, t

was started when

the particle had zero %

displacement

i period, T
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The velocity at a particular time can be found from the gradient of the displacement—time graph
at that point:
change in displacement _ As
change in time A
Similarly, the acceleration at any given time is the gradient of the velocity—time graph:

velocity, v =

change in velocity _ Av
change in time At
Using this information, three separate, but interconnected, graphs of motion can be drawn and

compared, as shown in Figure 4

acceleration, a

W Figure 4.9 Graphs S Gl
for simple harmonic (= zero velocity)
motion starting at x
displacement x = £ %
adisplacement-time; £ maximum negative
uelsetlne 2 gradient/velocity ke
L ] ime,
cacceleration-time 2 %
maximufn positive
gradientivelocity
=
zero gradient (= zero velodity)
b
zero gradient/acceleration
s
z v
3 maximum positive jaximum negative
S radient/ gradient/
accelpration acceleraion
0
Time, t
—w
N zero gradient
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©
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We see that the velocity has its maximum value, v,, when the displacement x is zero, and the
velocity is zero when the displacement is at its maximum, x,. In other words, the velocity graph
is one quarter of an oscillation out of phase with the displacement graph.

‘We can see from Figure 49 that the acceleration has its maximum value when the velocity
is zero and the displacement is greatest. This is to be expected because when the displacement
is highest, the restoring force, acting in the opposite direction, is highest. In terms of phase
difference, the acceleration graph is one quarter of an oscillation out of phase with the velocity
graph and half an oscillation out of phase with the displacement graph.



148 4 Waves

Figure 4.10 shows all three graphs drawn on the same axes, so that they can be compared
more easily. (Note that the amplitudes of the three graphs are arbitrary; they are not
interconnected.)

W Figure 410 zs
Comparing 8%
23 x
displacement, ot ° velogly
velocity and g% v displacement
acceleration for SHM, & ©
with timing starting &
atdisplacementx=0 © Time
i acceleration
=

Students are recommended to make use of a computer simulation of an object oscillating with
SHM, combined with the associated graphical representations.

8 Look at the graph in Figure 4.11, which shows the motion of a mass oscillating on a spring. Determine:
a the amplitude
b the period
< the displacement after 0.15s
d the displacement after 1.4s.
£
E
£
33
=}
ol
o
0.1 05 09 1.0
14 Timels
o
]
e
=l
= Figure 4.11

9 a Sketch a displacement-time graph showing two complete oscillations for a simple harmonic oscillator
with a time period of 2.0s and an amplitude of 5.0cm

Add to the same axes the waveform of an oscilator that has twice the frequency and the same
amplitude.

Add to the same axes the waveform of an oscillator that has an amplitude of 2.5cm and the same
frequency, but which is one quarter of an oscillation out of phase with the first oscillator.

=
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10 a Sketch a velocity-time araph showing two complete oscillations for a simple harmonic oscillator that
has a frequency of 4Hz and a maximum speed of 4.0 cms™.
b On the same axes sketch waveforms to show the variation of:
i displacement
ii acceleration for the same oscillation.
¢ Describe the phase differences between these three graphs.

B Energy changes during simple harmonic oscillations
When an object that can oscillate is pushed, or pulled, away from its equilibrium position
against the action of a restoring force, work will be done and potential energy will be stored in
the oscillator. For example, a spring will store elastic potential energy and a simple pendulum
will store gravitational potential energy. When the object is released it will gain kinetic energy
and lose potential energy as the force accelerates it back towards the equilibrium position. Its
kinetic energy has a maximum value as it passes through the equilibrium position and, at the
same time, its potential energy is zero. As it moves away from the equilibrium position, kinetic
energy decreases as the restoring force opposes its motion and potential energy increases again.
As an example, consider Figure 4.12 in which a simple pendulum has been
pulled away from its equilibrium position, C, to position A. While it is held in
position A, it has zero kinetic energy and its change of gravitational potential
energy (compared to position C) is highest. When it is released, gravity provides
the restoring force and the pendulum exchanges potential energy for kinetic
energy as it moves through position B to position C. At C it has maximum
Kinetic energy and the change in potential energy has reduced to zero, The
pendulum then transfers its kinetic energy back to potential energy as it moves
through position D to position E. At E, like A, it has zero kinetic energy and
a maximum change of potential energy. The process then repeats every half
oscillation.

If the pendulum was a perfect simple harmanic oscillator there would be no
energy losses, so that the sum of the potential energy and the kinetic energy would
be constant and the pendulum would continue to reach the same maximum
vertical height and maximum speed every oscillation. In practice, frictional
W Figure 4.12 A swinging pendulum forces will result in energy dissipation and all the energies of the pendulum will

progressively decrease.

Worked example

2 A pendulum, such as that shown in Figure 4.12, has a time period of 1.5
a Sketch a graph to show how the kinetic energy of the pendulum might vary over a time of 3.0
(Start from position A and assume that no energy is transferred to the surroundings.)
b On the same axes, draw a second graph to represent the changes in gravitational potential energy
of the pendulum.
¢ Add aline to represent the variation of total energy.

Energy

potenial kinetic total

0
0 0.75 1.5 225 3.0 Time/s
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W Figured.13
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Nature of Science

11 Describe the energy transfers that occur during one cycle of a mass oscillating on the end of a spring (see
Figure 4.3).

12 Make a copy of the potential energy graph from Figure 4.13. Add a second line to show how the graph
would change if there were significant energy losses to the surroundings.

13 Explain why a liquid oscillating in a U-tube will only complete one or two oscilltions before stopping.

ToK Link

A primary intention of models is to simplify

The harmonic oscillator is & paradigm for modeling where a simple equation s used to describe a complex
phenomenon. How do scientists know when a simple model is not detailed enough for their requirements?
Is it sufficient to say that scientists should be satisfied if a particular theory/model explains all available
observations full? If there are differences between the predictions of a theory/model and repeated
observations, does that require the model to be improved or replaced? Or do we have to accept that some
situations are so complex that no model can ever truly represent them?

4.2 Travellin g WaAVES - there are many forms of waves available to be
studied. A common characteristic of all travelling waves is that they carry energy, but
generally the medium through which they travel will not be permanently disturbed

We are all familiar with water waves but there are many othet types of wave, all of which have
similar characteristics. These include many important waves that we cannot see. Mechanical
waves, including sound, involve oscillating masses and need a material through which to travel,
but waves like light (electromagnetic waves) can also travel across empty space.

Clearly, the study of waves is a very important topic in physics and we can summarize the
importance of travelling waves by saying that they can transfer energy from place to place
without transferring matter. Furthermore, certain types of waves can be modified to transfer
information — to communicate. Sound waves and radio waves are the most obvious examples.
Patterns, trends and discrepancies
Looking for patterns and similarities is a major aspect of all branches of science. Without
patterns and trends, a collection of a large quantity of disconnected data and observations would
be impossible o analyse. We now appreciate that light, sound, disturbances on water, vibrating
strings (for example, on musical instruments) and earthquakes are all examples of waves, but this
was far from obvious. It took centuries of careful observation to reach this conclusion, whi
greatly simplifies our understanding of the natural world. If we understand basic wave theory,
we can apply our knowledge to many different branches of science, from the motion of distant
galaxies to the structure of the atom.

M Travelling waves
‘Waves that transfer energy away from a source are known as continuous travelling waves or
progressive waves.

The easiest way to develop an understanding of all kinds of travelling waves is to begin
by considering a simple one-dimensional system ~ for example, a wave sent along a rope by
continuously shaking one end, as shown in Figure 4.14. Demonstrations with waves on ropes,
strings or long springs are particularly useful because they are easy to produce and the waves
travel at observable speeds.

movement of
energy
g . g,
o =, o i

y
Sy

vibration
of rope

W Figure 4.14 Creating a wave by shaking the end of a rope



4.2 Travelling waves 151

Consider the idealized example of the end of a rope being shaken (oscillated) up and down, or
from side to side, with SHM. The oscillations will be passed along the rope, from each part to
the next, with a delay. Each part of the rope will, in turn, do exactly the same thing (if there

is no energy dissipation). That is, each part of the rope will oscillate with SHM parallel to the
original disturbance. It s easy to imagine how the characteristically shaped sinusoidal wave (as
shown in Figure 4.14) is produced. The oscillations that transfer many different kinds of waves
can be considered to be simple harmonic.

Scientists describe the motion of a wave away from its
source as propagation. Any substance through which it is
passing is called the medium of propagation. (The plural of
medium is media.)

It is very important to realize that when we observe a
wave, despite our impression of movement, the medium irself
does not move continuously in the direction of apparent
wave motion.

Travelling waves transfer energy without transferting
matter. For example, ocean waves may ‘break’ and ‘crash’
on to a shore or rocks (Figure 4.15), but there is no overall
(net) continual movement of water from the sea because of
the waves. A wooden log floating on water will just tend to
oscillate up and down as waves pass (if there is no wind).

B Figure 4.15 Ocean waves transferring a large amount of If a disturbance is not continuous but a single event
energy at Brighton, England - there is no continuous net (pethaps just one oscillation), then we may describe the
movement of the water itself spreading disturbance as a pulse rather than a wave.

B Transverse and longitudinal waves

All waves are one of only two kinds: transverse waves or longitudinal waves. We will first
consider transverse waves.

Transverse waves

It helps our understanding of waves passing through a continuous medium, like a rope, to
imagine a model in which the medium is represented by separate (discrete) particles, as shown
in Figure 4.16. The black line represents a transverse wave moving to the right; the arrows show
which way the particles are moving at that moment. The second wave, shown in red, represents
the position of the same wave a short time later.

B Figure 4.16 movement of energy
Movement of —
particles as a

transverse wave

moves to the right

Each part of the medium is doing the same thing (oscillating with the same frequency and same
amplitude). But the different parts of the medium have different displacements at any particular

time. That is, the different parts of the medium are not all moving in phase with each other. The
kind of wave shown in Figure 4.16 is described as transverse.

crests
In a transverse wave, each part of the medium oscillates perpendicularly to the
direction in which the wave is transferring energy.
The ‘tops’ of transverse waves (especially water waves) are called crests and the
‘bottoms’ of the waves are called troughs (Figure 4.17).
troughs

Examples of transverse waves include light (and all the other parts of the
B Figure 4.17 Crests and electromagnetic spectrum), water waves and waves on stretched strings and ropes.
troughs of a transverse wave
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 Figure 418
Oscillations of a
spring transferring a
longitudinal wave

Transverse mechanical waves cannot pass through gases because of the random way in which
molecules move in gases.

Longitudinal waves

In a longitudinal wave, each part of the medium oscillates parallel to the direction in which
the wave is transferring energy.

‘We can demonstrate a longitudinal wave using a spring, but we need to stretch it first so that the
coils are not touching, (Demonstrations often use ‘slinky’ springs) In order to make a longitudinal
wave, the end of the spring is then oscillated ‘backwards and forwards' (ideally with SHM) along
the line of the spring.

A diagram of a longitudinal wave modelled by a slinky spring is shown in Figure 4.18.
Characteristic compressions (where the spring is compressed) and rarefactions (where the spring
is stretched) are marked. Longitudinal waves are sometimes called compression waves.

movement of
energy rarefactions

-
o vibration ccompressions.
motion of hand of coils

As with transverse waves, when a longitudinal wave transfers energy through a medium, the
medium itself does not undergo net translational motion away from the source.

Examples of longitudinal waves include sound and compression waves in solids. Earthquakes
create both longitudinal waves and transverse waves in the Earth’s rocks.

B Representing waves graphically
Two similar graphs can be drawn to represent waves (transverse or longitudinal) and they

are easily confused because they look similar. These are displacement—distance graphs and
displacement-time graphs. Compare Figures 4.19 and 4.20.

Displacement of particles Displacement of a particle
from mean positions from mean position
X0 L |
0 0
\ Distance \ Time
o o
wavelength, 1 period, T

W Figure 419 Displacement-distance graph for a medium B Figure 4.20 Displacement-time graph for an
showing the meaning of wavelength, 4 individual particle showing the meaning of period, T

Figure 4.19 shows the position of many parts of a medium, each moving with amplitude x, at one
particular instant in time (a ‘snapshot). Figure 4.20 shows the movement of an individual part of
the medium as the wave passes through it. (This is similar to the SHM graphs shown earlier in
this chapter)

The shape of these graphs may suggest that they only represent transverse waves, but it
is important to realize that similar graphs can also be used to represent the displacements
in longitudinal waves (or even the variations in pressure when sound waves travel through a
gas). Figure 4.21 shows how the random arrangement of molecules in air might change as
a longitudinal sound wave passes through. The compressions correspond to regions of higher
than average air pressure and the rarefactions are regions of lower than average air pressure.
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 Figure 4.21
Arrangement of
molecules in air as
sound passes through

loudspeaker

oscillation of molecules R=rarefaction C = compression

B Wavelength, frequency, period and wave speed

The wavelength, A, of a wave is defined as the shortest distance between two points moving
in phase.

Wavelength is easily shown on a displacement-position graph (Figure 4.19) and is usually
measured in metres.

The (time) period, T, of a wave is defined as the time it takes for one complete wave to pass a
given point (or the time for one complete oscillation of a point within the medium).

Period is easily represented on a displacement—time graph (Figure 4.20).

The frequency, f, of a wave is defined as the number of waves that pass a given point in unit
time (or the number of oscillations at a point within the medium in unit time).

Wave speed, ¢, is defined as the distance travelled by a wave in unit time.

The symbols v and c are both commonly used for wave speed, but the speed of electromagnetic
waves is always represented by c. All wave speeds ate usually measured in ms-1.

Wave equation
Wi know that, in general, speed equals distance moved divided by time taken. A wave moves a

distance of one wavelength in one time period, so that ¢ = A/T.
Or, because T = 1/f

c=fA
wave speed = frequency X wavelength

This equation is in the Physics data booklet.

This is a simple, but very important and widely used, equation. It can be used for all types
of wave.

It is important to realize that once a wave has been created, its frequency cannot change.
So if there is a change of speed, for example after entering a different medium, there will be a
corresponding change of wavelength (slower speed, shorter wavelength; higher speed, longer
wavelength).

B The nature of electromagnetic waves

Light travels as a transverse wave and the spectrum of visible ‘white’ light, from red to violet,
is a familiar sight (Figure 4.22). The wavelengths of light waves are very small and the different
colours of the spectrum have different wavelengths. Red light has the longest wavelength
(approximately 7 x 107 m) and violet has the shortest wavelength in the visible spectrum
(approximately 4 x 107 m).
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W Figure 4.2 Spectrum of visible light

But visible light is only a very small part of a much larger

group of waves, called the electromagnetic spectrum, the

major sections of which are listed in Table 4.1. It is important

to understand that the spectrum is continuous and there is

often no definite boundary between one section and another;

the sections may overlap. For example, gamma rays from a

radioactive source may be identical to Xerays from an X-ray tube.
Wie are surrounded by many of these waves all the time

and they come from a variety of very different sources. ‘Light’

is just the name we give to those electromagnetic waves that

human beings can detect with their eyes. The only fundamental

difference between the various kinds of electromagnetic waves is

their wavelength, so it is not surprising that, under appropriate

circumstances, all of these transverse waves exhibit the same

basic wave properties.

All electromagnetic waves can travel across empty (free) space (a vacuum) with exactly the
same speed, ¢ = 3,00 x 108 ms-L,

This constant is listed in the Physics data booklet.

Electromagnetic waves do not need a medium through which to travel, but when
electromagnetic waves pass through other materials, their speeds are lower than in a vacuum
(although their speed in air is almost identical to their speed in a vacuum).

Table 4.1 gives a very brief summary of the major parts of the spectrum. Waves of wavelength
shorter than about 10-®m can cause damage to the human body, even at low intensity.

B Table 4.1 -
i Atypical
Theditfarapt Name wavelength  Origins Some common uses
‘T‘“m’ of the radio waves 102m electronic circuts/aerials radio, TV
microwaves 102m electronic circuits/zerials communications, mobile phones,
spectrum
ovens, radar
infrared (IR) 105m everything emits IR but hotter  lasers, heating, cooking, medical
objects emit much more IR than treatments, remote controls
cooler things
visible light 5x107m  very hot objects, light bulbs, vision, lighting, lasers
the Sun
ultraviolet (V) 10-8m the Sun, UV lamps
X-rays 10-"m X-ray tubes medical diagnosis and treatment,
the structure of matter
gamma rays 103m radioactive materials medical diagnosis and treatment,

sterilzation of medical equipment

The range of different wavelengths, from 10-#m or shorter up to 10*m or longer, is enormous
and it is important to temember an order of magnitude for the principal radiations.

The exact nature of these waves was a major puzzle in science for a long time because
all other wave types need a medium in which to travel, while electromagnetic waves can
transfer energy actoss free space. We now know that these transverse waves are not carried by
oscillations of a medium but by linked oscillating electric and magnetic fields (which do not
need a medium), as shown in Figure 4.23, hence their name electromagnetic waves. However,
electromagnetic waves also have some properties that can only be explained by thinking of

them as particles’ (and not waves) called photons. Each photon transfets an individual amount
of energy dependent on its frequency. These ideas are not needed now and they are discussed in
more detail in Sections 7.3 and 12.1.
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 Figure 4.23
Electromagnetic
waves are combined
electric and magnetic
fields.

electric field oscillation

direction of

magnetic field oscillation wave travel

. The means of detccting the various electromagnetic adintions have not been included in
ﬁ(}} Table 4.1. Observing the origin, detection and absorption of the invisible el ic

radiations from different parts of the spectrum can make them seem more ‘real’
Two uses of electromagnetic waves deserve special mention:

W Microwaves and radio waves are generated easily and can be detected with oscillating
currents in electric circuits. The properties of these waves can be modified to carry
information (communicate) very quickly over large distances.

B Figure 4.24 Using
electromagnetic
waves for national
and international
communication

B The spectra emitted by energized gases can be analysed to provide information about the
energy levels inside atoms.

Worked example
3 The crests of waves passing into a harbour are 2.1 m apart and have an amplitude of 60 cm. Ten waves pass

an observer every minute.
a What i their frequency?
b What is their speed?

017Hz

v=017x21=036ms"
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Additio
Perspec

W Figure 4.25
Heinrich Hertz

ives

14 & Calculate the wavelength in air of a high-pitched sound of frequency 2.20kHz. (Speed of sound in
air = 340ms™)
b When the same sound passed into a metal,its wavelength increased to 2.05m. What was the speed of
sound in the metal?
© Suggest a reason why sound travels faster in solids than in gases ike air

5 a What is the frequency of radio waves of wavelength 560m? (Speed of electromagnetic waves
=3.0x 108ms™)
b How long would it take a radio signal to travel from:
i Delhito Mumbai (1407 km)
i a satelite orbiting at a height of 33000k to the Earth's surface
ii Earth to Mars? (Use the internet to help determine the maximum and minimum separations of the
two planets)

16 2 What is the frequency (in MHz) of a gamma ray with a wavelength of 4.4 x 10-12m?
b Suggest a possible reason why electromagnetic radiation of higher frequencies is more dangerous to
humans than that of lower frequencies,
17 & Calculate the wavelength of visible light of frequency of 5.5 x 101Hz.
b Suggest what colour the light may be.
¢ Some radiation from the Sun has a wavelength of 6.0 x 10-#m. In what part of the electromagnetic
spectrum is this radiation?
18 The total separation of five wave crests on a ripple tank is 5.6cm. If the waves are made by a vibrator with
afrequency of 12 Hz, how long will it take the waves to travel a distance of 60.cm?

19 Asyou are reading this, which electromagnetic radiations are in the room?

ToK L
Explaining the invisible

Scientists often transfer their perception of tangible and visible concepts to explain similar non-visible
concepts, such as in wave theory. How do scientists explain concepts that have no tangible or visible quality?

Invisible electromagnetic waves cannot be observed directly, but they are considered to be wave-like
because in some ways they behave similarly to waves that we can see (ike waves on strings and water
waves). But that should not imply that scientists believe that describing light, for example, as waves is an
adequate or complete description. There should be no expectation that things we cannot observe directly
behave in the same ways as things that we can see. Some properties of electromagnetic radiation cannot be
explained by wave theory and require a particle (photon) theory explanation.

We also cannot see sound, but does that mean that, as with light, describing sound as waves s just a provisional
theory that s useful on some occasions? That is, can all the properties of sound be explained using wave theory?

Heinrich Hertz

The unit for frequency is named after the German physicist, Heinrich Hertz. His most famous
achievement, in 1886, was to prove experimentally for the first time that electromagnetic waves
(radio waves) could be produced, transmitted and detected elsewhere. Although the distance
involved was very small, it was the start of modern wireless communication. It was left to others
(such as Guglielmo Marconi) to develop techniques for the transmission over longer and longer
distances and then to modify the amplitude, frequency or phase of the radio waves to transfer
information (for example, speech).

Hertz is often quoted as saying that his discovery was ‘of no use whatsoever’ and he was not alone
in expressing that opinion at the time. The history of science contains many such statements and
predictions that later turn out to be incorrect. The importance of discoveries or inventions may
only be realized many years later. This is one reason why most scientists think it would be foolish
to limit research to those projects that have immediate and obviously useful applications.
Tragically, Hertz contracted a fatal disease and died at the age of 36, less than eight years after

his discovery and a long time before the full implications of his work had become clear.

1 Modern scientific research can be very expensive, so would countries be wiser to spend their
money on other things (for example, improving general medical care), unless the research is
obviously leading towards a definite and useful aim?
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 Figure 4.26
Alaboratory
experiment to
determine the speed
of sound

B The nature of sound waves
‘When the surface of a solid vnbmtes, it will disturb (he air (or any other medium) that surrounds
it and produce a series of and iations in pressure) that travel away
from the surface as a longitudinal wave. If the waves have a frequency that can be detected by
our ears (heard), then they are described as sound. Figure 4.21 shows the production of sound
waves in air by a loudspeaker.
The normal range of hearing for humans, called the audible range, is approximately 20Hz to
20kH:. Higher frequencies are called ultrason
Sound is a mechanical wave transferred by oscillating molecules and as such it clearly needs
a medium of propagation. Sound cannot travel through a vacuum, Understanding the nature
of sound waves leads us to expect that they will travel better through materials in which the
molecules are closer together and have larger forces between them. Sound waves travel better in
liquids than gasesfair and even better in solids.

Speed of sound

Because speed = distance/time taken, in order to determine the speed of sound it is necessary to
measure the time it takes sound to travel a known distance. Because the speed of sound is large,
in order to get good results it is often necessary to use large distances and measure short time
intervals accurately and precisely. Hand-held stopwatches may be used, but they are unlikely

to produce satisfactory results because of the problems associated with human reaction times.
Sometimes large, isolated outdoor surfaces are used to reflect sound waves back to their source
to make the experiment easier to do, but in order to hear an echo clearly (separate from the
original sound), the surface normally needs o be at least 50m away.

Figure 4.26 shows the principle of a smaller:scale experiment that can be done accurately
inside a laboratory. A short, sharp sound is made at position A. When the sound wave reaches
microphone 1, the signal from the microphone travels along the connecting lead to start the
timer. When the wave reaches microphone 2, the signal from the microphone to the timer stops
the timing.

'S | electronic
e timer
Asl L | L |
stiies microphone 1. microphone 2
of
sound

Worked example

4 Consider the experiment shown in Figure 4.26.

ai Suggest how a short, sharp’ sound could be made.
i Why s this kind of sound preferred for this experiment?

b What are the ‘problems associated with human reaction times’ when using hand-held stopwatches for
measuring short intervals of time?

€ When the microphones were separated by 1.35m, the time shown on the timer was 389 ms. Calculate
avalue for the speed of sound in the laboratory.

d Is it necessary for the length of the connecting leads from the two microphones to the timer to be the
same? Explain.

e What difference would it make to the resuts if the sound was produced at position B, rather than A?

f When the sound was made by hitting the laboratory bench, explain why the time shown on the timer
was much less.
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M Figure 4.27 A large auditorium designed for
effective transmission of sound. used for.

a i Hitting a retort stand with a small hammer.
ii Aloud sound of short duration is needed to ensure that the microphones send clear signals to
the timer.

3

The times between events being observed and stopwatches being turned on, or off, is similar to the
times being measured. This means that the percentage uncertainty is large. The reaction times are
also unknown and variable.

cobs
iy
_ 135 =
=g = 347ms
No, because the speed of the electrical signals along the connecting leads (approximately the speed
of electromagnetic waves in i) is much faster than the speed of sound being determined.

a

e A smaller time difference would be shown on the timer, resuiting in an overestimate for the speed
of sound (unless the change of geometry was taken into account in the calculation).

£ Asound wave is now traveling through the bench at a speed higher than that of the sound wave in
air. This can be used as a method for determining the speed of sound in some solids.

The speed of sound in different gases will depend on the average speed of the molecules within

the gas. It varies with temperature because, on average, the molecules move faster at higher
temperatures. At the same temperature, the speed will be higher in gases that have molecules of low
mass and, therefore, high average molecular speeds (hydrogen for example). Apart from determining
the speed of sound in different media, experiments can be designed to investigate how the speed of
sound in a gas depends on the type of gas, the frequency of sound and the temperature.

Sound reflections in large rooms

Sound reflects well off hard surfaces like walls, whereas soft surfaces, like curtains, carpets,
cushions and clothes, tend to absorb sound. A sound that reaches our ears may be quite
different from the sound that was emitted from the source because of the many and various
reflections it may have undergone. Because of this, singing in the shower will sound very
different from singing outdoors or singing in a furnished room.

In a large room designed for listening to music (such as an auditorium, Figure 4.27), sounds
travel a long way between reflections. Since it is the reflections that are responsible for most of
the absorption of the sound waves, it will take a longer time for a particular sound to fall to a
level that we cannot hear. This effect is called reverberation. The longer reverberation times

of bigger rooms mean that a listener may still be able o hear
reverberation from a previous sound at the same time as a new
sound is received. That s, there will be some ‘overlapping’

of sounds.

Reflections of sounds off the walls, floor and ceiling are
alsoan important factor when music is being produced
in a recording studio, although some effects can be added
o removed electronically after the original sound has
been recorded.

Suggest why soft surfaces are good absorbers of sound.

)

'Will the acoustic engineers, who are responsible for the
sound quality in an auditorium, aim for a short or a long
reverberation time? How can a reverberation time be changed?

Find out what anechoic chambers are, and what they are

w
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20 The speed of sound in air at  temperature of 20°C is 343ms",
a Calculate how long it takes a sound to be reflected back to its source from a wall 50m away,
b Estimate the percentage uncertainty if this time was measured with a hand-held stopwatch.

21 a Describe an outdoor experiment using hand-held stopwatches to determine the speed of sound i air
b Give two reasons why the experiment cannot be carried out inside a building.

22 Explain why hydrogen molecules have a greater average speed than oxygen molecules at the same
temperature.

23 Consider Worked example 4. Use the internet to find out the approximate temperature of the laboratory.

24 The speed of sound in sea water is 1540ms-1 and the speed of sound in pure water at the same

temperature is 1490ms-.

a Suggest a reason for the difference in speeds.

b Whales can communicate with each other over a distance of about 100km. How long does it take
sound to travel this distance?

© Itis believed that hundreds of years ago, whales could communicate over much greater distances.
Suggest a reason for this.

d A certain kind of whale 'sings’ at a frequency of 50Hz. What wavelength is this?

25 Uttrasound scans are widely used in hospitals to help to diagnose medical problems. Different wavelengths
are needed to penetrate and examine different parts of the body and they produce images that vary in
quality. I the speed of ultrasonic waves in muscle is 1580ms-1, what frequency is needed to produce a
wavelength of 0.50mm?

4.3 Wave characteristics - an waves can be described by the same
sets of mathematical ideas. Detailed knowledge of one area leads to the possibility of
prediction in another

B Waves in two dimensions
We have discussed waves in a one-dimensional medium, like a rope, and must now develop

d ding further by ideri ive waves travelling in two dimensions. It
wnll be helpful to think first of the waves on the surface of water, with which we are all familiar
(Figure 4.28). Small waves (ripples) in tanks of shallow water are often used in laboratories to
observe the hehaviour of water waves. Figure 429 shows such a ripple tank.

To make waves on a flat water surface we need to disturb the water in some way, for example
by repeatedly sticking a finger (or a stick) in and out of the water. Waves on the ocean are
produced mainly by wind. Each part of the
water affects the water around it and so the
oscillation is passed on and away from the
source, with a time delay. Waves on a ripple
tank can also be made continuously by a
motor that vibrates a small dipper or beam
suspended on the water surface.

1o power
supply

electric
motor

elastic
bands

viewing
> screen

W Figure 4.28 Circular waves spreading out W Figure 4.29 A ripple tank is used to investigate
onapond. wave behaviour.
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B Wavefronts and rays

‘When observing waves, we typically concentrate our attention on the crests of waves and, seen
from above, the waves spread out on a smooth water surface in a circular manner with equal
speeds in all directions.

Although a travelling wave is moving, we often want to represent the pattern of the waves
(rather than their motion) on paper or a screen. If we draw a momentary position of the moving
waves on paper, then the lines that we draw are called wavefronts. A wavefront is a line joining
adjacent points moving in phase (for example, a line joining points where there are wave crests
or where there are troughs). The distance between adjacent wavefronts is one wavelength.

Figure 4.30 shows circular wavefronts spreading from a point source. Lines pointing in
the directions in which the wave energy is being transferred are called rays. A ray is always
perpendicular to the wavefronts that it is representing. The movement of circular wavefronts is
represented by radial rays spreading from a point source, as shown in Figure 4.30.

Figure 4.31 shows waves which could have been made by a straight beam oscillated on a
water surface. Wavefronts like this, which are parallel to each other, are called plane wavefronts.
The movement of plane wavefronts is represented by parallel rays.

radial rays showing the m| parallel
directions in which the
waves are moving

ircular
wavefronts
spreading in
al directions

plane
wave fronts

W Figure 431 Plane wavefronts

B Figure 4.30 Circular wavefronts and radial rays spreading and Pa_'ﬂ"el rays that are not

from a point source spreading out

When circular wavefronts have travelled a long way from their source, they become very nearly
parallel and will approximate to plane wavefronts. An important example of this is light waves
coming from a long way away, which we usually consider to be plane (for example, wavefronts
from the Sun).

‘We have described wavefronts in terms of two-dimensional waves on water surfaces, but
similar ideas and terminology can be used to describe all waves in two or three dimensions.
Computer simulations can be particularly useful for representing waves propagating in three
dimensions.

ToK Link
Is physics ‘simpler’ than of

er areas of knowledge?

Wavefronts and rays are visualizations that help our understanding of reality, characteristic of modeling in
the physical sciences. How does the methodology used in the natural sciences differ from the methodology
used in the human sciences?

The study of all aspects of how people interact with each other and the world around them is called human
science. It shares with the natural sciences the aims of objectivity and truth, but its methodologies usually
need to be very different. Simple visual models (ke wavefronts) and mathematical models (ike the wave
equation), which play such an important role in the study of physics, are not applied easily to the complexity
of human existence. Furthermore, repeated, controlled experimentation is a comerstone of much of
empirical science (iike physics), and this is often inappropriate in human science.
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B Amplitude and intensity
The amount of energy associated with waves is related to their amplitudes. Waves with higher
amplitudes transfer more energy. When circular wavefronts travel away from a point source, their
circumferences increase, so that the same amount of energy becomes spread over a longer length. As
a resul, the amplitude of the wave decreases (see Figures 4.28 and 4.32). This is also true for spherical
wavefronts spreading in three dimensions, such as the spreading of light, sound or radio waves.

At this point it becomes useful to introduce the concept
of the intensity of waves:

Intensity, I, is defined as the wave power passing
perpendicularly through a unit area.

intensity, I, = 20t
area
Point source This equation is given in the Physics data booklet (for Topic 8).
of waves The unit of intensity is Wm=2.

Clearly, wave intensity reduces with increasing distance
from a point source and must be related to the amplitude of the
waves.

In general the intensity of a wave is proportional to its
amplitude squared:

1o A?
This equation is given in the Physics data booklet. Note that
s 4,32 A B HS here we are using A asa generalized symbol for amplitude
Hecremsecaib the Slbianca foom sopea: (rather than x,). It should not be confused with the use of A

to represent area.

Worked examples

5 The wave intensity reaching a particular location on the Earth's surface on a sunny day might have an
average of 600Wm2.
a Calculate the average power incident perpendicularly on a solar panel, which has a surface area of
m?

b What total energy would be incident on the panel in six hours?
¢ Discuss how the intensity incident on the panel might vary if it was moved up to a nearby mountain

location.
a power, P, = intensity x area = 600 x 1.5 = 900W.
b energy= Pt =900 x 6 x 3600 = 19.4M)

The change of distance between the solar panel and the Sun is totally insignificant, but there will
be less of the Earth's atmosphere above the solar panel and this wil probably resuit in an increased
incident intensity.

6 Ocean waves coming into a beach have an amplitude of 2.0m and an average power of 5.2 x 104W for
every metre of thei length
a Estimate the power per metre which would be transferred if their amplitude reduced to 1.3m.
b What amplitude would produce an overall power of 10MW arriving at a beach of length 1.0km?
© Where do the ocean waves get their energy from?

a f;= constant
G2x10Y _ 1
20 ¥

1=22x 104W
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B Figure 4.33 Awave
energy generator

b 10MWkm-" is equal to %’E = 1.0x 104Wm-
o constant
52x10*_ 1.0x10¢
20 A
A=0.88m

¢ From the wind, which in turn gets it from the Sun.

An enormous amount of energy is transferred by ocean waves. The technology to transfer this
wave energy into useful electricity has proved to be difficult and expensive, although much
research and development is still being carried out. Figure 4.33 shows a large buoy that floats on
the mter and generates electricity as waves pass. The energy is then transferred to the land using
an cable. This kind of technology will be used in the world's largest wave energy
generator (62.5MW), which is being planned for the ocean off the coast of Victoria, Australia,

Inverse square law
For waves spreading out evenly in three dimensions from a point source without any loss of
energy, their intensity, I, is inversely proportional to the distance from the source, x, squared:

1

This equation is given in the Physics data booklet.

Alternatively, Ix? = constant for waves spreading from a given source.

Inverse square law relationships play an important part in physics. As well as waves, a force field
(for example, gravity) that spreads out evenly in all directions from a point obeys an inverse square law.

Consider light radiating from a point source without being absorbed (see Figure 4.34). The
further from the source, the larger the area over which the light is spread and the fainter it becomes.
The amount of light falling on each unit of area decreases with the square of the distance. This is
because at twice the distance away from the source, the light has to spread to cover four times the
area, and at three times the distance it has to spread to cover nine times the area.
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Source &
0
x
B Figure 4.34 Light spreads to cover four times the area at twice B Figure 435 An inverse square
the distance (2r) and nine times the area at three times the relationship
distance (3r).
B Table 4.2 Are % y Consider the data for x and y shown
yand x2inversely T 58 in Table 4.2. If y o< 1%, then x%y =
proportional? = - constant.
GEL i/ It is important to know how an
081 24 inverse square relationship appears
070 32 on agraph. If a graph of y against x is
0.64 38 drawn for the data in Table 4.2, its shape
e = should be similar to Figure 4.35. Note
that the line does not cross the axes.
0.55 52 5
However, it may not be easy to be sure
05 5 from a graph like this whether there is
049 66

an inverse square relationship between
two variables, so a more detailed check

is needed.

Worked example

7 Afamily is worried because a telephone company is planning to build a transmitting aerial for mobile
phones (a base station) 100m from their home. They have read that it is recommended that the
maximum intensity they should receive is 4. 5Wm-2.

a Ifthe ntensity 1m from an aerial on the base station is 3.0Wm-, calculate an approximate intensity
near their home.
b Why is this answer only an estimate?

Compare your answer to a with the intensity received from a mobile phone held 5cm from the head,

assuming that the power 1.cm from the phone’s transmitting aerial (inside the phone) is 50 mW.

a Ix?=constant
30x 12=1x 1002
=30x 104Wm2

b The aerials are designed to send the signals in certain directions, rather than equally in alldirections
(as is assumed when using the inverse square law). The actual intensity received wil also depend on
what is between the house and the aerial

© 50x 12=/x5?

I'=2mW, which is bigger than the answer to a,
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26 Atransverse wave s propagated along a rope, as shown in Figure 4.14,
4 If the hand moves with twice the amplitude (at the same frequency), what happens to the power given
to the waves?
b Explain why the amplitude of the wave decreases as it moves away from its source.

27 A2KW infrared grill radiates energy over an effective area of 500cm2.
a What is the intensity of the infrared waves?
b What total power is received by a piece of meat of area 92 cm? under the grill?
< How many minutes will it take to cook the meat if it requires a total of 1.4 x 1057

28 Awave of amplitude 12.cm has an intensity of S4Wm2.
a What is the intensity of the wave after it has spread out so that its amplitude has reduced to 7.0cm?
b What wil the amplitude be when the intensity has decreased to 10Wm2?

29 Itis considered a health risk to expose our ears to sounds of intensity 10mWm-2 or greater for more than
a few minutes.
& What total power will be received by an eardrum of area 0.50 cm? at this intensity?
b If the sound intensity 2.0m in front of  loudspeaker at a rock concert was 12Wrm-2, how far away
would you have to be to receive 10mWm-2 or less?

30 A manis standing 1.0m from a source of gamma radiation
 How far away would he have to move in order for the radiation intensity he received to be reduced by 99%?
b What assumption did you make in answering a?

31 Do some research into the latest developments in the production of electricity from ocean waves.

32 A power station on the sea shore transfers the wave energy of water to electricity at a rate of SOkW on a
day when the average wave amplitude is 1.2m.
a Estimate the output power if the wave amplitude doubles.
b What assumption did you make?
© What amplitude of waves might be expected to produce an output of 150kW?
d What power could be transferred from waves of amplitude 1.0m?

33 Use a spreadsheet to calculate values for x2, 1/ and x3y for the data in Table 4.2. Are x?and y inversely
proportional?

34 Another way of checking data to see if there is a certain relationship is to draw a suitable graph to see if
it produces a straight line. Use the values you calculated in question 33 to draw a graph of y against 142
Does it produce a straight line through the origin (which would confirm inverse proportionality)?

W Superposition
‘We turn our attention now to what happens when wavefronts from different places come together. In
general, we can predict what will happen when waves meet by using the principle of superposition.

The principle of superposition states that at any moment the overall displacement at any
point will be the vector sum of all the individual wave displacements.

This principle is illustrated by Figure 436, If
wave A and wave B meet at a point, the resulting wave A
disturbance at any time is determined by adding the X

two individual displacements at that moment. [ Time.

In this example waves A and B have different
frequencies, but in the rest of this section we will wave B
only deal with the combination of two waves of the s
same frequency. Time

Adding two (or more) waves together to find W
their resultant is an easy task for a computer. _
Computer modelling of superposition effects can %
s vt 0 v, 0 S—— ™
adjust the amplitudes and frequencies of the waves
concerned and then observe the consequences. N
Laboratory observation of the momentary M Figure 4.36 Adding wave displacements
superposition of waves (travelling in opposite using the principle of superposition.
directions) passing through each other is not so easy!

Time
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We will use the principle of superposition in Section 5 of this chapter to explain stationary
interference patterns.

35 & Sketch a displacement-time graph for 15 for a sinusoidal oscillation of amplitude 4 cm and frequency
2Hz,

b On the same axes draw a graph representing an oscillation of amplitude 2cm and frequency 4Hz.
 Use the principle of superposition to draw a sketch of the resultant of these two waves

36 Figure 437 shows two idealized square pulses moving towards each other. Draw the resuftant waveform
after

a6s
b7s
€ 85s
d 10s

i2em ! 10cm | 6cm |

h ' ' il

1an ﬂ
1ams™!

= Figure 4.37

37 Two sinusoidal waves (A and B) from different sources have the same frequency and pass through a
certain point, P, with the same amplitude at the same time,
a Sketch the two wave forms on a displacement-time graph assuming that they arrive in phase, and then
draw the resultant waveform.
b Repeat for two waves that arrive at P exactly out of phase.

B Polarization
Consider sending transverse waves along a rope. If your hand only oscillates vertically, the
rope will only oscillate vertically. The wave can be described as plane polarized because it is
only oscillating in one plane (vertical), as shown in Figure 4.38. If your hand only oscillates
horizontally, it will produce a wave polarized in the horizontal plane.
™ Figure 4.38
Transverse waves on
arope

vertical oscillations

horizontal oscillations

A transverse wave is (plane) polarized if all the oscillations transferring the wave’s energy are
in the same plane (called the plane of polarization).

The oscillations of a polarized wave must be perpendicular to the direction of wave travel, so it is
impossible for longitudinal waves, like sound, to be polarized.
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aUnpolarized electromagnetic wave

W Figure 4.40
The receiver must

be aligned in the
same plane as the
transmitter to detect
microwaves

Polarized light and other electromagnetic waves
Consider again Figure 4.23 which shows the nature of electromagnetic waves. In that example,
the waves are moving to the right, the electric field oscillations are in the horizontal plane and
the magnetic field oscillations are in the vertical plane, bu the oscillations of unpolarized waves
could be in any plane perpendicular to the direction of wave travel (as long as the electric fields
and magnetic fields are perpendicular to each other).

Electromagnetic waves, including light, are mostly emitted during random, unpredictable
processes, so we would expect them to oscillate in random directions and not be polarized (see
Figure 4.39a).

b Polarized electromagnetic wave

direction of
wave energy

direction of
wave energy

wave oscillations are

in more than one direction
wave oscillations are
in one direction

B Figure 4.39 a Unpolarized electromagnetic radiation; b polarized electromagnetic radiation

Electromagnetic waves, such as light, are said to be (plane) polarized if all the electric field
oscillations (or the magnetic field oscillations) are in one plane, as shown by Figure 4.39b.

Electromagnetic waves produced and transmitted by currents oscillating in aerials (radio
waves and microwaves) will be polarized, with their electric field oscillations parallel to the
transmitting aerial.

Figure 440 shows the transmission and reception of microwaves. In Figure 440a a strong
signal is received because the transmitting and receiving aerials are aligned, but in Figure 440b
no signal is received because the receiving aerial has been rotated through 90°.

‘microwave transmitter

Polarization by absorption
Unpolarized light can be converted into polarized light by passing it through a special filter,
called a polarizer, which absorbs oscillations in all planes except one.

Polarizing filters for light are made of long-chain molecules mostly aligned in one
direction. Components of the electric field parallel to the long molecules are absorbed;
components of the electric field perpendicular to the molecules are transmitted. Because of
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polarizer
By 1
= LEma
unpolarized light plane polarized
intensity, [ light
\mens\ty,%

 Figure 4.41 Polarizing light using a polarizer (polarizing filter)

no horizontal oscillations
pass through the
filter

vertical oscillations
transmitted

W Figure 4.42 A vertical slit acts as a polarizing filter.

W Figure 4.43 a polarizer
Polarizer and
analyser: a crossed;
bin parallel

plane polarized
light

this, we would expect the transmitted
intensity to be about half the incident
intensity, as shown in Figure 4.41.

In order to understand this, it may be
helpful to consider how transverse waves
made by oscillating a rope (as shown in
Figure 4.38) would behave if they had to
pass through a vertical slit (see Figure 442).
Wiaves oscillating parallel to the slit would
pass through, but others would be blocked.
The slit acts as a polarizer.

What happens if polarized light is then
incident on a second polarizing filter? This
depends on how the filters are aligned.

If the second filter (sometimes called an
analyser) transmits waves in the same
plane as the first (the polarizer), the waves
will pass through unaffected, apart from a
possible small decrease in intensity. The
filters are said to be in parallel, as shown
in Figure 4.43b. Figure 443a shows the
situation in which the analyser only allows
waves through in a plane that is at right
angles to the plane transmitted by the
polarizer. The filters are said to be ‘crossed’
and no light will be transmitted by the
analyser. (See also Figure 4.44.)

analyser

no light
passes through
the analyser

the molecular chains
in this analyser are at
right-angles to those
in the polarizer

analyser

11t

unpolarized
light
b polarizer
unpolarized ‘\1
light

11t
LR

plane polarized
light

I
Tl

polarized light
passes through
the analyser

the molecular chains
in this analyser are
parallel to the chains
in the polarizer
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B Figure 4.44
Crossed polarising
filters
The second filter is called an analyser because it can be rotated to analyse the light and
determine if it is polarized and, if so, in which direction.

When you rotate a polarizing filter in front of your eye, (for example, as you look around at
the light reflected from various objects) if the intensity changes then the light must be at least
partly polarized. The most common type of transparent plastic used for polarizers and analysers
is called Polaroid®.

Malus’s law
Figure 445 represents a polarized light wave travelling through a polarizing fiter (analyser) and
perpendicularly out of the page, so that the electric field oscillations are in the plane of the paper. There
— is an angle, 6, between the oscillations and the plane in
in which the analyser which the analyser will transmit all of the waves.
‘will transmit all light If the amplitude of the oscillations incident on the
analyser is Ay, then the component in the direction
plane in which in which waves can be transmitted equals A cos 6.
waves are oscillating ‘We know, from earlier in this chapter, that the
intensity of waves is proportional to amplitude
Ao BT squared, I e< A2, so the transmitted intensity is
‘which the analyser will represented by the equation:
not transmit any light
| I=Iycos’0
/ anaiyser
This equation (known as Malus's law) is given in
B Figure 4.45 Angle between oscillations and the polarizer the Physics data booklet.

Worked example

8 a Ifvertically polarized light falls on a polarizing filter (analyser) positioned so that its transmission
direction (axis) i at 30° to the vertical, what percentage of light passes through the analyser?
b Repeat the calculation for an angle of 60°.
© What angle would allow 50% of the light to pass?
d Sketch a graph to show how the transmitted intensity would vary if the analyser was rotated
through 360°

a I=/yos?6
! 2300
=0

!

0750r 75%
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b - =cos260°=0.25 0r25%

Iy

¢ L-050=cos20
ID
cos0 =050 =071
0=15°

d See Figure 4.46. This graph shows the variation with angle of intensity transmitted through a
polarizing filter.

100

Relative intensity/%
8

90° 180° 270° 360°
Angle §

W Figure 4.46

Polarization by reflection
When (unpolarized) light reflects off an insulator, the waves may become polarized and then the
plane of polarization will be parallel to the reflecting surface.

The most common examples of polarization by reflection are the reflection of light from
water and from glass. Such reflections are usually unwanted and the reflected light (sometimes

called glare) entering the eyes can be reduced by

wearing polarizing (Polaroid®) sunglasses, which also
teduce the intensity of unpolarized light by half. Figure
447 shows an example. The fish under the water can
be seen clearly when Polaroid® sunglasses are used.
The sunglasses greatly reduce the amount of light
reflected off the water’s surface entering the eye. But
the reduction is not the same for all viewing angles
because the amount of polarization depends on the
angle of incidence. Photographers may place a rotatable
polarizing filter over the lens of their camera to reduce
the intensity of reflected light.

W Figure 4.47 The same scene with and without Polaroid®

38 How could you check quickly whether sunglasses were made with Polaroid® or not?

39 Plane polarized light passes through an analyser that has its transmission axis at 75° to the plane of
polarization. What percentage of the incident light emerges?

40 When unpolarized light was passed through two polarizing fifters, only 20% of the incident light emerged.
What was the angle between the transmission axes of the two fifters?

41 Suggest why the blue light from the sky on a clear, sunny day is partly polarized.

42 Use the intemet tofind out about polarizing microscopes and their uses.
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LETENGESSETEl  Polarization inspired imagination

A transparent crystalline form of the chemical calcite, called Iceland spar, can partially polarize
light and it played an important part in stirring the imagination of early physicists who were
thinking about the properties of light. Polarization in Iceland spar was first described nearly
350years ago by Bartholinus in 1669. But it is thought that nearly 1000 years earlier, the Vikings
were using Iceland spar as a navigation tool because its effect on light rays from the Sun can be
used to determine the position of the Sun, even if it is behind clouds.

Once a scientific theory, like polarization, has been accepted and used for a long period of
time it becomes taken for granted. It is easy to forget that when the theory was first introduced,
it was the product of original thinking and, as such, a product of human imagination, perhaps
genius. It requires great insight and imagination to see the world in a new way and pioneering
scientists deserve great credit for their creativity.

Applications of polarization
As we have seen, if two polarizing filters are crossed, the polarized light that passes through the
polarizer cannot pass through the analyser, so no light is transmitted. However, if a transparent
material is placed between the two filters it may rotate the plane of polarization, allowing some
light to be transmitted through the analyser. A substance that rotates the plane of polarization
of light waves passing through it is said to be optically active.

Figure 448 shows a sugar solution (optically active) placed between polarising filters. The
concentration of the sugar solution can be determined from the magnitude of the rotation.

W Figure 4.48
Rotating the plane rotated
of polarization with plane of some light

polarization transmitted

sugar solution

polarized
transmitted
light
analyser

sugar
solution

polarizer

unpolarized
incident
light

Some plastics and glasses become optically active and rotate the plane of polarization
of light when they are stressed (see Figure 449). This can be useful for engineers who
can analyse possible concentrations of stress in a model structure before it is made.

Liquid-crystal displays (LCDs)

A liquid crystal is a state of matter that has physical properties between those of a
liquid and a solid (crystal). Most interestingly, the ability of certain kinds of liquid
crystal to rotate the plane of polarization of light can be changed by applying a small
potential difference across them, so that their molecules twist in the electric field.
Figure 4.50 represents a simplified arrangement. If there is no porential difference

H Figure 4.49 Stress (pl.) across the liquid crystal, no light is transmitted ou of the analyser.
concentration in a DVD case

seen with polarized light
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i When a p.d. is applied to the liquid crystal, its
H | r molecules change orientation to align with the electric
field and the plane of polarization rotates so that some,

H 9 V‘l

or all, of the light is now transmitted. The amount of
polarizer liquid crystal  analyser
[2

light

rotation of the plane of polarization and the amount of
light transmitted depend on the size of the pd.
In simple displays (for example those used on

etween
transparent many calculators, digital clocks and watches), light
clectrodes entering through the front of the display passes

through the liquid crystals and is then reflected
back to the viewer. Each segment of the display will
then appear dark or light, depending on whether or
not a pd. has been applied to the liquid crystal (see
Figure 4.51).

Using the same principles, large numbers of liquid
crystals are used to make the tiny picture elements
(pixels) in many computer and mobile phone
displays, and televisions. Colours are created by using
filters and the light is provided by a fluorescent lamp
or LEDs behind the display.

W Figure 4.50 Arrangement of parts in a liquid-
arystal display

B Figure 451 A seven-segment liquid-crystal display

43 Unpolarized light of intensity 48 mW is incident on two polarizing filters that have an angle of 20°
etween their transmission axes.
a What is the intensity entering the second filter?
b What intensity emerges from the second fifter?
< If asugar solution placed between the filters rotates the plane of polarization by 287, what intensity
then emerges from the second filter?
44 Use the internet to research and compare the main advantages and disadvantages of using liquid crystal
and LED displays.

Polarization and 3-D cinema

Our eyes and brain see objects in three dimensions (3-D) because when our two eyes look at
the same object, they each receive a slightly different image. This happens because our eyes are
not located at exactly the same place. This is known as stereoscopic vision. Our brain merges the
two images to give the impression of three dimensions or ‘depth’ But when we look at a two-
dimensional image in a book or on a screen, both eyes receive essentially the same image.

If we want to create a 3-D image from a flat screen, we need to provide a different image for
each eye and the use of polarized light makes this possible. (Some earlier, and less effective,
systems used different coloured filters.) In the simplest modern systems, one camera s used to
take images that are projected in the cinema as vertically polarized waves. At the same time a
second camera, located close by, takes images that are later projected as horizontally polarized
waves. Sometimes a second image can be generated by a computer program (rather than by a
second camera) to give a 3-D effect.
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M Figure 4.52 Using polarizing glasses towatch a3-Dfilm M Figure 4.53 Circularly polarized waves

To make sure that each eye receives a different set of images, the viewer wears polarizing
glasses, allowing the vertically polarized light into one eye and the horizontally polarized light
into the other. One problem with using plane polarized waves is that viewers need to keep
their heads level, but this can be overcome by using circularly polarized waves in which the
direction of the electric field oscillations continually rotates in circles, as in Figure 4.53. A
single projector sends images alternating between clockwise and anti-clockwise polarization
to the screen.

1 Use the internet to investigate the latest developments in 3-D television techniques.

4.4 \Wave behaviour -waves interact with media and each other ina

number of ways that can be unexpected and useful

Changes in the speed of waves, or obstacles placed in their path, will change their shape and/
or direction of motion, with very important consequences. These effects are called reflection,
refraction and diffraction. Interference happens when waves combine. We will discuss each of
these four wave properties in this section.

B Reflection and refraction

Reflection

‘When a wave meets a boundary between two different
media, usually some or all of the waves will be reflected
back. Under certain circumstances some waves may pass
into or through the second medium (we would then say
that there was some transmission of the waves). An
obvious example would be light waves passing through
transparent materials, for example liquids or various kinds
of glass. Figure 4.54 shows both reflection and transmission
at the same window.

We will refer again to our two wave models (waves on
springs and waves on water) to develop our understanding
of reflection.

Reflection in one dimension

Figure 4.5 shows a single pulse on a spring or string
travelling towards a fixed boundary where it is totally
reflected, with no loss of energy. Note that the reflected -
wave is inverted. We say that it has undergone a phase W Figure 4.54 Light reflected off
change of half a wavelength. and passing through a window
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incident wave
—_—

A fixed

boundary /\
before

less ‘dense’ string more ‘dense’string

—
i after X

-
reflected wave -

W Figure 4.5 Reflection of a pulse off afixed boundary M Figure 4.56 A pulse travelling into a ‘denser’ medium

W Figure 457 A pulse
travelling into a less
‘dense’ medium

 Figure 4.58
Reflection of plane
waves from a straight
boundary

 Figure 4.59
Reflection of rays
from a reflecting
surface

Pulses will change speed if they cross a boundary between springsfstrings of different mass per
unit length. In Figure 4.56 a transverse pulse is transmitted from a less ‘dense’ string to a more
‘dense’ string (higher mass per unit length), where it travels more slowly.

Note that there are now two pulses and both have reduced amplitude because the energy
has been split between the two. The transmitted pulse will now have a slower speed but its
phase has not changed. The reflected pulse returns with the same speed but has undergone a
phase change of half a wavelength.

In Figure 4,57 the transverse pulse is passing from a more ‘dense’ string to a less ‘dense’ string.
This time there is no phase change for the reflected pulse.

—

s P4

more ‘dense’string less dense’ string

-~ —

after
Longitudinal waves and pulses behave in a similar way to transverse waves.

Reflection in two dimensions

If plane waves reflect off a straight (plane) boundary between two media, they will reflect
so that the reflected waves and the incoming (incident) waves make equal angles with the
boundary (see Figure 4.58).

The angle of incidence, i, is equal to the angle of reflection, r.

incident reflected
waves waves

boundary

‘When discussing the reflection of light, it is more common to represent reflection by a ray
diagram, such as shown in Figure 4.50.

incident ray reflected ray

angle of incidence angle of reflection

reflecting
surface
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W Figure 4.60 Waves
slowing down as they
enter a different
medium

 Figure 4.61 Waves
refracting as they
enter a denser
medium

As before, the angle of incidence, i, is equal to the angle of reflection, 1. But in this diagram the
angles are measured between the rays and the ‘normal’. The normal is a construction line we
draw on diagrams that s perpendicular to the reflecting surface.

In practice, as with the one-dimensional waves, some wave energy may also be transmitted
as well as reflected. The transmitted waves may change direction. This effect is called refraction
and it s discussed next.

Refraction
Typically, waves will change speed when they travel into a different medium. The speed of water
waves decreases as they pass into shallower water. Such changes of speed may result in a change
of direction of the wave.

Figure 4.60 shows plane wavefronts arriving at a medium in which they travel slower.
The wavefronts are parallel to the boundary and the ray representing the wave motion is
perpendicular to the boundary.

incident ————T———— waves
waves/ray travelling
faster

for normal indidence there is no
change of direction

In this case there is no change of direction but because the waves are travelling slower, their
wavelength decreases, although their frequency is unchanged (consider ¢ = fA). Now consider
what happens if the wavefronts are not parallel to the boundary, as in Figure 461

normal

incident waves
waves traveling
faster
boundary
reffracted waves
waves ! travelling
i slower
i

waves are refracted towards

the normal when they enter

amedium in which they travel
more slowly

Different parts of the same wavefront reach the boundary at different times and, consequently,
they change speed at different times. There is a resulting change of direction that we call
refraction. The bigger the change of speed, the greater the change of direction.
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When waves enter a medium in which they travel more slowly, they are refracted towards the
normal. Conversely, when waves enter a medium in which they travel faster, they are refracted
away from the normal. This is shown in Figure 462, bu note that this is similar to Figure 4.61
with the waves travelling in the opposite direction.

W Figure 4.62 Waves
refracting as they

enter a less dense incident waves
medium waves travelling
slower
refracted waves
waves travelling
faster

waves are refracted away

from the normal when they

enter a medium where they
travel faster

& The refraction of light is a familiar topic in the study of physics, especially in optics work on
lenses and prisms, but all waves tend to refract when their speed changes. Often this is a sudden
change at a boundary between media, but it can also be a gradual change, for example if the
density of a medium changes gradually.

The photograph in Figure 4.63 shows the gradual refraction of water waves approaching a
beach. It is possible to learn about how the water depth is changing by observing the refraction
of waves in shallow water. Waves travel slower in shallower water, so the wave crests get closer
together (shorter wavelength) because the frequency does not change.

The focusing of a glass lens occurs because the light waves slow down and are refracted in a
systematic way by the smooth curvature of the glass (see Figure 4.64). By using the refraction of
light by more than one lens, we are able to extend the range of human sight to the very small
(microscopes) and the very distant (telescopes). The reflection of light by curved mirrors s also
able to focus light and i used in some telescopes and microscopes.

W Figure 4.63 Ocean waves refracting (and diffracting) as W Figure 4.64 A lens uses refraction to focus light
they approach a beach
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In Figure 4.65 light waves are refracted in a more disorganized way by the irregular changes in
the density of the hot air moving above the runway and behind the plane.

W Figure 4.65 Diffuse
refraction of light by

hot gases
Snell’s law, critical angle and total internal reflection
Figure 4.66 shows a single ray of light representing the direction of waves being refracted
when entering a medium where they travel slower (Figure 4.662) and a medium where they
travel faster (Figure 4.66b).

W Figure466Light  a normal
rays being refracted i

atowards the normal : fnedidm1
End bawayfiomthe N refractive index nq
normal e
; less dense more dense
moredense  medium 2 less dense

slower
waves

faster

>
fefractive index i,
waves

For a boundary between any two given media, it was discovered experimentally that any angle of
incidence, 8, was connected to the corresponding angle of refraction, 8,, by the equation:

SIN6 _ constant, n
sine,

Using trigonometry, it can be shown that this ratio is a constant because the ratio of the wave
speeds in the two media (v,/v,) is constant.

i v,
S0 - constant = UL
sine, W

For light passing from air (or, more precisely, vacuum) into a particular medium, the constant is
known as the refractive index, n, of that medium.

sin6,,
S0 O Y,

Mnediom =

‘mediam

Because it is a ratio, refractive index has no unit.
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Because the speed of light in air is (almost) the same as the speed in a vacuum, the refractive
index of airis 1.0.

For example, the speed of light in air (o vacuum) is 3.0 x 10°ms™! and in a certain kind
of glass it might be 2.0 X 10°ms, so that the refractive index of that kind of glass would be
1.5. With this information we can then calculate the angle of refraction for any given angle of
incidence.

Consider again Figure 4.66a, or Figure 4.66b, the refractive index of medium 1, n, = % and
the refractive index of medium 2, n, = 4t so that: !

it

2

sinf),

This is known as Snell's law and i is given i the Physics data bookler.

The refractive index of a solid can be d i lly by locating
the paths of light rays passing through a parallel-sided block. Figure 4.67 shows the path of a
single ray entering and leaving a block. It could be travelling in either direction. Once these two
rays have been located, the path of the ray within the block can be drawn in, and the angles
of incidence and refraction measured so that a value for the refractive index can be calculated.
Further values can be determined for other angles of incidence and an average value of refractive
index calculated. Alrernatively, a graph of sin 6, against sin 8, should be a straight line with a
gradient equal to the refractive index.

 Figure 4.67 Light
rays passing through
aparallel-sided
transparent block

Worl

example

9 a Iflight waves represented by a ray making an angle of incidence of 60° enter into glass of refractive
index 1.52, calculate the angle of refraction.
b Whatis the speed of light in this glass? (Speed of light in air = 3.0 x 108ms-")

e,
an,
555 = e

sin60
NBgiass

i
angle of refraction = 6=

35°

otss
=20x108ms™!

Vojass

45 Light rays in air enter a liquid at an angle of 38 If the refractive index of the liquid is 1.4, what s the
angle of refraction?

46 Plane water waves travelling at 48 cms- enter a region of shallower water with the wavefronts at an

angle of 34° to the boundary. I the waves travel at a speed of 39 cms~in the shallower water, predict the
direction in which they will move.
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B Figure 4.68 Total
internal reflection
oceurs if the angle

of incidence is greater
than the critical
angle, 6,

47 Light rays travel at 2.23 x 108ms-! in a liquid and at 3.00 x 108ms-1 in ar
a What s the refractive index of the liquid?
b Light rays coming out of the liquid into af meet the surface at an angle of incidence of 25°. What s the
angle of the emerging ray to the normal in air?
48 A certain kind of glass has a refractive index of 1.55. f light passes into the glass from water (efractive
index = 1.33) and makes an angle of refraction of 42°, what was the angle of incidence?
49 Use trigonometry to show that the refractive index between two media is equal to the ratio of wave
speeds (7‘) in the media.

b Show that the refractive index for waves going from medium 1 into medium 2 is given by ;n, = 2.

50 Explain why it s impossible for any mediur to have a refractive index of less than one.

Total internal reflection

Consider again Figure 4.66b, which shows a wave/ray entering an optically less dense medium
(a medium in which light travels faster). If the angle of incidence, 8, is gradually increased, the
refracted ray will get closer and closer to the boundary between the two media. At a certain
angle, the refracted ray will be refracted at an angle of exactly 90° along the boundary (see
Figure 4.68). This angle is called the critical angle, 8, shown in red in the diagram.

medium 1

more dense
less dense

medium 2

For any angle of incidence some light will be reflected at the boundary, but for angles of
incidence bigger than the critical angle, all the light will be reflected back and remain in the
denser medium. This is called total internal reflection.

gl
We ko that - =29t at the critcal angle, 6, = 6, and 6, = 90, so that in), = 1,
and then: z L
ET
T, " Smg

Most commonly, the light will be trying to pass from an optically
denser material (medium 1) like glass, plastic o water, into air
(medium 2), so that n, = n,,, = 1, and so:

e i
Mdenser medium Sy g
This equation is given in the Physics data booklet for Option C, but
not for Chapter 4.

In order to investigate critical angles experimentally, light rays
have to be traced through a material that is not parallel sided.

This is most conveniently done with a semi-circular block of glass
ot plastic. The critical angle of a liquid could be determined if a
low-voltage, low-power lamp could be supported safely inside a
container of the liquid.

A material with a higher refractive index will have a smaller
critical angle, which means that light is more likely to be internally
reflected. The high refractive indices of certain kinds of glass
and precious stones (diamond, for example) are responsible for their
sparkly’ appearance.

B Figure 4.69 Total
internal reflection along a
glass fibre
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One important application of total internal reflection is in communication. Light passing
into a glass fibre can be trapped within the fibre because of multiple internal reflections and it
will then be able to travel long distances, following the shape of the fibre (see Figure 469). The
light can be modified to transmit digital information very efficiently.

Worked example

10 A certain kind of glass has a refractive index of 1.54 and water has a refractive index of 1.3
a In which medium does light travel faster?
b Under what circumstances might light be internally reflected when meeting a boundary between
these two substances?
¢ Calculate the critical angle for light passing between these two media.

Water (because it has a lower refractive index).

o

When traveling from glass into water at an angle bigger than the aritical angle.

_ _ Vo
€ SO gl =

butn,

var
s = A and 0=
Volass

s that Yo

Viuater

51 a If the speed of light in sea water is 2.21 x 108ms-", calculate its refractive index.
b Calculate the critical angle for light passing between sea water and air.

52 a Outline how you could carry out an experiment to measure the critical angle of light in glass.
b Suggest a method for measuring the critical angle of light in water.

53 Use the interet to find out about the dladding of optical fibres and acceptance angles. Wite a short
summary of your findings.

54 Find out how light traveliing along optical fibres can be used to transmit data.

Total internal reflection and endoscopy

The total internal reflection of light along flexible optical fibres is used in endoscopes for
carrying out medical examinations. Light from a source outside is sent along fibres to
illuminate the inside of the body. Other optical fibres, with lenses at each end, are used to
bring a focused image outside for viewing directly or via a camera and monitor (see Figure 470).

B Figure 4.70 An
endoscope can be
used to inspect a
patient’s stomach
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 Figure 4.71 Using
a prism to produce
aspectrum of white
light

Perspectives

Endoscopes are used widely for diagnosing medical problems and, increasingly, they are being
used in treatments such as small-scale surgery or taking a biopsy. Endoscopes can be inserted
into any natural openings in the body, but they are sometimes also inserted through incisions
made by adoctor.

1 There are many different types of endoscope used for different parts of the body. Use the
internet to learn more about one particular kind of endoscopy and write a short report for
presentation to your fellow students.

Dispersion of light

The speeds of different colours (wavelengths) of light in a particular medium (glass, for example)
are not exactly the same. Red light travels the fastest and violet is the slowest. This means that
different colours travelling in the same direction from the same source will not travel along
exactly the same paths when they are refracted. When light goes through parallel-sided glass
(like a window), the effect is not usually significant. However, when white light passes into
and out of other shapes of glass (like prisms and lenses), or water droplets, it can be dispers
(separated into different colours). A triangular prism, as shown in Figure 4.71, is commonly used
to disperse white light into a spectrum (Figure 4.22).

white
screen

white light \

spectrum

Ibn al-Haytham

Until recently the important role played by Islamic scientists
has been somewhat neglected by other cultures, An eleventh-
century scientist, Ibn al-Haytham (Figure 4.72), also known as
Alhazen, is arguably one of the greatest physicists of all time. He
was a pioneer of modern ‘scientific method’, with its emphasis
on experimentation and mathematical modelling, but he lived
hundreds of years before Galileo and the others who are widely
credited with similar innovations.

His work was wide ranging, but included experimental and
quantitative investigation of the refraction of light (similar to
the work carried out by Snell centuries later). Incidentally, he
is also credited by many with being the first to realize that the
stwinkling’ of stars is due to refraction of light passing through
the Earth’s atmosphere.

B Figure 4.72 Ibn al-Haytham

1 Find out the names of some other scientists and mathematicians from around the eleventh
century or a few hundred years before. Where did they live and what were their major
achievements?

2 Are scientific developments sometimes achieved in isolation by lone individuals, or is
collaboration, rather than secrecy, an important aspect in most research?
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B Diffraction through a single slit and around objects
When waves pass through gaps

(apertures) or pass around obstacles in
their path, they will tend fo ‘pread or 3@&(
‘bend’ around them. This important

effect is called diffraction (a term that

should not be confused with refraction).

Waves often encounter objects in their

path and the study of diffraction is

vital in appreciating how waves travel

from place to place. This has become

especially important in this age of _

wireless communication. ==
All waves diffract under suitable —

conditions and the fact that something —

diffracts is clear evidence of its wave

nature. Sometimes the effects of diffraction

are very noticeable, as they usually are

with water waves and sound waves, but

diffraction may also be difficult to observe,

asit is with light waves. This is because the

amount of diffraction is dependent on how

the size of the wavelength compares to the C

size of the obstacle or gap.

gap =4 gap>i

ﬁ"T

ot ,#LLL

T
i
T

Diffraction is most important when the
wavelength and the gap, or obstacle, W Figure 4.73 Diffraction of plane waves through gaps
are about the same size. and around obstacles (reflected waves not shown)

Figure 473 represents the two-dimensional diffraction of plane waves through apertures and
around obstacles. The diagrams can be applied to the diffraction of any waves, including those
in three dimensions, although it is important to realize that they are simplified. These kinds of
patterns are easily observed with water waves using a ripple tank (Figure 4.20).

Examples of diffraction
Sound
Wiavelengths typically vary from about 2cm to 20m. This
means that sound is easily diffracted around corners,
buildings, doors and furniture, for example. As a result, we
can hear sounds even when we cannot see where they are
coming from.

Lower-pitched sounds have longer wavelengths
and therefore diffract better around larger objects like
buildings, so we tend to hear them from further away.
Low-pitched sounds also spread away better from larger
loudspeakers (often called ‘woofers’), while high-pitched
sounds benefit from smaller speakers (‘tweeters').

Light

All the various colours of light have wavelengths of less
than 10-°m (10~ mm). This means that the diffraction of
fighi-tenileto gounnoticed hecause only-very:small:gaps SN
diffract light significantly. However, the diffraction of light M Figure 4.74 This large
entering our eyes does limit our ability to see (resolve) loudspeaker is good at emitting
details and it also limits the resolution of telescopes and longer wavelengths at high volume




182 4 Waves

microscopes. You can see some effects of diffraction
by looking at a white surface through a narrow gap
made between your fingers: dark lines are seen,
which are parallel to the length of the gap.

In order to observe the diffraction of light on a
screen in a darkened laboratory it is easiest to use
monochromatic light. Monochromatic light means
light of a single colour or, more precisely, light
with a single wavelength (or a very narrow range
of wavelengths). Lasers are an excellent source of
monochromatic light for observing diffraction.
Figure 9.6 on page 388 shows a typical experimental
arrangement.

When light passes through a very natrow
vertical slit and then strikes a screen some distance
away, a diffraction pattern, such as that shown in
Figure 4.75, will be seen. A series of light and dark
bands is observed, with the central band being brighter and wider than the others. This pattern
is discussed further in Chapter 9, but it is important to realize that the pattern can only be
explained by a wave theory of light.

® Figure 4.75 Diffraction pattern of
monochromatic light passing through a
narrow slit

Radio waves

Radio waves (including microwaves) have a very
wide range of wavelengths, from a few centimetres

up to a kilometre or more. When engineers design
radio communication systems for radio, TV, satellite
broadcasts and mobile phones, for example, they
have to choose a suitable wavelength to use. This
involves considering how far they want the waves to
travel between transmitter and receiver, and whether
or not there are obstacles such as buildings or hills

in between. Ideally the size of the transmitting and
receiving aerials will be comparable to the size of the
wavelength used, although cost and convenience may
reduce aerial sizes. For example, the wavelengths used
for mobile phones are typically a few centimetres.

W Figure 4.76 Microwaves diffract
when they are emitted from
transmitting aerials

Xerays
Because diffraction effects (for a given wavelength) depend on the size of the diffracting object,
itis possible to learn something about an object by observing and measuring how it diffracts

a wave of known wavelength. This has many important applications. X-rays, for example,

have wavelengths comparable to the size of atoms and the diffraction of X-tays has been very
imporeant for scientists learning about the spacing of atoms and how they are arranged in
crystalline solids.

Tsunamis

The consequences of the tsunamis following the massive earthquakes off the Indonesian island
403y of Sumatra on 26 December 2004 and the north-eastern Japanese coastline on 11 March 2011
were tragic and overwhelming, Sudden and massive motion of the Earth’ crust along a fault line
passed energy to the ocean above, resulting in the movement of an enormous volume of water.

Any tsunami waves resulting from an earthquake travel at high speed (maybe for thousands of
kilometres) with litele loss of energy, and hence possibly devasating consequences when they

reach land.
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But why are some places affected much worse than others? Of course the height of the land near
the shore is a major factor, as s the distribution of homes and people. A full explanation must
also take into account the refraction, reflection and diffraction of the incident waves as they
approach a coast. Changes in depth of water and the orientation of such changes (relative to the
coast) will affect the height and shape of the waves, and the direction in which they are moving.
The shape of the coastline can result in reflections and diffractions that have a focusing effect.

Similar explanations can be used to show why some beaches are much better for surfing than others.

1 What causes waves on the oceans and why do
they always seem to come into shore (rather
than eravelling outwards)?

W Figure 4.7 The tsunami of December 2004
had devastating effects on low-lying areas

ST Satellite “footprints”
Figure 478 representsthe intesity ofsignal arriving at the surfce ofthe Earth from a TV
i satellite positioned ‘here above the equator. The different coloured rings show the
diameter of aerial (lish) required to receive a signal of sufficient power. For example, homes in the
outer ring need an aerial with a diameter 120/50 = 24 times wider than homes in the centre. This
suggests that the received intensity is about six times higher in the centre than in the outer ring.

The transmitting aerial on the satellite does not send the TV signals equally in all directions,
but directs the waves to the required locations on the Earth’s surface (see Figure 4.79). As

the waves emerge from the aerial and reflectors they are diffracted, and this diffraction is
responsible for the size and shape of the footprint’.

Dishsizes: | 50am [ 60cm | [75em| 90cm  120em

B Figure 4.78 Satellite footprint and dish sizes B Figure 4.79 A satellite broadcasting TV signals

Explain why the information in Figure 4.78 suggests that the intensity of the signal is about
six times higher in the centre than in the outer ring,

)

Find out the typical wavelengths of electromagnetic waves used in satellite TV
transmissions and compare this to the size of the transmitting and receiving aerials.
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W Figure 4.80
Interference and
path difference

 Figure 4.81
Constructive
and destructive
interference

B Interference patterns

Wie are surrounded by many kinds of waves and, of course, the paths of these waves cross
each other all the time. When different waves cross, or ‘meet’, they usually pass through each
other without any significant effect, but if the waves are similar to each other (in amplitude
and wavelength), then the results can be important. This superposition effect is known as the
interference of waves.

Constructive and destructive interference

Consider Figure 4.80. Suppose that waves of the same frequency are emited from sources A and
Bin phase (or with a constant phase difference). Such sources are described as being coherent.

If these waves travel equal distances and at the same speed to meet at a point such as By,
which is the same distance from both soutces, they will arrive in phase. Using the principle of
superposition, we know that if they have the same amplitude, the result will be an oscillation at
P, that has twice the amplitude of the individual oscillations. This is an example of constructive
interference, as shown in Figure 4.81a.

2nd meximum
path difference = 21

1st maximum
path diference =1

central maximum
path difference = 0

1st maximum
path difference =1

2nd meximum
path difference = 21

Similarly, there will be other places, such as P, and P, where the waves are in phase and intetfere
constructively because one wave has travelled one wavelength further than the other, or two
wavelengths further, or three wavelengths etc.

b
resultant resultant
Time Time

constructive interference (at Py) destructive interference (at Q;)

Displacement
Displacement
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Path difference
In general, we can say that under these conditions, constructive interference will occur
anywhere where there is a path difference equal to a whole number of wavelengths. Path
difference is the difference in the distance travelled by waves from two separate sources that
arrive at the same point.

In other places, such as at points Q; and Q,, the waves will arrive exactly out of phase
because one wave will have travelled half a wavelength further than the other, or one and a half
wavelengths, or two and a half wavelengths and so on. In these places the result will be a minimal
oscillation, an effect called destructive interference (as shown in Figure 4.81b). The resultant will
probably not be zero because one wave has  greater amplitude than the other, since they have
travelled different distances. The overall pattern will appear as shown in Figure 4.82.

The fact that there are places where waves can come together to produce no waves is especially
important because only waves can show this behaviour. For example, when it was discovered that
light can interfere, there was only ane possible conclusion — light must travel as a wave.

W Figure 4.82
The interference

pattern produced by
coherent waves from
two sources, C and D

—— constructive
interference

~—— destructive
interference

Two waves combining to give no waves at particular places may seem to contradict the principle
of conservation of energy, but the ‘missing’ energy appears at other places in the interference
pattern where there is constructive interference, giving twice the amplitude. (Remember that
doubling the amplitude of an oscillation implies four times the energy)

The interference of waves from two sources is conveniently demonstrated using a ripple tank
(Figure 4.29). Figure 4.83 shows a typical interference pattern. It should be compared to the
righthand side of Figure 4.82.

W Figure 4.83
The interference of
‘water waves on a
ripple tank
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o)

W Figure 4.84
Interference of
microwaves

203

W Figure 4.85
Interference of
sound waves

Summary of conditions needed for interference
The condition for constructive interference is that coherent waves arrive at a point in phase.
This will occur when the path difference is equal to a whole number of wavelengths.

For constructive interference, path difference = nA (where n is an integer, 1, 2, 3 etc.)

The condition for destructive interference is that coherent waves arrive at a point exactly out of
phase. This will occur when the path difference equals an odd number of half wavelengths.

For destructive interference, path difference = (n + 7)}.
These two conditions are given in the Physics data booklet.

At most places in an interference pattern there is neither perfectly constructive nor perfectly
destructive interference, but something in between these two extremes.
Examples of interference
Different sources of waves (light waves, for example) are not normally coherent because the
waves are not produced in a co-ordinated way. So, although in principle all waves can interfere,
in practice examples are limited to those waves that can be made to be coherent. This may
involve using a single source of waves and splitting the wavefronts into two.
Interference of microwaves

In Figure 4.84, a single microwave source is being used, but the wavefronts are spli into two by
the slits between the aluminium sheets and, if the receiver is moved around, it will detect the
interference pattern produced when the microwaves diffract through the two slits and then overlap.

aluminium sheets

microwave
transmitter

receiver

Interference of sound waves

dentical waves can be produced using two sources driven by the same electronic signal, such
as with radio or mi or with sound loudspeakers. In Figute 4.85 the listener
hears the sound intensity changing as she walks past the speakers. (Unwanted reflections from.
walls may make this difficult to hear clearly inside a room.)

signal generator

-
—QUET
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Double-slit interference

The interference of light waves can be demonstrated in a darkened room by passing monochromatic
laser light through two narrow slits that are very close together. The resulting interference pattern
can be seen on a distant screen (see Figure 4.86). The interference of light can also be observed with
white light (with or without filters), but the pattern is more difficult to observe.

pos
f&}@a
bt interference screen
pattemn
W Figure 4.86 d"s‘“:‘s
Interference of light
waves
bright and
e dark fringes
mesimalligheand date Fnbed isusen mn favereens e persn il o de Aifuenen
pattemseerrben light passes throngivasingle dicithonglyvinthe interferencepatternall
the fringes are about the same width. The closer the two slits, the wider the spacing of the
interference pattern.
This experiment was first performed by Thomas Young and it is of great historical
importance because the observation of the interference of light confirmed its wave-like nature
(because only waves can interfere or diffract). Measurements of the geometry of the experiment
i learl tiy s dukeinion ok e wvelangeh S he gkt sed (e Figs 4.87),
B Figure 4.87
Geometry of
the double-slit
experiment
o :id
H T
double slit

sit-to-screen distance, D
notto scale

The wavelength of the light used is related to the geometry of the experiment by the following
equation (which is explained in Chapter 9):

This equation is given in the Physics data booklet.
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Worked example

11 Monochromatic laser light was directed at some double siits and an interference pattern was observed
on a screen placed 4.78m from the sits. The distance between the centre of a bright fringe and the
centre of another, eight fringes away, was 5.8cm. If the sit separation was 0.33mm, calculate the
wavelength of the radiation.

4781
BCEEE R
A=50x107m

55 Why are microwaves often used in school laboratories to demonstrate P
the interference of electromagnetic waves?

56 The girl shown in Figure 4.85 found that when she moved in the
direction shown by the arrows, there was approximately 50cm
between successive positions where the sound was loud. The speakers
were 120.cm apart and her losest distance to point P was 80.cm.
Estimate the approximate wavelength and frequency of the sources.

57 Figure 4.88 shows two sources of waves on a ripple tank. The
diagram is one quarter of fullsize. Each source produces waves o
of wavelength 2.8 cm. Take measurements from the diagram to

determine what kind of interference will occur at P. = Figure 4.88

58 An observer stands halfway between two speakers facing each other and he hears a loud sound of
frequency 240Hz.
a Explain why the intensity of the sound decreases if he walks slowly in any direction.
b Whatis the shortest distance he would have to move to hear the sound rise to a maximurn again? (The
speed of sound in air = 340ms™')

59 Explain why nointerference pattern s seen when the lighit beams from two car headlights cross over each other,

60 I Figure 4,84 the centres of the slits were 6.cm apart.

a Suggest why the width of the two slits was
chosen to be about the same size as the
wavelength.

b The receiver detected a maximum signal when
it was 45 cm from one siit and 57 crm from the
other. Suggest possible values for the wavelength
of the microwaves.

© How could you determine the actual wavelength?

2

A helium laser with a wavelength of 633nm (1 nm =
1 x 109 m) was used by a teacher to demonstrate
double-slit interference with a pair of slits of
spacing 0.50mm. If the teacher wanted the fringe
separation on the screen to be 1.0cm, how far away
from the slits would he have to put the screen?
 Find out what causes the colours seen in = Figure 4.89 How are supernumerary

rainbows (Figure 4.89). rainbows explained?
b I you look closely, you can see light and dark

bands inside the rainbow. These supernumerary

rainbows are a diffraction and interference

effect. Research into how they are formed

2

Using interference to store digital data

Digital data is stored and transmitted in binary form as a very long series of 0s and Is (offs and
ons). This means that each tiny location in the medium that stores the data must be able to
distinguish between (only) two states. An optical storage medium (like CD, DVD or Blu-ray)
uses the constructive and destructive interference of laser light to create these two states.
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interference takes place and a strong signal (a binary one) is detected.

M Figure 4.90 The three-dimensional arrangement of pits and
lands in a track on a CD (not to scale). The length of the pits
ranges from 830 to 3560 nm

- constructive interference destructive interference
W Figure 4.91The laser beam <>

reflection of the laser
beam from a pit and
from a land - here the
light is shown falling
atanangle, butina
CD player it is almost
normal to the disc
surface

1_
4= pit depth

I part of the light beam is incident on a pit and part on a land, then there s a path difference
between the two parts of the laser beam. The pit depth is such that, for a laser beam

of wavelength A, the path difference is /2, which means that destructive interference occurs
and there is no signal produced (a binary zero). Because the path difference is twice the pit
depth, to obtain a path difference of /2, pit depth = A/4.

The laser beam reflects off the rotating spiral track and the signal received by the detector
changes as the beam travels from pit to land to pit. This produces digital signals of 1s and Os,
varying according to whether the interference is constructive or destructive and also according
to the lengths of the pits and lands.

It is estimated that the worlds ability to store data doubles every two to three years, reflecting
people’s desire to keep pictures and videos, and the desire of organizations to keep all the records that
they can. Data are mostly stored electronically, magnetically or optically, although small solidkstate
systems (with no moving parts) are preferable if they can have a large enough data storage capacity.

While storing information may be easy, removing it when it is no longer of use can get
averlooked and may not be as simple as the touch of a button. Information that may be untrue,
outdated or just embarrassing often remains stored, and is therefore accessible to large numbers
of people, indefinitely. This is especially true for any use of the internet, where our digital
footprint’ (the data we leave behind us) may be much larger than we think.

1 Campare the advantages of sioring data on un optieal disk, flaeh drives extemal Tl 4k
(or solid-state drive) or internet ‘cloud’.

Competing thearies

Huygens and Newton proposed two competing theories of the  but Huygens’ wave theory was also able to explain the diffraction
behaviour of light. How does the scientific community decide and polarization of ight.

e e Particle theory could not be used to explain the interference of
Christiaan Huygens was a notable Dutch scientist and light, as demonstrated by Young more than one hundred years
mathematician who believed that the known properties of ight  later in the early nineteenth century. If light interfered it must have
at that time (in the 1670s) could be explained f light consisted wave-like properties, but all the other known waves needed a

of waves. This was in conflict with the theory of the nature of medium to travel through. For example, sound can travel through
light generally known as Newton’s ‘corpuscular theory”. Newton's air, but not through a vacuum because there are no oscillting
theory could be used to explain the properties of light (ike molecules to transfer the waves.

reflection and refraction) by assuming it to consist of tiny particles,
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About 150years before, Descartes is credited with developing the
concept of the ‘ether’ — a mysterious, undetectable substance that
was everywhere, flling al of space. Scientists adopted this idea

o help explain how light can travel across space. (Descartes had
proposed the ether to help explain the idea that forces (magnetic,
gravitational, electrical) can act ‘at a distance’ between objects
with nothing in the intermediate space.)

Wave-particle duality

The ether was a less than totally convincing, but widely accepted,
scientific theory for well over two hundred years. It was finally
discredited by the work of Einstein in the early twentieth century
following the earlier discovery by Michelson and Morley that the
speed of light was the same in al directions relative to the motion
of the Earth

The nature of light has been a central issue and a matter for great debate in the development
of physics for centuries. Many famous physicists have proposed useful theories in the past, but
none seemed completely satisfactory, o able to explain all the properties of light. Scientists
now accept that no single model of the nature of light can fully explain its behaviour. Different
models seem to be needed for different circumstances. This is known as the wave-particle
duality of light and more details are included elsewhere in this book.

4.5 Standi NG WaVES - when travelling waves meet they can superpose

to form standing waves in which energy may not be transferred

So far, the discussion of waves in this chapter has been about travelling waves, which transfer
energy progressively away from a source. Now we turn our attention to waves that remain in the

same position.

B The nature of standing waves
Consider two travelling waves of the same shape, frequency, wavelength and amplitude moving
in opposite directions, such as shown in Figure 492, which could represent transverse waves on a

string or rope.

—

 Figure 492 Two
sinusoidal waves
travelling towards
each other

® Figure 4.93 Standing waves on a
stretched string

-~
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As these waves pass through each other, they may
combine to produce an oscillating wave pattern
that does not change its position. Such patterns
are called standing waves (or sometimes stationary
waves). Standing waves usually occur in an enclosed
system in which waves are reflected back on each
other repeatedly. Typical examples of standing-
wave patterns are shown in Figure 4.93. Note that a
camera used for this produces an image over a short
period of time (not an instantaneous image) and
that is why the fastmoving string appears blurred.
This is equally true when we view such a string with
our eyes.

Simple standing-wave patterns can be produced
easily by shaking one end of a rope, or a long stretched
spring, at a suitable frequency, while someone holds

the other end fixed. Patterns like those shown in Figure 493 require higher frequencies (because a
string is much less massive than a ope), but can be produced by vibrating a stretched string with a
mechanical vibrator controlled by the variable electrical oscillations from a signal generator. This
apparatus can be used to investigate the places at which the string appears to be stationary and the

frequencies at which they occur.
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W Figure 4.94 Nodes
and antinodes in a
standing wave on a
stretched string —the
solid line represents
apossible position
of the string at one
moment.

W Figure 4.95 Modes
of vibration of a
stretched string fixed
atboth ends

Nodes and antinodes

There are points in a standing wave where the displacement is ahways zero. These points are
called nodes. At positions between the nodes, the oscillations of all parts of the medium are in
phase, but the amplitude of the oscillations will vary. Midway between nodes, the amplitude is at
its maximum. These positions are called antinodes. Figure 494 represents the third wave from
the pl h in Figure 4.93 di ically. Note that the distance between alternate nodes

(or antinodes) is one wavelength.

A =antinode
N=node

There is energy associated with a standing wave and, without dissipative forces, the oscillations
would continue forever. But energy is not transferred by a standing wave out of the system.

‘We can explain the formation of a standing wave pattern by determining the resultant at any
place and time. We can do this by using the principle of superposition. The overall displacement
is the sum of the two individual displacements at that moment. Nodes occur at places where the
two waves are aluways out of phase. At other places, the displacements will oscillate between zer0
and a maximum value that depends on the phase difference. At the antinodes the two waves are
always perfectly in phase. (Students are ded to use a computer simulation to illustrate
this time-changing concept.)

Standing waves are possible with any kind of wave moving in one, two or three dimensions.
For simplicity, discussion here has been confined to one-dimensional waves, such as transverse

waves on a stretched string.

Boundary conditions

Standing waves occur most commonly when waves are reflected repeatedly back from boundaries
in a confined space, like waves on a string or air in a pipe. The frequencies of the standing waves
will depend on the nature of the end of the string or the end of the pipe. These are called boundary
conditions. For example, the ends of a string, or rope, may be fixed in one position or be free to
move; the ends of a pipe could be closed or open. When the ends are free to move we would expect
the standing wave to have antinodes and there will be nodes when the ends are fixed.

B Modes of vibration of transverse waves on strings

N = node
A= antinode

1t harmonic Ag= 21, frequency =1,

2nd harmonic A=2U2,f=2f,
3rd harmonic 4=213,f=3f,
4th harmonic A=2U4, f=4f,

NANANANAN

If a stretched string fixed at both ends is struck or plucked, it can only vibrate asa standing
wave with nodes at both ends. The simplest way in which it can vibrate is shown at the top of
Figure 4.95. This is known as the first harmonic. (Also sometimes called the fundamental mode
of vibration) It is usually the most important mode of vibration, but a series of other harmonics
is possible and can occur at the same time as the first harmonic. Some of these harmonics are
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B Figure 496 A Vina,
an andient Indian
musical instrument.
Composed of
bamboo and two
gourds

shown in Figure 495. The wavelength, A, of the first harmonic is 21, where L is the length of the
string. The speed of the wave, v, along the string depends on the tension and the mass per unit
length. The frequency of the first harmonic, f,, can be calculated from v = fA:

fo-

Es

v

2

This shows us that, for a given type of string under constant tension, the frequency of the first
harmonic is inversely proportional to the length. The first harmonic of a longer string will have
a lower frequency.

The wavelengths of the harmonics are, sarting with the firs (longeso), 21,2, %‘%’
arilare,
The corresponding frequencies, starting with the lowest, are fy, 2f,, 3f,, 4f, and so on.

Worked example

12 Astring has a length of 1.2m and the speed of transverse waves on itis 8.0ms™.
a What is the wavelength of the first harmonic?
b Draw sketches of the first four harmonics.
© What is the frequency of the third harmonic?

ady=2=2x12=24m
b See Figure 4.95.

Standing waves on strings are usually between fixed ends, but it is possible that one, or both,
boundaries could be free. If there are antinodes at each boundary, the frequency of the first
harmonic will be the same as for fixed houndaries, with nodes at each end. If there is a node
at one end and an antinode at the other, the frequency of the first harmonic will be lower. An
example of this situation would be a standing wave produced on a chain hanging vertically.

Musical instruments

An amazing variety of musical instruments have been used all around the world for thousands of
years (see Figure 4.96). Most involve the creation of standing wave patterns (of different
frequencies) on strings, wires, surfaces or in tubes of some kind. The vibrations disturb the air
around them and thereby send out sound waves (music).
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When musical notes are played on stringed instruments, like guitars, cellos and pianos, the
strings vibrate mainly in their first harmonic modes, but various other harmonics will also be
present. This is one reason why each instrument has its own, unique sound. Figure 497a shows a
range of frequencies that might be obtained from a guitar string vibrating with a first harmonic
of 100Hz. The factors affecting the frequency of the first harmonic are the length of the string,
the tension and the mass per unit length. For example, middle C has a frequency of 261 6Hz.
The standing transverse waves of the vibrating strings are used to make the rest of the musical
instrument oscillate at the same frequency. When the vibrating surfaces strike the surrounding
air, travelling longitudinal sound waves propagate away from the instrument to our ears.
&3 It can stimulate discussion if students bring different musical instruments into the laboratory
to compare how the sounds are made and how the frequencies are controlled, A frequency
analysis can be particularly interesting (as Figure 497a). Conversely, there are computer programs
that enable the synthesis of sounds by adding together (superposing) basic waveforms.

Relative amplitude

T T 7 7 7 ]
100 200 300 400 500 600 700 800

Frequency/Hz
W Figure 4.97a Frequency spectrum from a guitar string B Figure 4.97b Creating standing
waves on a cello

There are close links between standing waves in strings and Schrodinger's theory for the probability
amplitude of electrons in the atom. Application to superstring theory requires standing-wave patterns in 11
dimensions. What i the role of reason and imagination in enabling scientists to visualize scenarios that are
‘beyond our physical capabilities?

Standing waves on strings can only have one of a series of well-defined and mathematically related
frequencies. After it was discovered that an electron can only exist in hydrogen in one of a series of
mathematically related energy levels, it was realized that standing-wave theory could be applied to atoms.
However, that should not imply that there are physical similarities.

LEWIER RSl Common reasoning processes
The connections between simple musical notes and mathematics have been known for more
than 2000 years. Pythagoras s often credited with being the first to appreciate this relationship,
in about the year 600 BCE. Whether this is true or not, the ‘Music of the Spheres’ was a long-
established and foresighted philosophy that sought to find number patterns and harmonies, not
only in music but in the world in general and also in astronomical observations.

Ideas related to standing waves can be identified over a period of more than 2500years,
from ancient musical instruments all the way through to the way electrons fit into atoms and
the very latest superstring theories of everything. This is a common theme of the various areas of
knowledge within science: a shared terminology and common reasoning process develops and
evolves over time. When faced with a new discovery, or innovation, our natural instinct is to
interpret it in terms of existing knowledge,
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B Standing sound waves in pipes

Air can be made to vibrate and produce standing longitudinal sound waves in various containers
and tubes. The sound produced by blowing across the top of an empty bottle is an everyday example
of this. Many musical instruments, such as a flute or a clarinet, use the same idea. For simplicity,

we will only consider standing waves i pipes of uniform shape (somerimes caled air cohmms)

As with strings, in order to understand 1
' can be produced, we need to consider the length of the pipe and the boundary
conditions.

This is illustrated in Figure 498. In diagram a, the pipe is open at both
ends, so it must have antinodes, A, at the ends, and at least one node in

etween. In diagram b, the pipe is open at one end (antinode) and closed at
. ~ b In diagram b, the pipe is op d (antinode) and closed
" the other end (node, N). In diagram c, the pipe is closed at both ends, so it

must have nodes at the ends and at least one antinode in between.
Figure 499 shows the first three harmonics for a pipe open at both ends.

. || The wavelength of the first harmonic (cwice the distance between adjacent
. nodes or antinodes) is 2L (Note that drawings of standing longitudinal waves

-~
W Figure 4.98 Nodes and antinodes at
the ends of open and closed pipes

 Figure 499 The
first three harmonics
ina pipe open at
both ends

W Figure 4100
Harmonics in a pipe
open at one end

can be confusing: the curved lines in the diagram are an indication of the
amplitude of vibration. They should not be mistaken for transverse waves.)
A pipe closed at both ends also has a first harmonic with a wavelength of 21

st harmonic Jo=2f

2nd harmonic

2
)

3rd harmonic

Figure 4.100 shows the first three possible harmonics for a pipe open at one end and closed at the
other. Only odd harmonics are possible under these circumstances. The first harmonic has a
wavelength of 4l.

1

i=a

st harmonic >‘ frequeny =1
=3t

3rd harmonic fequency = 3,
=31

Sth harmonic ———
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Figure 4.101 shows a way of demonstrating standing waves with sound. A speaker is placed close
«,:\}v to the open end of a long transparent pipe that is closed at the other end. Some powder is
scattered all along the pipe and when the loudspeaker is turned on and the frequency carefully
adjusted, the powder is seen to move into separate piles. This is because the powder tends to move
from places where the vibrations are large (antinodes) to the nodes, where there are no vibrations.
M Figure 4.101
Demonstrating a
standing wave with a
loudspeaker

wires to
signal
generator heaps of powder

Another way of demonstrating standing waves of air in a pipe is by using a tuning fork, as
shown in Figure 4.102. A vibrating tuning fork is held above the open end of a pipe. The pipe is
open at the top and closed at the bottom by the level of water. The height of the pipe above the
water is slowly increased until a louder sound is heard, which occurs when the tuning fork’s
frequency is the same s the frequency of the first harmoniic of the air column. If the height of
the pipe above water is increased again, then further harmonics may be heard.

W Figure 4102
Demonstrating
standing waves with

—_—

second position

atuning fork where loud
sound is heard
vibrating
tuning fork |
A
first position
where loud vibrating

sound is heard air column

water

—

Measurements can be made during this demonstration that will enable a value for the speed of
sound to be determined. Alternatively, if the speed of sound in air is known, the experiment can
be used to determine the frequency of a tuning fork.

Worked example

13 2 If the tuning fork n Figure 4.102 had a frequency of 659z, calclate the length L. (Assume the speed
of sound in air is 340ms)
b How far will the pipe need to be raised to obtain the next position when a loud sound is heard?

_ ﬁ—osiem

This wavelength will be four times the length of the tube (see Figure 4.100).
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In reality this is only an approximate answer because antinodes do not occur exactly at the open
ends of tubes. (f a more accurate answer is needed in a calculation, i is possible to use an ‘end
correction’, which is related to the diameter of the tube)

o

Refer to Figure 4102, I the first position, the air column contains one-quarter of a wavelen
In the second position, the air column contains three-quarters of a wavelength. Therefore, ft must
have been raised half a wavelength, or 0.258m

B Summary of the differences between standing waves and
travelling waves

Standing waves Travelling waves
Wave pattern standing (stationary) traveling (progressive)
Energy transfer no energy is transferred energy is transferred through the medium
Amplitude (assuming no energy  amplitude at any one place is constant all oscillations have the same amplitude
dissipation) but it varies with position between nodes;

maximum amplitude at antinodes, zero

amplitude at nodes
Phase all oscillations between adjacent nodes are  oscilltions one wavelength apart are in

phase; oscillations between are not in phase

Frequency all oscilations have the same frequency all oscilations have the same frequency
Wavelength twice the distance between adjacent nodes _ shortest distance between points in phase

B Table 4.3 Comparison of standing waves and travelling waves

63 Afirst harmonic is seen on a string of length 123cm at a frequency of 23.8Hz.
2 Whatis the wave speed?
b Whatis the frequency of the third harmonic?
 Whatis the wavelength of the fifth harmonic?

64 & What is the phase difference between two points on a standing wave which are:

i one wavelength apart
ii half a wavelength apart?

b The distance between adjacent nodes of the third harmonic on a stretched string is 18.0.cm, with a
frequency of 76.4 Hz. Sketch the waveform of this harmonic.

 On the same drawing add the waveforms of the first harmonic and the fourth harmonic.

d Calculate the wavelength and frequency of the fifth harmonic

& What was the wave speed?

65 a The top of a vertical chain of length 2.1 m is shaken from side to side in order to set up a standing wave.
Assuming that the wave speed along the chain is a constant 5.6ms™, what frequency will be needed to
produce the second harmonic?

b In fact, the wave speed along the chain will not be constant and this will result in a standing wave of
varying wavelength. Suggest a reason for the variable speed.

66 A certain guitar string has a first harmonic with a frequency of 262 Hz.
a If the tension in the string s increased, suggest what happens to the speed of waves along it.
b If the string is adjusted so that the speed increases, explain what will happen to the frequency of the
first harmonic.
¢ Suggest why a wave will ravel more slowly along a thicker string of the same material, under the same

tension.

d Explain why thicker strings of the same material, same length and same tension produce notes of lower
frequency.

67 Sketch the first three harmonics for a pipe that s closed at both ends

68 Aand B are two similar pipes of the same length. A is closed at one end, but B is open at both ends. If the
frequency of the first harmonic of A is 180 Hz, what is the frequency of the first harmonic of B?
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69 If the frequency used in the demonstration shown in Figure 4.101
was 6.75 kHz and the piles of powder were 2.5 cm apart, what was
the speed of the sound waves?

70 What length must an organ pipe (open at one end, see Figure 4.103)
have i it i to produce a first harmonic of frequency 90 Hz? (Use
speed of sound = 340ms")

71 An organ pipe open at both ends has a second harmonic of
frequency 228Hz.
a What isits length?
b What is the frequency of the third harmonic?
© What is the wavelength of the fourth harmonic?
d Suggest one advantage of using organ pipes that are closed at
one end, rather than open at both ends;

72 & In an experiment stch as that shown in Figure 4.102 using a
tuning fork of frequency 480 Hz, the fist harmonic was heard
when the length of the tube was 18.0.cm. Use these figures to
determine a value for the speed of sound in air = Figure 4103 On this

b The experiment was repeated with a different tuning fork of
unknown frequency. If the third harmonic was heard when the Ehireh oAt the weoden
length of the air column was 101.4cm, what was the frequency
of the tuning fork?

pipes are open at one end
and the metal pipes behind
are open at both ends

Designing microwave ovens

The frequency of the microwaves that are used to cook food is chosen so that they are absorbed
by water and other polar molecules in the food. Such molecules are positively charged at one
end and negative at the other end. They respond to the oscillating electromagnetic field of the
microwave by gaining kinetic energy because of their increased vibrations, which means that
the food gets hotter. Most microwave ovens operate at a frequency of 2.45GHz. This frequency
of radiation is penetrating, which means that the food is not just heated on the outside.

To ensure that the microwaves do not pass out of the oven into the surroundings, the walls,
floor and ceiling are metallic. The door may have a metallic mesh (with holes) that will reflect
microwaves, bu allow light to pass through (because of its much smaller wavelength), so that
the contents of the oven can be seen from outside.

The microwaves reflect off the oven walls, which means that the walls do not absorb energy,

as they do in other types of oven. The ‘trapping’ of the microwaves is the main reason why

microwave ovens cook food quickly and efficiently. However, reflected microwaves can

combine to produce various kinds of standing wave in the oven and this can result in the

food being cooked unevenly. To reduce this effect the microwaves can be stirred by a rotating

deflector as they enter the cooking space, or the food can be rotated on a turntable or stirred
hand.

1 Calculate the wavelength of mictowaves used for cooking.

2 Design an experiment that would investigate if there were significant nodes and antinodes
in a microwave oven. How far apart would you expect any nodes to bel
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Examination questions — a selection

Paper 1 1B questions and IB style questions

Q

Q2

Q3

A transverse wave is travelling along a stretched rope. Consider two points on the rope that are exactly half
a wavelength apart. The velocities of the rope at these two points are always:

A the same as each other

B constant

C in opposite directions

D in a direction that is parallel to the direction in which the wave is travelling.

The graph represents a sound wave moving through air. The wave is moving in the direction shown by the
arrow. Consider point A.

Air pressure
+ —

normal air
pressure

Distance
along wave

The pressure of the air at A is:
zero

always constant

about to increase

about to decrease.

transverse progressive wave is being transmitted through a medium. The wave speed is best described as:
the speed at which energy is being transferred
the average speed of the oscillating particles in the medium
the speed of the medium
the speed of the source of the waves.

UNnwR> UNnw

Light waves of wavelength 2, frequency f and travelling at speed c enter a transparent material of refractive
index 1.6. Which of the following describes the wave properties of the transmitted light waves?
A wavelength 1.61; speed ¢

B frequency 1.6f; speed %

C wavelength

16 frequency f

D wavelength 4; speed %

When plane wavefronts meet an obstacle they may be diffracted. Which of the following diagrams is the
best representation of this effect?

| !
[Im—ll
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Q6 Which of the following is a possible definition of the wavelength of a progressive (travelling) transverse wave?
A the distance between any two crests of the wave
B the distance between a crest and an adjacent trough
C the amplitude of a particle in the wave during one oscillation of the source
D the distance moved by a wavefront during one oscillation of the source

Q

<

The diagram shows a pulse travelling along a rope from X to Y. The end Y of the rope is tied to a fixed
support.

When the pulse reaches end Y it will:
A disappear
B cause the end of the rope at Y to oscillate up and down
C be reflected and be inverted
D be reflected and not be inverted.
© 1B Organization

Q

®

Unpolarized light of intensity /, is incident on a polarizer. The transmitted light is then incident on a second
polarizer. The axis of the second polarizer makes an angle of 60° to the axis of the first polarizer.

second polarizer

first polarizer
unpolarized light

The cosine of 60° is % The intensity of the light transmitted through the second polarizer is:
ly Iy ly
Al B2 €2 D2
© 1B Organization
Q

©

Which of the following describes standing waves on stretched strings?
A Al points on the waves move with the same amplitude.

B All points on the waves move with the same phase.

C Al points on the waves move with the same frequency.

D The wavelength is the distance between adjacent antinodes.

Q10 A source of sound of a single frequency is positioned above the top of a tube that is full of water. When
the water is allowed to flow out of the tube a loud sound is first heard when the water is near the bottom,
as shown in all the diagrams. Which diagram best represents the standing wave pattern that produced that
loud sound?

A B C D
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Q11 The intensity of a sound at a distance of 2m from a point source is 1.8 x 10~*Wm=2. Which of the
following is the best estimate of the intensity (/10-* W m=2) 6m from the source? Assume that there is no
absorption of the sound in the air.

A 09 B 0.6 c 03 D 0.2

Q12 Light may be partially polarized when it is reflected off a surface. Which of the following statements about
this effect is correct?
A The material must be a metallic conductor.
B The material must be transparent.
C The amount of polarisation depends on the angle of incidence.
D The effect only occurs for light over a threshold frequency.

Q13 Under certain conditions light travelling in a medium surrounded by air may be totally internally reflected.
This effect can only occur if:
A the medium in which the light is travelling has a refractive index of less than 1
B the light strikes the surface of the medium with an angle of incidence greater than the critical angle
C the speed of the light in air is less than the speed of the light in the medium
D the light is monochromatic.

Paper 2 IB questions and IB style questions

Q1 a Graph 1 below shows the variation of time t with the displacement d of a travelling (progressive) wave.
Graph 2 shows the variation with distance x along the same wave of its displacement d.

Graph 1
E 4 T T T
3,0

i State what is meant by a travelling wave.
i Use the graphs to determine the amplitude, wavelength, frequency and speed of the wave.

S



Examination questions 201

b The diagram shows plane wavefronts incident on a boundary between two media A and B.

|
i
medumA |
mediumB |
|

|

|

|

i

The ratio refractive index of medium B/refractive index of medium A is 1.4.
The angle between an incident wavefront and the normal to the boundary is 50°.

i Calculate the angle between a refracted wavefront and the normal to the boundary. 3)
ii Copy the diagram and construct three wavefronts to show the refraction of the wave at
the boundary. 3)

© 1B Organization

Q2 An object is vibrating in air. The variation with displacement x of the acceleration a of the object is
shown below.

a State and explain two reasons why the graph indicates that the object is executing simple

harmonic motion. @)
b Use data from the graph to show that the frequency of oscillation is 350 Hz. (@)
¢ The motion of the object gives rise to a longitudinal progressive (travelling) sound wave.
i State what is meant by a longitudinal progressive wave. 2
i The speed of the wave is 330 ms~'. Using the answer in b, calculate the wavelength of the wave. (2)
© 1B Organization
Q3 A standing wave of sound is set up in an air column of length 38cm that is open at both ends.

a Write down two ways in which a standing wave is different from a travelling wave. (2)
b If the speed of sound is 340ms=", what is the frequency of the standing wave? )



Electricity and magnetism

ESSENTIAL IDEA!

= When charges move, an electric current is created.

= One of the earliest uses for electricity was to produce light and heat; this technology
continues to have a major impact on the lives of people around the world.

= Electric cells allow us to store energy in a chemical form.

= The effect scientists call magnetism arises when one charge moves in the vicinity of
another moving charge.

5.1 Electric fields -when charges move, an electric current is created

B Charge

Electric charge is a fundamental property of some sub-atomic particles, responsible for the forces
between them. Because there are two kinds of force (attractive and repulsive), we need two
kinds of charge to explain them. We call these two kinds of charge positive charge and negative
charge, The description of charges as ‘positive’ or ‘negative’ has no particular significance, other
than to suggest that they are two different types of the same thing.

Charge is measured in coulombs, C. In the macroscopic world, one coulomb is a large
amount of charge for an isolated ‘charged’ object and therefore we often use microcoulombs
(1uC = 1075C) and nanocoulombs (1nC = 10°C).

‘All'protons have a positive chatge of +1:60 X 10-0C atd all eléétions have a negative
charge of ~160 x 10-1°C. This value for the basic quantity of charge is given in the Physics data
booklet. Neutrons do not have any charge; they are neutral.

Charge is generally given the symbol Q, but g is also commonly used to represent the charge
on an individual particle. The charge on an electron is represented by the letter e. One coulomb
of negative charge s the total charge of 6.25 x 10% electrons (1/(1.60 x 10-1%)).

‘When electrons are added to or removed from a neutral atom or molecule, it is then called an
ion. This process is called ionization.

Law of conservation of charge

When more and more charged particles come together, the overall charge is found by simply
adding up the individual charges, taking their signs into account. For example, a certain
chlorine atom containing 17 protons (17 x (+1.6 x 10°C)), 18 neutrons (0C) and 17 electrons
(17 x (=1.6 x 107°C)) has no overall charge. The atom is neutral. If an electron were to be
removed, however, it would become a positively charged ion of charge +1.6 x 10-°C.

The charge on electrons and protons ( 1.6 x 10°C) is the basic quantity of charge. It is not
possible to have a smaller quantity of charge than this in a free particle. All larger quantities of
charge consist of various multiples of this fundamental charge. For example, it is possible for the
charge on a particle to be 16 x 10719C, 3.2 x 1079C, 4.8 x 10"°C, 64 x 10°C and 5o on, but
intermediate values (for example, 2.7 x 10°C) cannot exist. For this reason, charge is said to be
quantized.

The law of conservation of charge states that the total charge in any isolated system remains
constant.

It is thought that the universe contains (almost) equal amounts of positive and negative charge,
so that the total charge is zero. Under certain circumstances it may be possible to create or
destroy individual charged particles, but only if the total charge of the system involved remains
unchanged.
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F f Conservation v Terblsare verpnsilronlifos dhydciins, Bresamgle, 8
- (O there are two isolated, identical spheres and one is charged with 4.6 x 10°9C and
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Fundamental forces between charges

If a particle has a positive charge it will artract a particle that has a negative charge,
whereas similarly charged particles (for example, two positive charges) will repel each
other. These fundamental forces of nature are called electric forces and they are
illustrated in Figure 5.1.

W Figure 5.1 Electric forces
between similar and opposite
charges

Opposite charges attract; like charges repel.

Charging and discharging

Everyday objects contain an enormous humber of charged particles (protons and electrons),
with approximately equal numbers of positive and negative charges. When we talk about a
(previously neutral) object becoming charged, it will be because a very large number of electrons
have been added to it or removed from it. One common way for this to happen is by friction,
such as when brushing dry hair with a plastic brush, as shown in Figure 5.2. If electrons are
transferred in the process, one object (such as the hair brush) gains electrons, becoming
negatively charged, while removing electrons from the other object (the hair), leaving it with a
positive charge. The two objects then attract each other. In this example, individual hairs with
similar charge are repelled from each other. Protons, unlike electrons, are located in the nuclei
of atoms and cannot be separated and moved from their positions, so they are not involved in
producing electrostatic effects.

 Figure 5.2 When
you brush your hair,
individual hairs may
move apart because
of the repulsion
between similar
charges

Electrostatic effects tend to be noticeable under dry conditions and on insulators, rather than
conductors. (Conductors and insulators will be discussed in greater depth later in this chapter
see page 209.) This is hecause electrons move quickly through a metal conductor to discharge
a charged object. If we want to be sure that there is no charge on an object, we make a good
contact between the object and the ground. This is called earthing.

Large-scale electrostatic effects can be unwanted and even dangerous. For example, cars
and planes can become charged as they move along the ground or through the air, and this can
be a problem when they stop for refuelling — any sparks from a charged vehicle might cause an
explosion of the fuel and air. This risk can be prevented by making sure that the vehicle and the
fuel supply are well earthed.
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M Electric field

We have seen that any charge will exert a fundamental electric force on any other charge in

the space around it (without the need for any physical contact). It should be clear that the space
around a charge is not the same as a space where there is no charge. We say that an electric field
exists in the space.

An electric field is a region of space in which a charge experiences an electric force.

In a similar way, a gravitational field exists in a region of space in which a mass experiences a
gravitational force (see Chapter 6). We are all aware of the gravitational field around the Barth,
but we also live in electric and magnetic fields.

Figure 5.3 shows the results of a demonstration of an electric field pattern around two
charged points, The pattern was produced by using semolina seeds on oil. Readers may be
familiar with magnetic fields of similar shape, produced with iron filings.

M Figure 5.3 Demonstration of an electric field pattern

Electric field strength is defined as the force per unit charge that would be experienced by a
small positive test charge placed at that point.

Reference is made here to a ‘small positive test charge’ because a large test charge (compared to
the charge creating the original field) would disturb the field that it is measuring. In fact, even a
small test charge would probably affect accurate measurement, so this definition may be viewed
as theoretical rather than a practical means of measuring electric field strength.

Electric field strength is given the symbol E and has the unit newtons per coulomb, NC-.

electric force

electric field strength =
arge

This equation is given in the Physics data booklet.

Electric field strength can be compared with gravitational field strength, g, which was
briefly mentioned in Chapter 2 (g = gravitational force/mass). It is an easy matter to measure
the Earth’s gravitational field strength: simply determine the weight of a known mass. Similarly,
in principle it should be easy to estimate the strength of an electric field by directly measuring
the force on a small test charge placed in the electric field. In practical situations, however,
this is not easy because the force will be very small and the charge will probably not remain
constant.

Field strength is a vector quantity; it has a direction, the direction of force. For a gravitational
field the force is always attractive and the direction is obvious. However, the direction of force
in an electric field will depend on the sign of the test charge. By convention, the direction of
the field is chosen to be that of the force acting on a positive charge placed in the field (as in the
definition above).
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W Figure 5.4 The
arrows represent the
electric fields acti

Worked example

1 What force will be experienced by a charge of +6.3C placed at a point where the electric field strength
is 410NC1?

= Fsor-kg
=410 x (6.3 x 10-6)
=26x102N

Combined electrical fields

/At any point on a straight line that passes through two point charges, we can calculate the
magnitude of the combined field simply by adding the individual fields, taking their directions
into account, The resultant is always directed along the line between the point charges.
Consider Figure 54a. It shows two positive charges, A and B, and a test charge +q in various
positions. The direction of the field is the direction of the force experienced by the positive test
charge. Along the line to the left of A, both fields are acting in the same leftwards direction.
The field due to A will probably be stronger, unless B is a much bigger charge than A. Similarly,
to the right of B, the fields are both acting in the same direction. To the left of A and to the
right of B the combined field will be stronger than either individual field.

Between A and B the two fields act in opposite directions and there must be a position where
the resultant electric field is zero. If the two charges are equal in magnitude as well as sign, this
position will be the midpoint between them. If one charge is larger than the other, then the zero
electric field will occur closer to the smaller charge.

a Similar charges

the two point
charges: a Aand B,
bPandQ

Ea A Ey E, 8
e ® @
alongaline between £, *d +q
b Opposite charges
E E é & % & £y
o —
+q E 9 +q

In Figure 54b the two charges have opposite signs and, at any point on the line between them,
the two fields will combine to give a stronger electric field. To the left of P and to the right of Q,
the individual fields act in opposite directions and the combined electric field will be reduced.
If the two charges have equal magnitudes, the combined field will never reduce to zero, but the
field may be reduced to zero if one charge is greater than the other.

Experimental investigation of electrical fields in school laboratories is difficult. The use of
computer simulations is recommended as an alternative because the combination of two or more
electric fields can be investigated quickly and easily.

1 Describe and explain any one electrostatic event that you have experienced in your everyday lfe.

2 a Whatis the magnitude of an electric field at a point where a test charge of 47 nC experienced a force of
67 x105N?
b If a charge of 0.28}iC was placed at the same point, what force would be exerted on it?

3 The electric field close to the Earth's surface is widely quoted to have a value of about 150NC-1
downwards.
2 Calculate the force on an electron in a field of this strength.
b Compare your answer to the downwards force on the electron due to the gravitational field (that i, the
electron’s weight).

4 Suggest reasons why experimental investigations of electrical ields in school laboratories can be difficult
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5 The electric field strength at a certain point is 2.6 x 108NC- acting to the north,
a If this field is combined with another field of strength 4.3 x 105N C! acting towards the south, what
is the combined field strength?
b Determine the magnitude of the resultant electric field if a third field of strength 3.5 x 108NC- to
the east s also applied at the same point.

W Coulomb’s law =
The greater the distance between two charged objects insulating rod

(or particles), the smaller the electrical force between

them. &

Figure 5.5 shows how the relationship between force
and separation might be tested for two charged spheres.
Tiwo conducting spheres are charged and an electric top-
pan balance is used to measure the change in force as the
spheres are moved closer together or further apart. nsulating

Experiments confirm that the relationship between support
force and distance follows an inverse square law (as
discussed in Chapter 4). This is because the electric
fields around charged points spread out equally in all
directions. This is represented by vector arrows in

Figure 5.6. top-pan

More detailed experiments show that: balance
F = constant x @
T W Figure 5.5 Testing Coulomb’'s law
whete g and gyare the two charges and 7 is the distance  using a top-pan balance to measure
between them. the force between known charges

This relationship applies only for charges
concentrated at a point. However, charged spherical objects behave as if all their charge were
concentrated at a point (the centre of the sphere).

 Figure 5.6 The separation £
repulsive force 3 & Torce 4F
varies with distance ) )
i ! r ;
between similar F mm— F separation r
charges - the vector ) — b
arrows are not drawn i i
toscale ! '
separation 2r
@ 3 force £

Putting in the symbol k for the constant (the Coulomb
constant), we get:

949;
E=k=t
This is called Coulomb’s law and it is given in
the Physics data booklet, along with the value of k
(=899 x 1°Nm2C).

The law was first published by Charles Augustin de
Coulomb (Figure 5.7) in 1783.

B Figure 5.7 French physicist Charles
Augustin de Coulomb (1736-1806)
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Worked examples

2 What is the electric force on a negatively charged sphere, which has a charge of 0.82uC, placed with its
centre 21 cm away in air from the centre of a sphere charged with +0.47 uC?

992

F=k 2

£ B99x 10982107 @47 x107)
B 0.217

F=0079N

The same force acts on both spheres, but in opposite directions.

w

Figure 5.8 shows two equally charged balls of the same mass
suspended from the same point. They both hang at the same
angle to the vertical.

Draw diagrams to show what would happen if:
a ball 1 was replaced with a heavier ball with the same charge
b the charge on the original ball 1 was doubled.

a Ball 1 would hang at a smaller angle. Ball 2 would be
unchange

b The force on both balls would be bigger, so they would
both hang at the same, larger angle to the vertical.

WFigure 5.8

Permittivity
The Coulomb constant is sometimes expanded to the form given below. This equation is given
in the Physics data booklet.

ey
T

The %n indicates the radial nature of the force and g, represents the electric properties of free
space (a vacuum). &, is called the electrical permittivity of free space’ and has a value of
885 x 1012C2N m2(as given in the Physics data booklet).

Electric forces and fields can pass through a vacuum and the permittiviy of free space, &, is a
fundamental constant that represents the ability of a vacuum to transfer an electric force and field.

The permittivities of other substances are all greater than &, although dry air has similar
electrical properties to free space. This means that the force between two charges in air would
be reduced if the air was replaced by another medium.

The permittivity of a medium, &, is divided by the permittivity of free space to give the
relative permittivity, &, of the medium. Some examples are shown in Table 5.1. (Relative
permittivity is sometimes known as the dielectric constant of the medium.)

relative permittivity = permittivity of medium/permittivity of free space

Because it is a ratio, relative permittivity does not have a unit. For example, if the permittivity of
a certain kind of rubber was 5,83 x 10-1 C2N-! m, its relative permittivity would be:
583 x 1071
8.85 x 10712

Using relative permittivity, the general equation for the force between two charges in any
medium becomes:

=6.59

992

B
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Note that the last two equations are not given in the Physics data booklet.

Free space (a vacuum) 1 (by definition)
dry air 1.0005
polythene 2
paper 4
concrete 4
rubber 6
water 80
B Table 5.1 The imate relative permittivities of insulators

6 a How far apart in air would two point charges of 160nC have to be
in order that the force between them was 1.0N?
b Would you expect the force to increase or decreaseif a 1.cm thick
book was placed between the charges? Explain your answer.
 Suggest an approximate value for the new force.
d Give reasons why a precise value cannot be given for ¢.

7 In an attempt to observe and determine a value for a small electric
force, a student set up an experiment as shown in Figure 5.9. Aand B
are two equally charged spheres. A s fixed in position, but B is free to
swing away on the end of an insulating thread.

a Draw a free-body diagram of sphere B.
b Calculate the horizontal force repelling B away from A.

length 73cm

Calculate the ch the sph

¢ Calculate the charge on the spheres. Q S—
& Calculate the resultant electric force on charge B shown in "
Figure 5.10.
® Figure 5.9

A 8am £ 12cm &
+40nC -6.0nC +80nC
u Figure 5.10

9 Four equal charges of 0.14uC are fixed in position at the comers of a square of sides 25 cm. Calculate the
resultant electric force on any one charge.

10 A proton has a charge of +1.6 x 10-1°C and the charge on an electron is ~1.6 x 10-19C. Estimate the
electric force between these two particles in a hydrogen atom, assuming that they are 5.3 x 10-'' m apart.

11 Outline how you wouid use the apparatus shown in Figure 5.8 to determine the relationship between
force and distance between two charged spheres.

12 The gas freon has a relative permittivity of 2.4. Calculate its permittivity in C2N-"m=2.
13 Explain why Table 5.1 only lsts the relative permittivities of insulators.

B Electric current

If charged particles can be made to move (flow)
from one place to another, they can transfer
useful energy. That electrical energy can then be
converted to other useful forms in devices like
motors, heaters and computers. A flow of charge
is called an electric current. Electric cables, like
those shown in Figure 5.11, transfer large amounts
of energy around countries.

 Figure 5.1 An electricity pylon of
interesting design carrying electrical cables
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The ability of electricity to be transmitted and transferred to other forms and to improve
human lives cannot be underestimated, but it is thought that about 20% of the world’s
population still lives without electricity delivered through cables to their homes (see Figure 5.12).

The burning of oil and gas to generate electricity has very important and long-lasting
implications (including climate change). This urgent issue, which affects everyone, is discussed
at length in Chapter 8.

 Figure 5.12 Around
20% of people in the
world live without
mains electricity

Conductors and insulators

Currents can be made to flow around complete electric circuits because the wires and
components are good conductors of electricity. An electrical insulator is a material through
which currents cannot flow easily.

For a solid to be a good conductor it needs to contain a large number of electrons that can
move around freely. Metals are good conductors because they contain large numbers of free
electrons, which are not bound to any particular atom. Such electrons are sometimes described
as being delocalized. Insulators have relatively few free electrons. Semi-conductors, such as
silicon and germanium, have properties between these extremes and, importantly, their ability
to conduct is easily altered by adding small amounts of impurities or by changing external
properties such as temperature or light level.

When most solids gets hotter, the increasing vibrations of the atoms, ions or molecules get
in the way of any electrons that are moving through the material, tending to make it a worse
conductor. But in insulators and semi-conductors, the extra internal energy frees some electrons
from their atoms and consequently the material may become a better conductor.

In solids, the atoms, ions or molecules cannot move around freely, so a flow of positive
charges is not possible, but the structure of metals means that some electrons are free to move.
Figure 5.13 shows free electrons moving through a metal. The electrons represent an electric
current flowing through a conductor, Even when a current is not flowing, the free electrons are
still moving around randomly at very high speeds, like molecules in a gas.

W Figure 5.13 Electric
current flowing
through a metal

connected to connected to
negative terminal positive teminal
of battery of battery

@ positive metal ions & negative free electrons
vibrating in fixed positions in an electric current

The transfer of energy in electric circuits involves the movement of electrons. The energy is
transferred from the energy source (such as a battery) to one or more components in the
circuit. These components transfer the electrical energy into another form of energy, which
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 Figure 5.14

An electric circuit, a,
can be compared toa
water circuit, b.

Nature of Science

battery provides a
potential difference

[ electrons in
wires

energy s transferred
toa lamp

B pump provides a
pressure difference

| waterin
pipes

energy is transferred
‘to water wheel

Modelling in things we cannot see

can be put to good use. For example, a battery

in a torch transfers chemical energy to electrical
energy, and that energy is then transferred to
light energy and internal energy in the torch
bulb. Remember that electrons are present all
around circuits all the time; they do not originate
in the battery.

It may be useful to compare a battery in an
electric circuit to a pump forcing water around
pipes in a water circuit, as shown in Figure 5.14.
The pump provides a pressure difference that
moves the water. The water is then able to do
useful work (maybe turning a water wheel) as it
moves around the circuit. In an electric circuit,
the battery is considered to provide a voltage
(also called a potential difference). This idea will
be discussed further later in this chapter.

‘We cannot see a flow of electricity, unlike a flow of water, which can make electricity a difficult
subject to study. Bu, more than that, an understanding of electricity requires an acceptance of a
theory (model) about the fundamental paxucula{e structure of matter and the nature of atoms.

Trying to explain everyday

by developing theories about the

behaviour of microscopic particles that we cannot even see is a common activity among

scientists. Understanding the nature of an electric current is just one example of t

but there

are many other examples in which students of physics need to accept models of reality that they
cannot see with their own eyes; the nature of electromagnetic waves for example, or the kinetic
theory of gases. The scientists who have developed these models deserve great respect because

of their considerable insight and imagination.

In the absence of a better model, it is sensible to accept the current model for conduction in
metals, most especially because the model has been verified by countless experiments over many

years, all of which have failed to disprove it.

Defining electric current

Electric current (given the symbol I) is the rate of flow of charge, defined by the equation

current = .
time

L
=

charge flowing past a point

This equation is given in the Physics data booklet.

The unit of current is the ampere, A, which is usually shortened to amp. If one coulomb
of charge passes a point in a circuit in one second, we say that the current is one amp (1 A =
1Cs™). The units mA and pA are also in common use. A current of 1A in a metallic conductor
means that 6.25 x 10'® electrons are passing a point every second.

The ampere is one of the fundamental units of the SI system. It is defined in terms of the force
per unit length between current-carrying conductors, The coulomb is a derived unit defined in
terms of the amp: one coulomb is the charge flowing per second if the current is one amp.
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Direct current (dc)
A current that always flows in the same direction around a circuit is called a direct current (dc).
Batteries supply de. If a current repeatedly changes direction, it is called an alternating current
(ac). Usually de is more useful than ac, but most electrical energy is transferred around countries
and to our homes using alternating currents and high voltages because less energy is wasted to
thermal energy (see Chapter 11).

‘When drawing circuits, it is common to draw an arrow to show

e
1" the direction of flow of a direct current, but this cannot be done
- ¢ . H >
current is always for alternating currents. For reasons of consistency, direct electric
shown flowing from 3 " o o
A—Sonn oo fom  current is aluays shown flowing around the circuit from the positive
- Found the cioit . terminal of the battery, or other energy source, to the negative
terminal, This is the direction in which mobile positive charges
would move (if they could). Because electric currents in solids are
electrons flow from flows of negatively charged electrons, the arrows are in the opposite
negative to positive = G
direction from the movement of electrons (as shown in Figure 5.15).
1 Figure 515 Convstional current flow The meaning of the positive and negative signs on batteries will be
is from positive to negative around the circuit discussed later in this chapter (see Section 5.3).

ToK Link

Names, labels and conventions should not be confused with understanding

Early scientists identified positive charges as the charge carriers in metals, however the discovery of the
electron led to the introduction of ‘conventional’ current direction. Was this a suitable solution to & major
shift in thinking? What role do paradigm shifts play in the progression of scientific knowledge?

Atoms consist of a central nucleus containing positively charged protons, with negatively charged electrons
around the outside. This is our understanding of atoms — and indeed what we teach in schools — but is

this a scientific fact? If, instead, scientists said that electrons were positively charged and protons were
negatively charged, it would not make any difference to our understanding of the universe. (in fact, negative
protons and positive electrons can exist — they are called antimatter.)

The use of the terms positive and negative is just a way of describing the way in which they interact
(such as positive attracts negative); reversing the labels does not change the meaning. But without
using terms like these we would not be able to transfer our knowledge of fundamental physics to other
people easily.

By agreement, the ‘conventional’ direction of electric current was chosen to be from positive to negative
more than 200years ago, a long time before the nature of an electric current was understood. After it

was discovered that the currents in metallic conductors are actually a flow of negatively charged electrons
(from negative to positive), there was no need to change the conventional direction that, under most
circumstances, had been in use for a long time. As a result, the same convention remains in use today,
despite the fact that it is not strictly ‘true’. (Remember, however, that some electric currents are a flow of
positive ions.)

Measuring electric currents with ammeters
A2 Ammeters are the devices used to measure electrical currents. If we want to measure the current
AEHE)  ina connecting wire in the circuit shown in Figure 5.15, an ammeter must be connected as shown
in Figure 5.16. Because the battery produces a direct current, the ammeter
- black ()  must be connected the correct way around and this is indicated by the
4{ terminal labelling, or colours, on the ammeter terminals. A red (+) terminal indicates
that that side of the ammeter should be connected to the positive side of the
° ammeter  battery. A typical laboratory has a selection of ammeters with different ranges
Ko and sensitivities and it is important to choose the correct ammeter for any

K red (+) particular circuit. Alternating currents cannot be measured using dc meters.
Teominl When an ammeter is added to a circuit, it should not affect the current
W Figure 5.16 Measuring current with an that it is trying to measure. This means that an ammeter needs to be a very

ammeter good conductor of electricity.
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Nature of Science

area, A

14 & How much charge flows through a lamp in one second if the current is 0.25A7
b How many electrons will have flowed through the lamp in this time?

15 & How much charge has passed through a battery in one hour f the current is 120mA?
b How long will it take for a total charge of 100C to flow through the battery?

16 Find out how it s possible for an electric current to flow through a fluorescent lamp.

17 Many people think that electricity pylons are ugly. Figure 5.11 shows a more interesting design but one
which, no doubt, is much more expensive than usual.

a Suggest why this is an expensive design.
b Make a sketch of a pylon design that you hope could be practicable, good to look at and affordable.

The observer effect

When taking any scientific measurement there is always the
possibility that the act of taking the measurement will change
what is being measured. In this section, the use of electric meters
i discussed but there are many other examples, including the
use of thermometers and pressure gauges. When measuring

the pressure in a car tyre, as in Figure 5.17, some of the air in
the tyre must flow into the pressure gauge. This will result in a
reduction of pressure, although admittedly it will probably be a
very small change. Doctors are well aware that a patient’s blood
pressure may well rise when it is being measured because of
psychological effects.

B Figure 5.17 Measuring
the air pressure in a car tyre

18 Explain how the use of a thermoreter may affect the temperature that it is being used to measure.

19 Give another example of the ‘observer effect’ (other than those already mentioned).

How fast does electricity flow?

This interesting question has more than one answer. In our modern world, we have all become
dependent on the fact that electric circuits can provide ‘instant’ power and communications. It is
worth considering how this is possible.

A current in a metal wire is a flow of free electrons, so one way to answer this question is to
consider the speed of the electrons. Even in a metal without a current, the free electrons move
randomly like the molecules of a gas, only faster. A typical random speed might be 105m L.
‘When a current is flowing, the electrons also move along the wire. Their net speed along the
wire is called their drift speed.

In order to link the drift speed along the wire to the size of the current, we need to consider
how many free electrons are available and the width of the wire. Figure 5.18 shows a current, I,
flowing through part of a wire of cross-sectional area A.

During time At an electron travelling at a drift speed v along the wire will move a distance of vAt,
The number of electrons flowing past point P in time At is equal to the volume vAtA (shown by the
shaded section in Figure 5.18) multiplied by the number of free electrons in unit volume, n. (very
material has a specific value for n, which is sometimes called charge density.)

Because current = charge/time, the current in the wire equals the
number of electrons passing a point in unit time multiplied by the charge
on each electron, q. (Although we are considering electrons in this
analysis, we are using g here, rather than e, to show that the equation
could be applied to other types of charge)

n, free electrons WAtA X X q
per unit volume L= —

W Figure 5.18 Deriving / = nAvgq

= nAwg

This equation is given in the Physics data booklet.
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20 Calculate the net speed (in mms-) of free electrons in a wire of cross-sectional area 1.0 mm?if the current
is 1.0A and the metal has 1.0 x 10% free electrons per cubic metre.

21 Consider a circuit that contains conductors of different thickness and different materials.
a What must happen to the speed of free electrons as they move from a thicker wire to  thinner wire of
the same material? (Assume that the current s the same.) Explain your answer.
b Modern electronics makes much use of semi-conductors. Suppose that  particular semi-conductor has
one million times fewer charges per m? than the metal in a. Compare the probable speeds of charges
passing through these materials for the same currertt. What assumption(s) did you have to make?

22 a The density of copper is 8960kgm-3 and its molar mass is 63.5g. If each atom of copper provides one
free electron, determine the number of free electrons in one cubic metre of copper
b Use the internet to find out which well-known metals have more free electrons per cubic metre than
copper.

Calculations like that in question 20 show that the drift speed of electrons carrying currents in
metal wires is usually less than a millimetre per second. This is a tiny fraction of their random
speed. The low speed is surprising because we are used to electric devices working immediately
when we turn them on. But remember that we should not think of the current as starting at the
battery or the switch. It is better to think of all the free electrons, wherever they are in the circuit,
starting and stopping at the same time. However, in reality, this cannot be perfectly true. When a
switch is turned on, the battery or power supply sets up an electric field which moves around the
circuit at a speed close to the speed of light (3 x 108ms~). As the electric field reaches individual
electrons they experience a force that starts their net motion.

B Energy transfer in electric fields

To move a charge in an electric field usually involves a transfer of energy. Work is done because
c a force moves through a distance (unless the movement is perpendicular to the electric field and
s, force). As a generalized example, consider Figure 5.19 which shows a small (test) charge, +, in
the electric field created by the larger charge, +Q. In this example, the
charges ate both positive, so there is a repulsive force, Fy, between them.

If q is moved in any direction other than along the circumference CC,
work has to be done because there is a component of the repulsive force
acting on g. An external force will be needed to move g closer to Q, such
as to position A, but if g moves away from Q, to B for example, then the
field will do the work on g.

The work done (energy transferred) when moving unit charge between
two points is a very important quantity in physics. It is called (electric)
potential difference, commonly abbreviated to p.d., and given the symbol
V. The p.d. between two points does not depend on the path taken. (It is
not necessary for Standard Level students to understand the concept of
potential, which is covered in Chapter 10 for Higher Level students)

® Figure 519

Potential difference

The potential difference, V, between two points is defined as the work, W, that would have to be
done on unit positive charge (+1 C) to move it between those points.

potential difference = ¥ork done.
o 7
7

This equation is given in the Physics data booklet.
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(If a positive charge is attracted by a negative p.d, the work done will be by the electric field
because the charge accelerates, so that W s negative. Similarly, the work done will be negative if
a negative charge is attracted by, and is accelerated towards, a positive p.d.)

The unit of potential difference is the volt, V. (Unusually for physics, the quantity and the
unit of potential difference have the same symbol, although quantities are shown in italics)
Potential difference is commonly referred to as voltage. A p.d. of 1 volt between two points means
that 1joule of energy is transferred when 1 coulomb of charge moves between the two points.

ol
V=15

The concept of potential difference is a 1.5V cell transfers 1.5J to every

useful wherever and whenever charges coulomb of charge passing

may move, whether that is between points through it

in space or between points along wires i | o

in an electrical circuit. Perhaps its most

common everyday use s in the description comveriiondi
of batteries and power supplies. flow of current

Batteries, and other electrical energy
sources, provide potential differences
(voltages) across the circuits in which
they are connected because they transfer two lamps each transfering energy from
eney o chechae fowing chrough. S o gt e ey
them. The positive terminal of a battery
attracts electrons and the negative side B Figure 5.20 Energy transfers in a simple circuit
repels them, so that a current can be sent
around a circuit.

In Figure 5.20, a L5V cell (battery) is transferring 1.5] of energy to each coulomb of charge
that flows through it. If the battery is connected to two identical lamps, each will have a p.d. of
075V across it and energy will be transferred from electricity to light and thermal energy at a
rate of 0.75] from every coulomb flowing through them.

Measuring potential differences with voltmeters
Because pd. = energy transferred/charge, there will be a p.d. across any component of any circuit

that is transferring energy. (Across’ means between the two terminals) Voltmeters are the devices
used to measure potential difference (voltages) in circuits.

& Consider Figure 5.20 which shows a circuit consisting
{238 of two lamps, a battery and three connecting leads. The

Iamps and the battery will have potential differences across
them, but the three leads should be very good conductors
so that no energy is transferred in them and there will

be no p.d. across them. Figure 5.21 shows how voltmeters
can be connected across components to measure potential
differences.

Because the battery produces a direct current, the
voltmeters must be connected the correct way around.

This is indicated by the labelling, or colours, on their
terminals. A typical laboratory has a selection of voltmeters
with different ranges and sensitivities and it is important

to choose the correct voltmeter for any particular circuit.
Alternating voltages cannot be measured with dc meters.

It is important to realize that when a voltmeter is added
to a circuit, it should not affect the p.d. that it is trying to
measure. This means that a voltmerer needs to be a very
poor conductor of electricity, so that very little current flows B Figure 5.21 Measuring
through it. potential differences
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Worked examples

4 a How much work must be done to move a charge of +2.4nC through a potential difference of +9.6V?
b Is the work done on the charge by an external force or by the electric feld?

a W=Vg=96x(24x109 =23 x10-4)
b The positive charge will experience a repulsive force in the field, so an external force must dowork
on the charge.

Atorch bulb has a p.d. of 2.9V across it when a current of 0.53A is flowing through it
a How much energy s transferred by each coulomb of charge flowing through the bulb?
b Describe the energy transfers in the bulb.

 How many electrons flow through the bulb every second?

d How much energy is transferred by each electron?

a29)
b Electrical energy is transferred to light and thermal energy.

053 _ s
G
d W=Vg=29x (16 1079 =46 x 10

232 Whatis the p.d. between two points if +5.7 x 10-8] of work is needed (from an external force) to move
a charge of +1.3 x 10-7C between them?
b How would your answer change if the charge involved was ~1.3 x 107C?

R

a How much energy is transferred when 4.7C of charge pass through a power supply rated at 110V?
b How much charge must flow through the supply in order to transfer 1.0MJ of energy?
 How many electrons are needed to transfer 1.0M) of energy?

25 a What is the p.d. across a water heater if 44000) of energy s transferred to internal energy when 200C
of charge flows through it?
b What charge has passed through a 1.5V cel if 60J of energy were transferred?
26 Suggest what would happen in the circuit shown in Figure 5.16 if the ammeter was removed and replaced
by a voltmeter.

The electronvolt as a unit of energy in atomic physics
When an electron moves through a p.d. of L0V, the work done = charge x pd.:
W = (16 x 107%) x 10 = 1.6 x 10°9]

Physicists often avoid this kind of calculation (and the small numbers involved) by simply saying
that energy of one electronvolt, eV, has been transfetred to, or from, the electron when it moves

through a pd. of 1V,

The electronvolt, eV, is defined as the work done when a charge of 16 x 101°C is moved
through a pd. of 1V.

Clearly, 1&V = 1.6 x 1]
W) = W(eV) x (L6 x 109)

This equation is not given in the Physics data booklet.

In fact, the electronvolt is a widely used unit of energy when referring to the energy of any
atomic particle. The units keV and MeV are also in common use. When any singly charg
particle (with charge of 1.6 x 10-°C) moves through a pd. of 1V, the work done is 1eV. The
work done when a doubly charged ion moves through a p.d. of 1V is 2éV etc.

The electronvolt is also very widely used as a unit of kinetic energy for atomic particles
(whether or not they move through a p.d.) and for the energy transferred by photons of
electromagnetic energy.
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Worked examples

6 How much energy is gained by a proton accelerated towards a negatively charged metal plate by a p.d.
of 3500V? Give your answer in
a electronvolts
b joules.
235008V
53500 x (1.6 x 1019) = 5.6 x 1016

7 How many keV of energy are transferred to, or from, an ion of charge 3.2 x 1019C when it moves
through a p.d. of 4000V?

)x40=80kv

(32x 10-19
16 x 10-)

8 An electron of mass 9.1 x 10-¥'kg is accelerated by a p.d. of 3000V.
a Calculate its final speed
b What assumption(s) did you make?

a Energy transferred to electron = kinetic energy
Ve =imv1
3000 x (1.6 x 10-19) %x 01 x 102 xv2
v=32x107ms"!

b This calculation assumed that the electron started with negligible kinetic energy and that o kinetic
energy was transferred away from it during the acceleration (because it was in a vacuum).

27 An electron is moving directly towards a negatively charged plate with a speed of 1.30 x 107ms-".
a What is the kinetic energy of the electron in:
i
ii electronvolts?
b If the voltage on the plate is ~500V, will the electron reach the plate? Explain.
28 & A particle emitted during radioactive decay had an energy of 2.2MeV. What was its energy (in joules)?
b If its mass was 6.8 x 10-27kg, what was its speed?

29 Calculate the gain in kinetic energy (in joules) of a proton that is accelerated across a vacuum by a p.d. of
5000V.

30 A photon of light transfers about 2.06V of energy.
a Convert this energy to joules.
b How many photons would be emitted every second from a light bulb emitting 4W of light energy?

LEITICHGIRTEELIEN  The useful effects of electricity

Scientists have known for nearly 200years that when an electric current flows through a
substance, it can have (only) three basic effects:

B 2 heating effect, because the moving charges ‘collide’ with atoms and ions in the substance

B achemical effect in some liquids and gases, because charges moving in opposite directions
cause chemical decomposition

®  amagnetic effect around the current.

Compared o this short list, any list of useful electric and electronic devices found in the modern
world is both surprisingly long and extremely varied. Most of us have become very dependent
on the use of these devices and if we are deprived of electrical power for our homes or mobile
devices, we can get annoyed and unhappy very quickly.

The rate of scientific and technological advance in the use of electricity has been enormous.
In the course of about 250years we have gone from the first discovery of electric currents o,
for example, smart phones, brain scanners, electric cars, espresso coffee machines and air
conditioners. The world now, for most people and societies, s incredibly different from the way
people lived 200 years ago, and most would say that the changes (delivered by electric currents)
are generally for the better.
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Nature of Science

31 Find out which scientists are well known for their early research into electric currents, and when and
where they carried out their investigations.

32 Write down the names of five electrical devices in your home that use:
a the heating effect of a current
b the magnetic effect of a current. (The magnetic
effect of electricity is used to produce motion.)
Do you have any electric devices in your home
that involve chemical reactions?

33 Some ‘reality’ TV shows have featured people trying
1o live without some or all modern ‘conveniences.
The Amish people of Pennsylvania, USA famously
five in away which rejects modern technology (see
Figure 5.22). What are the possible attractions of
alife without electricity? B Figure 5.22 An Amish buggy

5.2 Heating effect of electric currents -oneorthe
earliest uses for electricity was to produce light and heat; this technology continues to
have a major impact on the lives of people around the world

The heating effect of an electric current is used extensively throughout the world to heat water
for cleaning and cooking, and to heat air (directly or indirectly) to keep homes and working
environments warm. This heating effect is also employed in devices like irons and toasters, as
well as filament lamps which need to get very hot before they will emit light.

ToK Link

There may be risks in exploring the unknown

Sense perception in early electric mvestlganons

was key to classifying the effect of various

sources ~ however this s fraught with possible reversiie
consequences for the scientists involved. Can we stil
ethically and safely use sense perception

in science research?

The dangers of electric currents passing through a

human body are well understood now, but in early
investigations, the risks were not fully controlled or

understood and this resulted in several fatalities. Figure L] Flgure 5.23 Benjamin Franklin famously
5.23 illustrates a very famous and dangerous experiment flew a kite in a lightning storm as part of
carried out by Benjamin Franklin. his investigations into electricity

B Circuit diagrams

Circuit diagrams are used extensively to show how electric components are connected together
to perform useful tasks. The connecting wires (leads) should be drawn straight and parallel to
the sides of the paper.

All circuits need at least one source of energy. A cell is a single component that transfers
chemical energy to electrical energy. When cells are connected together they are called a
battery, although in everyday language a cell is also commonly called a battery. The longer line
represents the positive terminal of a cell.

The use of common symbols

The communication of scientific information and ideas between different countries and
cultures can be affected by language problems, but this is greatly helped by the use of standard
symbols for physical quantities (and units) and for electrical components. Increasingly, English

is being used as the international language of science but, naturally, there are many individuals,
organizations and countries who prefer to use their own language. Imagine the confusion and
risks that could be caused by countries using totally different symbols and languages to represent
the circuitry on, for example, a modern international aircraft.
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W Figure 5.24
Summary of the S 4{ = battery 4{}

circuit symbols used
in this course e ® ac supply —ono—

switch TN ammeter @—

voltmeter @ variable resistor 4#
- s PR —— é

N
light-dependent thermistor m
resstor (DR L+
transformer 3“; heating element  —~{TTT—

diode —Db—  apadtor —{ }—

Figure 5.24 shows all the internationally agreed electrical circuit
symbols that will be used in this course. You will find them in the
Physics data booklet.

Components can be connected in series or in parallel. Connecting
in series means that the components are connected one after another,
with no alternative paths for an electric current. The same current
flows through all the components if they are in series. If components
are d in parallel it means that the current divides because
it can take two or more different paths between the same two points
in the circuit. Any point in a parallel connection where wires join
together and the current can take more than one path should be

= shown with a dot in the circuit diagram at that junction.

It is common to have components in series and components in

parallel within the same circuit. Consider Figure 5.25: A and B are in

[ parallel with each other, but together they are in series with C. The
20A combination of A, Band C is in parallel with D and E. All of these
B Figure 5.25 are in series with F and the cell

W Kirchhoff’s circuit laws
These two laws are used to help predict currents and voltages in circuits. They apply the laws of
conservation of charge and conservation of energy to electric circuits.

Kirchhoffs first law
> Because charge is conserved, the charge arriving at any junction in a circuit must equal the
charge leaving the same junction. This means that the total current (charge/time) coming
————P into a junction must equal the total current leaving the same junction. Consider Figure 5.26
as a simple example. The unknown current, I, must be 3 A to the left, into P, so that the
current arriving at P is 5 + 3 = 8 A, the same as the current leaving P.

H Figure 5.26 The easiest way of expressing this law is as follows:
Currents arriving at
apoint 31 = 0 (junction)

This equation is given in the Physics data booklet.
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The Greek letter capital sigma, %, is used here to represent ‘the sum of. So, this equation
means that the sum of all the currents at a junction is zero. Remember that currents arriving
and currents leaving must be given opposite signs. In general, currents arriving are positive and
currents leaving are negative, but they may be the other way round. In this way, the example
shown in Figure 5.26 would be written as

5+1-8=0
-5=3A

is positive, this shows that the current I is into P.

Kirchhoff’s second law
Since pd. = energy transferred/charge, any component in
an electric circuit that is transferring energy as charge flows g4y
through it must have a p.d. across it.
From the law of conservation of energy, we know that the
energy supplied to the moving charges in a circuit, or in any
closed loop of a circuit, must be equal to the energy transferred
to other forms by the components of that circuit loop. 1nv
It follows that the sum of the p.ds supplying energy to any
circuit loop must equal the sum of the p.d:s across components
used for transferring energy to other forms (in the same circuit
Loop). Consider Figure 5.27, in which the two batteries are in
opposition to each other and provide a combined p.d. of ) &y
(24 - 6) = 18V. If the pd. across component 1 is 11V, then the H Figure 5.27 The p.dss
p.d. across component 2 must be (18 ~ 11) = 7V. ardunda ek ciiloon
The easiest way of expressing this law is:

5V = 0 (loop)

This equation is given in the Physics data booklet.
Applying KirchhofPs second law to more complicated circuits can cause confusion, and we
will return to this subject in Worked example 14.

34 Draw a circuit diagram to represent the following arrangement: two lamps, A and B, are connected to
a 12V battery with a switch such that it can control lamp A only (iamp B is always o). An ammeter is
connected so that it can measure the total current in both lamps and a voltmeter measures the p.d. across.
the battery.

35 Determine the current at

6v
Pin Figure 5.28.
36 Determine the values of v
the currents I, I, and Iy o
in Figure 5.25.
37 ea
iqure 5,29 shows 59
the p.ds across the
components of an s
electrical circuit. 3A 3v
Determine the (S <
magnitudes of
Vy and V.
38 The use of an agreed N B
common language and 3 -
5 8v

symbols for scientific

documents has obvious  Figure 5.28  Figure 5.20
advantages, but in other

respects this can be seen as a serious threat to diversity and a country's culture and history.
a Write a short summary (about 100 words) of your own opinion on this issue.

b If we are to use a common language, what language should that be and why?
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B Heating effect of current and its consequences

When a current passes through a conductor, the free electrons transfer some energy to the ions
or atoms with which they ‘ollide’. Any increase in the amplitude of vibrations of the ions or
atoms is effectively an increase in the internal energy and temperature of the conductor.

In electric heaters this effect is very useful but in most other devices, and in all connecting
wires and other connections (including plugs and sockets), any heating effect is unwanted, a
waste of useful energy and a possible fire hazard. Connecting wires should be made of a very
good metallic conductor (usually copper) and thick enough that there is no significant heating
effect in normal use. (In household wiring, fuses or circuit breakers are used to disconnect
currents if they become dangerously high.)

The heating effect of a current depends on the size of the current (obviously) and the extent
to which the material through which it is flowing opposes/resists the flow of current. We refer
to this as the resistance of the conductor. The following section shows how resistance can be
calculated.

14

B Resistance expressed as R = ;
We have seen that a potential difference from an energy source is needed to make a current
flow around a circuit. The obvious question to ask is how does the size of a current depend on
the size of the p.d?" The simple answer is that the current for a particular p.d. depends on the
resistance of the component or the wire.

Resistance is defined as the ratio of the potential difference across a conductor to the current
through it and is given the symbol R.

s potential difference
resistance = —————————
current
v
Rl
I

The unit of resistance is the ohm, 0. If a
pd. of 1V produces a current of 1A, then
the resistance is 1(). The units k() and MO
are also in common use.

The resistance of a component,
or wire, may change depending on
circumstances. In particular, significant
variations in temperature will often affect
the value of a resistance.

A component that has been made
to have a certain resistance is called a
resistor. Resistors may have a fixed value
or they can be variable. (See Figure 5.24
for the correct circuit symbols for the
different types of resistor) Some examples
of fixed resistors are shown in Figure 5.30.

To determine the resistance of a component or wire
experimentally, it is necessary to measure the current, I,
through it for a known potential difference, V, across it.
These figures can then be put into the equation, R = V/I,

although a single pair of readings may not produce a reliable ®
result. Figure 531 shows a simple circuit for determining the

W Figure 5.30 Fixed resistors

value of a resistance. (Most digital electric meters have a

resistance setting by which a resistance can be determined

without the need for other experimentation. In effect the M Figure 5.31

meter is using its battery to send a current through the Determining the value of
resistance, and then using the data to calculate its value.) an unknown resistance
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A calculation made using alternating currents and voltages will produce an answer with the
same resistance as a calculation made with direct currents.

Worked example

9 a Calculate the resistance of a component if a p.d. of 8.7V across it produces a current of 0.15A
through it.
b Ifthe p.d. i increased to 12.4V, the current rises to 0.17 A, What is the new resistance?

39 What voltage is needed to make a current of 560mA pass through a 6700 resistor?

40 What s the resistance of a 230V domestic water heater if the current through it is 8.4A7
41 What current flows through a 37kQ resistor when there is a p.d. of 4.5V across it?

42 What is the p.d. across a 68.0Q resistor if 120C of charge flows through it in 60.05?

Ideal and non-ideal ammeters and voltmeters
Consider again Figure 531 It s intended that the ammeter should measure the current through
the resistor only, but because of the way it is connected, the ammeter will measure the current
through the resistor plus the current through the voltmeter. This problem could be solved
by moving the voltmeter connection to the other side of the ammeter, but that introduces a
different problem: the voltmeter would then be measuring the p.d. across the resistor plus the pd.
across the ammeter.

These problems can be overcome by using ‘ideal’ meters: an ideal voltmeter will have an
infinitely high resistance and an ideal ammeter will have zero resistance. Ammeters with
very low resistance, suitable for most experiments, are commonplace in laboratories. Digital
voltmeters typically have resistances over a million ohms and are very versatile laboratory
instruments. Voltmeters with moving coils will have much lower resistances and their use in
circuits with high resistances may be inappropriate.

Figure 5.32 shows the principle of
an early type of ammeter (cerrainly
not an ideal ammeter!) that played an
important role in the development of
circuit measurements. As a current passes
through the wire, it gets hot (because of its
resistance), increases slightly in length (it
expands) and the hanging weight causes
the wire to sag, This sag can be arranged
to produce a small deflection of a pointer
and can make an interesting investigation.

In a modern school laboratory we may
wish to measure currents of very different
magnitudes: typically from a few amps all
the way down to nano-amps (or lower).
Possible voltage measurements also cover
a very wide range. Digital multimeters can
be very useful, but the measurement of
very low currents and voltages will require

d and sensitive i i M Figure 5.32 Amodel of a hot-wire ammeter
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Electric circuits: lighting our homes

The first inventions that produced light from electricity used the heating effect of a current
in a metal wire to make it so hot that it emitted visible light. This principle is still used today;
the wire is called a filament and the lamps are described as being incandescent. Incandescent
lamps, as shown in Figure 5.33a, can be designed for use with a wide range of different
voltages and powers. They can be made big enough to light a room or small enough for use in
a pocket torch.

Tocands

lamps are easy to andi ive, but less than 10% of the
Sl il iy it i Bacomies v ble gk (e ot bt el i)
When the total number of filament lamps in use around the world is considered, this is
obviously an enormous waste of energy and the generation of all that wasted power has a
significant environmental effect on the planet.

An electric current passing through a gas at low pressure can also produce visible light, but a
significant amount of ultraviolet radiation may also be emitted. If the inside of the glass container
is given a suitable coating then most of the ultraviolet radiation can be transferred into visible
light. The coating and the lamp are described as fluorescent. Fluorescent lamps are typically
much more efficient at producing light than incandescent lamps, but they have the disadvantages
of being bigger and more expensive, and they cannot be used with low voltages. Large fluorescent
tubes (Figure 5.33b) have long been considered the hest choice for lighting shops, offices, schools
and advertising displays. In recent years, however, smaller fluorescent lamps have become cheaper
and more widely available for home use, and the widespread use of incandescent lamps for
general household lighting is now generally discouraged in most countries, It is likely that more
and more countries will limit the use of incandescent lamps in the future.

Apart from being much more efficient than
incandescent lamps, compact fluorescent
Lamps (CFLS) (Figure 5.33¢) usually have

a longer lifetime’ before they need to

be replaced, and this is important when
considering the financial costs and the
effects on the environment of their
manufacture and disposal.

Light-emitting diodes (LEDs) provide

another alternative for lighting our homes.

They have been used for a long time as

indicator lamps to show when electrical

devices ate on or off. They are useful for

this purpose because of their small size, b
low power, low cost, reliability and long

lifetime. Early designs of LEDs emitted

sreen orred fightand inisanlyintecent *
years that LEDs have begun to be used for

more general lighting purposes. This is . a
because of the invention in the 19905 of

LEDs that emit blue light and then whire

light (Figure 5.33d). LEDs that emit light of

different colours can be combined to create

a vast range of different coloured effects.

A Lot of researih i 5l poing o 1o tipcove gl =
the design of LEDs, particularly when it

comes to increasing their overall efficiency 8 Figure 5.33 Four kinds of lamp:

in the conversion of electrical energy from  a incandescent, b fluorescent tube,

a mains supply into visible light. Currently, ~ cCFL, d LED

o
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Current

the efficiency of using LEDs for home lighting is a little better than CFLs, but they are more
expensive to buy. LEDs offer much greater possibilities for interesting and innovative lighting

design and they are more reliable and longer lasting.

1 Make a checklist of the properties of a lamp which make it a suitable choice for lighting the

homes of people around the worl

)

Use the internet to research the latest information on incandescent lamps, CFLs and LEDs.

Use your checklist from question 1 to compare the advantages and disadvantages of the

three types of lamp.

Ohm's law

If the temperature of a metallic conductor is kept constant, its resistance will not change
because any increase in the potential difference across it will produce a proportional

0

W Figure 5.34 Ohm's law

for an ohmic resistor

Current

0
M Figure 5.35A

current-p.d. graph for
afilament lamp

o vas

increase in current, so that V/I (= R) is constant, as shown in Figure 5.34. This relationship

di d by the German physicist Georg Ohm in 1827, (Note that the graph has heen
extended some way into negative values as an indication that the same behaviour is seen if
the p.d. and the current both reverse directions.)

Ohm'’s law states that the current through a metallic conductor is proportional to the
potential difference across it, if the temperature is constant.

Te< V/ at constant temperature

If the temperature of a metallic conductor
does not change very much, it can usually
be assumed that the resistance is constant
and Ohm’s law can be used. But if there are
large changes in temperature, Ohm’s law

is not useful. For example, the operating
temperature of a filament lamp may be
2500°C and its resistance at that

p.d.

source of
variable
voltage

component
i

will be significantly higher than its resistance
at room temperature. Figure 5.35 shows how
the increasing temperature and resistance of a
filament lamp might affect its IV graph.
Ohm's law is a starting point for

understanding electrical conduction. It works
equally well for dc and ac circuits, but there are
‘many circuit components to which it cannot
be applied. In order to investigate the electrical
behaviour of a specific component (such as a
filament lamp), either of the circuits shown in
Figure 5.36 could be used. In circuit a, a variable
electrical supply is used to obtain different
voltages across the component, Circuit b uses a
battery of fixed voltage and a variable resistor
(a theostat) to change the overall resistance of
the circuit, therefore changing the current and
voltage across the component. However, as we
will see later in this chapter, using a battery and
a potential dividing circuit is the best choice for
this investigation.

being
investigated

variable
resistor

component
bein

investigated

W Figure 5.36 Two methods to investigate
the -V characteristic of an electrical
component
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Nature of Science

B Figure 5.38 Three
resistors in series

If the current through an electrical component is proportional to the p.d. across it, then it
is described as being ohmic, because it ‘obeys’ Ohms law and the IV graph is a straight line
through the origin (Figure 5.34). A metal wire at constant temperature is an ohmic device. All
other components (including those not being used at approximately constant temperature) are
described as non-ohmic (as in Figure 5.35). A filament lamp is a non-ohmic device because its
temperature changes considerably when different currents pass through it.

e temperature dependence of a resistance wire can be investigated by taping it next to the

bulb of a large range thermometer while measuring its resistance.

43 Suggest reasons why hot-wire ammeters are not used in modern laboratories.

44 Sketch -V characteristic graphs for:
2 a device that has a resistance which decreases as the current increases
b a non-ohmic device in which equal increases in voltage produce equal increases in current
< a device that only allows current to flow through it in one direction (a diode).

45 Give an example of a non-electrical measuring device which may affect the quantity it s being used to
measure. Explain why the results may not be accurate.

Peer review or competition between scientists?

Georg Ohm's law was published in Germany in 1827 in the form that the current in a wire, I,
is proportional to (A/L)V where A is the cross-sectional area of a uniform metal wire of length
L. Two years earlier, in England, Peter Barlow had incorrectly proposed ‘Barlow’s law' in the
form I was proportional to V(A/L), but with no reference to the key concept of voltage. It is not
unusual for two or more different scientists, or groups of scientists, to be investigating similar
areas of science at the same time, often in different countries.

In the worldwide, modern scientific community, with its
quick and easy mass communication, new experimental results
and theories are subjected to very close scrutiny and checking
soon after they are published. In this way new ideas are reviewed
carefully by other scientists and experts working in the same
field, in a process commonly called peer review. But 200 years
ago when Ohm was carrying out his research, things were very
different. At that time, social factors and the reputation, power
and influence of the scientist were sometimes as important in
judging new ideas as the value of the work itself. The story of =
Barlow and Ohm is particularly interesting because in the early +
s the gt thesey pivicesd by Batbwwasmorewiy M
believed. W Figure 5.37 Georg Ohm

Combining resistors in series and parallel
Resistors can be joined together to make new values of resistance. They may be connected in
series, in parallel or in other combinations. The overall resistance of the combinations can be
determined experimentally as described before. Computer programs also provide a valuable aid
here and throughout the study of electric circuits because they enable students to construct and
investigate circuits much quicker than in the laboratory.

Figure 5.38 shows three different resistors connected in series. Because of the law of
conservation of charge, the charge per second (current) flowing into each resistor must be the
same as the current, I, flowing out of it and into the next resistor.
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The sum of the separate potential differences must equal the potential difference across them all,
Vg 50 that

total
Vi =V + Vy+ Vs

Using V = IR for the individual resistors, we get IR, = IR, + IR, + IRy, 0 that we can derive an
equation for the single resistor, R, which has the same resistance as the combination:

R

This equation s listed in the Physics data booklet.
Figure 5.39 shows three resistors connected in parallel I
with each other. ;
Because they are all connected between the same two
points, they all have the same potential difference, V,
across them.
The law of conservation of charge means that:

=R +R,+...

Ttota Lot

Lm=L+L+]
Applying V = IR throughou gives: W Figure 5.39 Three resistors in parallel

vV _V.,V. Vv
R

R,

total 1 2 ¥
Cancelling the V& gives us an equation for the single resistor, R,,,,, which has the same

resistance as the combination:

L
Rt

This equation is given in the Physics data booklet.
All the electrical equipment in our homes is wired in parallel because in that way, each
device is connected to the full supply voltage and can be controlled with a separate switch.

Worked example

10 A 50000 resistor and 8000Q resistor are connected in series.
a What s their combined resistance?
b Whatis the current through each of them if they are connected to a 4.5V battery?
¢ Whatis the potential difference across the 5000Q resistor?
d Repeat these three calculations for the same resistors in parallel with each other.

a 5000 + 8000 = 130000
V__ 45

3 5 4
b o5 = 35 x 10-4A through both resistors
¢ V=IR=35x 10x 5000 = 1.7V

1 13
9 % =500 * 5000 ~ 70000

R=4000 30800

Both resistors have a p.d. of 4.5V across them.
current through 50000, w%. 45 _90x10-4A

5000
current through 80000, /= % - % =56x10-4A
B Figure 5.40
The amps shown in Figure 5.40 are al the same.
a Compare the brightness of al the lamps
b f allthe lamps have the same constant resistance of 20, what s the total resistance of the circuit?
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a Lamps A and B will have the same brightness because the same current flows through them both.
That same current will be split between lamp E and lamps C and D, so that these three must al
be dimmer than lamps A and B. Lamps C and D will have the same brightness because they are in
series with each other. Lamp E will be brighter than lamps C or D because a higher current will flow
through it.

b C and D together will have a resistance of 2 + 2 = 40

Ein parallel with C/D will have a resistance of 1.30Q (% T+
Total resistance =2 + 2 + 13 =530

Connecting meters in series and parallel

If it is likely that the meters used in an experiment cannot be considered to be ‘ideal, the effect
of connecting an ammeter or voltmeter in a circuit can be determined by treating it the same as
any other resistance, as shown in these worked examples.

Worked examples

12 a What current flows through  12.00 resistor connected to a p.d. of 9.10V?
b An ammeter of resistance 0.31 0 was used to measure the current. What value did it display?
© What was the percentage error when measuring this current?

v_910
al=g=155=0758A
1

.739A

&

Ef]
0739
G725 * 100 = 97.5%. Percentage error was ~2.5%.

3 Consider the circuit shown in Figure 5.41
a What is the current in the circuit before the voltmeter is
connected?
b What is the voltage across the 20000 resistor?
© What voltages will be measured if voltmeters with the
following resistances are connected in turn across the 20000

i oA
ii 5000007 H Figure 5.41

1=5x 10-4A (0.5 mA)
b V=R

V=(5x 10~ x 2000

V=10V

i First calculate the combined resistance of the 20000 resistor and the 500002 voltmeter in
paralel:

!

=
L a b
R~ 2000 ' 5000
R=14300
‘Then find the voltage across a resistance of 14300 connected in series with a 10000 resistance:

1430
V=15 %1730, 1000

V=088V (instead of the 1.0V predicted in b)

i Repeating the calculation with a 500000 voltmeter gives V= 0.99V, which is better because it is
much closer to the value predicted without the voltmeter.
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14 Use Kirchhoff's laws to determine the three unknown currents in the 12v
it shown in Figure 5.42

In general when answering this kind of question, it will be
necessary to write down as many different equations as there are
unknowns (in this example there are three). The directions of the I i5e
currents may be unknown, 5o they have been guessed, but this

does not matter because if the wrong direction is chosen, the

value calculated for the current will have the correct magnitude,
but will be negative (as will be seen in this example).

Using Kirchhoff's first law: I

2 Using Kirchhoff's second law for the top circuit loop: L
2

0, + 20(-1y)

The current I has been given a negative sign because it is shown

flowing towards the positive side of the battery, rather than in the

conventional direction. 9V

+h

2=

3 Using Kirchhoff's second law for the lower circuit loop: 9 = 20(-15) W Figure 5.02
4 Kirchhoff's second law can also be used for the outer complete loop, but it wil provide no additional
information than a combination of equations 2 and 3: 12 - 9.= 10/,
From equation 4 we can see that , = 0.3A
From equation 3 we can see that/; =-0.45A
Sothatl, +(-045)=-0.15A

The two negative signs show us that the directions chosen for Iy and I, were wrong.

h+hy

46 The two lamps shown in Figure 5.43 both have a fesistance 12v
of 4,000 when cold and 6.00 when working normally with a
p.d. of 6.0V across them
 What must be the value of the resistor R for the lamps to
operate normall

b What i the p.d. across the lamps when the switch is first Q
X

e “ KN
X

47 Afan heater, which is operated from the electricity mains, X
contains a heating element, a fan and a lamp 1o indicate
when the heating element is on. The fan must always be on
when the heater is on, butthe fan can also be switched on
if the heater i off. Draw a circuit with a two-way switch to
show how they are all connected.

w Figure 5.43

48 Consider the circuit shown in Figure 5.44. In which resistor
will power be dissipated at the highest rate? Explain your
answer.

49 A 220V mains electric heater has three settings on its
switch: high, medium and low. Inside the heater there are
wo 40.00 heating elements
2 Explain, with diagrams, how the use of just two heating

elements can produce three different power outputs.
b Calculate the power output on each of the three settings.

50 Figure 5.45 shows a simple circuit in which the ammeter and
voltmeter have been connected in the wrong positions.
2 What (approximate) readings would you expect to see on the
meters? Explain your answer,
b When the positions of the meters were swapped to their
correct positions, what readings would you expect to see on the
meters? u Figure 5.45
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© The actual reading on the voltmeter was 3.9V. Suggest a reason why it was lower than expected.
d Calculate the resistance of the voltmeter.
& What assumption(s) did you make about the ammeter?

51 In the circuit shown in Figure 5.46 a current of 830mA

flows through the lamp when the switch is closed.

a What is the p.d. across the lamp?

b Calculate the resistance and power of the lamp under
these conditions.

< If the switch is opened, explain what happens to the
brightness of the lamp.

d Calculate the new p.d. across the lamp.

52 The two ends of a 1 m length of resistance wire are joined
together and the wire spread out into a circle. A student
carries out an investigation to determine how the resistance
between any two points on the circle varies with the length g Figure 5.46
of wire between them. Sketch a graph to represent the
results you would expect from this investigation.

52 Determine the magnitudes and directions of the currents i the circuit shown in Figure 5.47

= Figure 5.47

B Resistivity
A material has electrical resistance because any electrons flowing through it have to pass atoms
or ions vibrating i their path (see Figure 5.13). The longer the conductor, the more ‘collisions’
that are likely to occur and so the higher the resistance. The wider the conductor, the easier it is
for electrons to flow, and so the lower the resistance.

Experiments to determine the resistance of wires of different lengths and diameters show
that the resistance of wires (of the same metal or alloy) are proportional to their lengths, L, and
inversely proportional to their cross-sectional areas, A at constant temperature:

Rl
A

But resistance also depends on the particular material being used, as is easily demonstrated by
measuring the resistance of wires of different metals or alloys, all with the same dimensions.
The more free electrons (per unit volume), n, in a material, the better it will be at conducting an
electric current. We cannot simply look up the resistance of a material (like copper, for example)
in a table of data, because resistance depends on shape as well as the material itself. Instead, we
look up a materials resistivity, which is the resistance of a specimen of length 1 m and cross-
sectional area 1 m? (as defined by the equation below).

Not surprisingly (for a theoretical wire of cross-sectional area 1m?), the resistivity of a good
conductor has a very low numerical value, For example, the resistivity of copper is 17 x 1050 m

at 20°C.
Resistivity is given the symbol p and it has the unit chm metre, A m (not chms per metre):
RA
=

This equation is listed in the Physics data booklet.
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The resistivity of different materials can be determined and compared by measuring the
resistances of wires, or graphite pencils, of known dimensions. If the resistivity of graphite is
known, it can be used with the equation above to estimate the thickness of a pencil line drawn
on paper.

Resistance and resistivity usually change with temperature, sometimes significantly, and we
should be careful about describing a material as an insulator or a conductor without also stating
the temperature. Materials can vary enormously in their resistivities, as is shown in Table 5.2.
The semi-conducting elements silicon and germanium are in the middle of the range.

Material Resistivity/Qm

sitver T6x 108
copper 17102
aluminium 28% 108
iron 0% 107
nichrome (used for electric heaters) 11 x10%
carbon (graphite) 35105
germanium 46 x 101
sea water ~2x 107
siicon 64107
glass ~ 107
quartz = 10"
teflon (PTFE) ~ 102

M Table 5.2 Resistivities of various substances at 20°C

Worked examples

15 a Calculate the resistance of a 1.80m length of iron wire of cross-sectional area 2.43 mm?.
b A current of 2.4 A flowed through an 83 cm length of metal alloy wire of area 0.54mm?when a p.d. of
220V wes applied across its ends. What was the resistivity of the alloy?

3
aR=g
R=(10x107) x 180
@43 % 107%)
R=7.4x1020

Y _20_9179
T 24

083
p=60x100m

6 Suggest possible reasons why aluminium is usually used for the cables that carry large electric currents
around the world (rather than copper),

The resistivities of these two metals are in the ratio of 2.8/1.7 = 1.6. This means that an aluminium
cable conducts equally as well as a copper wire if its cross-sectional area is 1.6 times larger. Aluminium
is a better choice because it is much cheaper than copper and aluminium cables (of equal resistance)
are lighter in weight.

Copper has other properties that make it a better choice for household wiring, such as its flexibiity.
Some more expensive metals like silver, gold and platinum are better conductors than copper and they
are sometimes used where a very low resistance wire or connection is needed (for example, in some
sound reproduction systems).
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54 a What length of nichrome wire of cross-sectional area 0.0855mm? is needed to make a 15.0Q resistor?
b What value resistor would be made with nichrome wire of double the length and half the diameter?

55 Suggest the possible relationship between the resistivity of a metal and the number of free electrons it has
per cubic millimetre.

56 The nichrome heating element in an electric kettle has an overalllength of 5.32m. I its resistance is 250,
what is the diameter of the wire?

57 Calculate the resistivity of a metal wire f a voltage of 2.5V is needed to make a current of 26mA pass
through a wire of diameter 0.452mm and length 745cm.

ICTEETIG  Touchscreen technology
Touchscreens (Figure 5.48) have become very popular in devices such as mobile phones and
tablets because they enable the user to control the display directly without the need for a
keypad or mouse.

W Figure 5.48 A touchscreen tablet

There are several different technologies used in touchscreens; one of these uses the resistive
properties of the display screen. When any object, such a finger, touches the screen the
resistance at that point changes and the location is calculated by the central controller. If
the finger moves, new locations are detected — the speed and direction of the movement is
calculated and used to control the device. Multipoint screens can respond to two or more
touches at the same time. One problem with resistive touchscreens is the fact that the screen
reduces the quality of the image.

Another common touchscreen technology responds to changes in capacitance (capacity for

storing charge) ar the point where the screen is touched. These screens need to be touched

with a conductor, like a finger.

1 Choose a particular touchscreen phone, tablet or other device and find out which
technology is used for the screen.

2 Can you think of any disadvantages of using touchscreen devices?
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B Power dissipation
If the current through a resistor is, for example, 3A then 3C of charge is passing through it
every second. If there is a potential difference across the resistor of 6V, then 6] of energy is
being transferred by every coulomb of charge (to internal energy). The rate of transfer of energy
is 3 X 6 = 12joules every second (watts).

More generally, we can derive an expression for the power dissipated to internal energy in a
resistor by considering the definitions of pd. and current, as follows:

energy transferred _ _energy transferred in resistor _charge flowing through resistor

Time Charge flowing through resistor time
v w.a
t gt

or:
power = potential difference X current
P=VI

Because V = IR, this can be rewritten as P = (IR)I, or:
P=IR

Alternatively, P = V(VIR), or:

These three forms of the same equation are all given in the Physics data booklet.
To calculate the total energy transferred in a given time, we know that energy = power X
time, so that:

electrical energy = VIt

This equation is not given in the Physics data booklet.

Worked examples

17 An electric iron s labelled as 220V, 1200W.
a Explain what the label means.
b What i the resistance of the heating element of the iron?
 Explain what would happen if the iron was used in a country where the mains voltage was 110V.

a The label means that the iron is designed to be used with 220V and, when correctly connected, it
will ransfer energy at a rate of 1200 joules every second.
v

The iron would transfer energy at  of the intended rate and would not get hot enough to work
properly. (P= V], and both the p.d. and the current will be halved, assuming the resistance is constant.)
If an iron designed to work with 110V was plugged into 220V it would begin to transfer eneray at four
times the rate it was designed for; it would overheat and be permanently damaged.
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58 A 12V potential difference is applied across a 2400 resistor.
& Calculate

the current

the power

the total energy transferred in 2 minutes.

b What value resistor would have twice the power with the same voltage?

59 A 2.00kW household water heater has a resistance of 24.30).
& What current flows through it?
b What is the mains voltage?

60 a What would be the rate of production of thermal energy if a current of 100A flowed through an
overhead cable of length 20km and resistance 0001 ohm per metre?
b Comment on your answer.

61 a What power heater will raise the temperature of a metal block of mass 2.3kg from 23°C to 47°C in
4minutes (specific heat capacity = 670Jkg™1 °C1)?
b Draw a circuit diagram to show how the heater should be connected to a 12V supply and suitable
electrical meters so that the power can be checkes

62 a An electric motor is used to raise a 50kg mass to a height of 2.5m in 74s. The voltage supplied to the
motor was 240V but it was only 8% efficient. What was the current in the motor?
b Suggest two reasons why the motor has a low efficiency.

63 a What value resistance would be needed to make a 1.25 kW water heater in a country where the mains
voltage is 110V?
b What current flows through the heater during normal use?
© Suggest why a larger current flows when it s first turned on.

Another unit for electrical energy

When we buy a battery or pay for the ‘mains’ electricity connected to our homes, we are really
buying energy. In most countries mains electrical energy is sold by the kilowatt hour: 1kWh
is the amount of energy transferred by a 1 KW device in one hour, that is, the equivalent of
1000] 7 for 36005, or 3.6 M. This conversion rate is listed in the Physics data booklet.

64 a Use energy = VIt to estimate how much useful energy can be transferred from a single AA-sized battery.
b What is the approximate cost of that energy per MJ?

65 a How much do householders have to pay for 1kWh in your country?
b Use the internet to compare your prices with those in some other countries.
© What is the cost of 1 MJ of mains electrical energy in your country? By comparison, it should be clear
that buying disposable batteries is a very expensive way of paying for energy and convenience. The
disposal of the batteries is also a pollution problem
66 In Chapter 8 we will discuss the effect of the generation and use of electrical energy on the environment.
‘There are enormous differences in how much electrical energy is used in different countries. One way of
discouraging the excessive use of electricity in developed countries is for governments to make the cost of
a kWh greater for those homes that use more energy.
Discuss the advantages and disadvantages of the pricing system for electricity mentioned above.

B Potential divider circuits
When two (or more) resistors are connected in series they share the total potential difference
across them in the same ratio as the magnitudes of the resistances (as shown in Worke
example 10). When this kind of arrangement of resistors is used deliberately for the control of
pds around circuits, it is called a potential divider.

Typically, one of the two resistors will be variable, as shown in Worked example 18.
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0550 k@

Worked example

18 The value of the variable resistor in Figure 5.49 can be changed
continuously from 1kQ to 10kQ. What is the maximum and
minimum potential difference, ,,, that can be obtained across R? 1-10ka

If the variable resistance s set to 1k,

6x5 T

Var=mng=5Y s

If the variable resistance is set to 10k®, 5k
6x5
Vou=g—15=2V
V,;may be a voltage that controls another part of the circuit; y
o 3 4 5 W Figure 5.49

perhaps some kind of electronic switch that might be on f the
voltage was, for example, higher than 4V and off if it was lower than 3V. In this way, another circuit
can be switched on or off by changing the value of the variable resistor in this potential divider.

Sensors
Potential dividers are often used in automatic control systems in which a sensor is used as a
variable resistor. A sensor is an electrical component that responds to a change in a physical
property (temperature, for example) with a corresponding change in an electrical property
(usually resistance).
Sensors are commonly available for the detection of most of the physical properties discussed
in this book, but we shall limit our discussion to three sensors in particular.
B Light-dependent resistors (LDRs) (Figure 5.50): the resistance of an LDR decreases when
increased light intensity provides the energy needed to release more free electrons in its semi-
conducting materials.

Temperature-dependent resistors (thermistors) (Figure 5.51): the resistance of a thermistor
varies with changes of temperature. The resistance may increase or decrease, depending on
the materials used in the particular thermistor.

Strain gauges (Figure 5.52): the resistance of a strain gauge varies when its shape changes
(remember R = pL/A).

/

W Figure 5.50 An LDR B Figure 5,51 Athermistor M Figure 5.52 A strain gauge

Figure 5.53 shows an LDR connected as part of a potential divider. As the light
intensity increases, the resistance of the LDR decreases and, therefore, the voltage
across it, V, ., also decreases. V, , could be used to control an electronic switch that
turns off lights when the light intensity rises to a certain level. The light level at

Vyinput  which the lights are turned on or off can be changed by adjusting the value of the
toa light variable resistor.
control circuit)

A thermistor connected in a similar circuit could be used to turn a heater on
when the temperature falls below a certain value, or turn a heater off when it gets

B Figure 553 An LDR in a too hot. Used in this way to control temperature, the thermistor would be part of

potential divider circuit

a thermostat.
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Q
P

® Figure 5.57

Aselection of

variable resistors

67 a Whatis the potential difference across points A and B in igure 5.547
b A student wants to connect a lamp which is rated at 15W, 6V. What i the working resistance of the

lamp?

© The student thinks that the lamp will work normally if he connects it between A and B, in parallel with
X. Explain why the lamp wil not work as he hopes

d Another student thinks that the lamp will work if resistor X is removed (while the lamp is still connected
between A and B). Calculate the voltage across the lamp. Wil the lamp work normally now?

& Suggest how the lamp could work normally using a 12V battery.

g
< 1000
2
2
g 100
&
10
1.0
01
01 10 10 100 1000 10000
Light intensity/lux.
= Figure 5.54 = Figure 5.55 Resistance-intensity graph for an LDR

68 a Draw a potential-dividing circuit that could be used to control the temperature in a refrigerator.
b Make a st of electrical devices that have thermostats inside them.

2

Figure 5.55 shows how a particular semi-conducting LDR responds to changes in light intensity. The LDR

has a resistance of about 13000 in normal room lighting (400 ux).

a Explain why the resistance decreases as the light intensity increases.

b The scales are logarithmic. Explain why this type of scale is used.

 Write an equation for the fine.

d Calculate the resistance of the LDR when the light intensity is 200 ux.

e If the LDR was connected as shown in Figure 5.53, what value of the variable resistance would produce
ap.d. of 1.2V across the LDR under normal room
lighting?

3

a If the length of a certain wire was increased by
1.00%, what percentage change would you expect
in its resistance? (Assume that its volume remains
constant.)

b Figure 5.56 shows a strain gauge connected in a

potential dividing circuit. Calculate the reading on the

voltmeter. What assumption(s) did you have to make
about the voltmeter?

If the resistance of the strain gauge increases by

0.570%, what will be the new reading on the

voltmeter? = Figure 5.56

Using a variable resistor as a potential divider
Variable resistors (Figure 5.57) are made in many different shapes and sizes. Most have three
terminals, one at each end of the resistor and one sliding contact that can be moved along the
resistor anywhere between the other two contacts.

The brightness of the bulb in Figure 5.58 can be adjusted using the variable resistance. Until
now, we have only considered using two terminals. Used in this way, it may be best to think
of a variable resistor as a way of changing the current, by changing the resistance in a series
circuit. The p.d. is divided between the lamp and the variable resistor, which means that the
circuit shown in Figure 5.58 is a simple example of a potential-dividing circuit. The range of the
variable resistance must be chosen carefully for its intended use.
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60V

As an example, consider a 0-5 () variable resistor used to control
a lamp of fixed resistance 2.00) designed for normal use when there is
apd. of 6V across it. When the resistance is set to 0(), the lamp will
get the full 6 V; and when the resistance is set to its maximum of 5(),
the lamp will have a p.d. of (20/7.0) X 6.0 = L7V across i. It is no
possible to reduce the p.d. across the lamp to zero.

Lower p.ds would be possible with a variable resistance that had
a much wider range, but then making adjustments for higher voltages
would become more difficult.

Alternatively, a variable resistor can be connected across a battery
sliding using all three terminals, as shown in Figure 5.50. Used in this way it
sontack can provide a potential difference, V,, to another part of the circuit,
which varies continuously from zero to the full pd. of the battery, V.
The maximum voltage will be obtained with the sliding contact at
Vout the top of the variable resistor, and the voltage will be zero with the
contact at the bottom. A variable resistor used in this way is called a

B Figure 5.58 Circuit using a variable
resistance to change current

It is essentially just a potential divider with the sliding contact on
the variable resistor dividing it into two resistors of variable sizes (as
shown by R, and R,, where R, + R, is constant).

component ‘When a potentiometer is connected as the input into a circuit,
being investigated the value of V., cannot be calculated without considering the effect
of the resistance of the rest of that circuit. Generally, the resistance
of the circuit should be much higher than the resistance of the
potentiometer.

A potentiometer provides the best way of varying the voltage
to a component in order to investigate its IV characteristics (see
Figure 5.60).

B Figure 5.59 A variable resistor used as a
potentiometer

 Figure 5.60 A circuit for investigating
I-V characteristics of electrical components

71 a Draw a circuit that uses a potentiometer and a 12V battery to provide an input that varies from 0 to
12V for a small lamp rated at 12V, 1.5W.
b Label the lamp with its resistance (assume it is constant).
© Suggest a suitable resistance range for the potentiometer.
d If a0-200Q) potentiometer was used, estimate the p.d. across the lamp when the potentiometer was
set to the middle o its range.
& Explain why the answer to d is not 6V.

5.3 Electric cells - efectric celts atiow us to store energy in a chemical form
u Cells

In the modern world, with so many mobile

electronic devices, we are becoming increasingly
dependent on compact, portable sources of

electrical energy. An electric cell (sometimes electron
called an electrochemical cell) is a component Taw
that uses chemical reactions to transfer chemical
(potential) energy to the energy transferred by an

electric current. Electric cells are also sometimes anode
called voltaic cells (named after Alessandro Sfiaie

Volta, an Italian scientist who is credited with

the design of the first useful electric cells). The

basic principle can be demonstrated by putting electrolyte

two different metals into a solution that conducts
electricity (an electrolyte) as shown in Figure 5.61. W Figure 5.61 A simplified electrochemical cell
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The two conductors making contact with the electrolyte (copper and zinc in this example)
are called the electrodes. In Figure 5.61, electrons flow around the external circuit from the
zinc electrode to the copper electrode and in this process they can transfer useful energy to the
circuit. Remember that conventional current is shown flowing in the opposite direction to the
flow of electrons. The electrode from which electrons leave to travel around the circuit is called
the anode and the electrode to which the electrons return is called the cathode. Details of the
design of cells or chemical reactions are not needed for this course, but are included in the IB
Chemistry course.

A very wide range of practical investigations into simple cells is possible: improving the
design with a salt bridge, using diffrent conductors, different temperatutes,diffrent elctrode
geometry or different electrolytes (or Ch istics such as the voltage,
current and power delivered to a circuit can be determined and how these properties vary with
time. With such a wide selection of possible variables, the investigation of electrochemical cells
is a topic well-suited to computer simulations.

Two or more cells connected together in a circuit are known as a battery, although the term
‘battery’ is also widely used for single cells.

Secondary cells
Simple cells that can only be used until the chemical reactions have stopped are called primary
cells. In secondary cells, the chemical reactions can be reversed, so that the cells can be used
again. This process is known as recharging a cell (battery). The batteties in mobile phones and
notebooks are secondary cells and can be recharged many times, although there is a limit to how
many times this can be done. Recharging batteries
can take several hours or more. The lifetime of
secondary cells and the times needed for recharging
them are areas of continual technological research.
The use of primary cells has decreased significantly W
in recent years.

In order to recharge a secondary cell (battery),
a current must be made to pass through it in the
opposite direction to the currents that flow when current in
the battery is in normal use. The recharging AL |
voltage should usually be the same as the volrage ' '
produced by the cell in normal use (see Figure 5.62). M Figure 5.62 Recharging a battery

recharging
circuit

B Connecting batteries into circuits

Electromotive force (emf)

Electrochemical cells use chemical reactions to provide potential differences and energy to
circuits, but there are other devices that can provide p.d.s from different processes. For example,
photovoltaic cells transfer light energy to electrical energy, our homes are provided with a mains
p.d. and energy by generators at electric power stations, and the dynamo on a bicycle can transfer
kinetic energy to electrical energy for the lamp.

The electromotive force (emf) of a battery, or any other source of electrical energy, is defined
as the total energy transferred in the source per unit charge passing through it.

Most of this energy should be supplied to the circui, but some energy will be transferred to
internal energy within the battery itself.

Electromotive force is a potential difference (energy transferred/charge). It is given the
symbol £ and its unit is the volt, V. The name electromotive force can cause confusion because it
is not a force. For this reason it is commonly just called ‘emf’.
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Terminal potential difference

It is important to realize that when a current is flowing in a circuit, the potential difference
across the terminals of the battery, or other power supply, is not equal to its emf. The p.d. across
the battery is the same as the p.d. supplied to the circuit and is known as the terminal potential
difference. When a current is flowing, the terminal p.d. is lower than the emf because of the
internal resistance of the power source.

Internal resistance

Cells, batteries and other sources of electrical energy are not perfect conductors of electricity.
The materials from which they are made all have resistance, called the internal resistance of
the cell, which is given the symbol r. The internal resistance of a new battery bought for a torch
might be about 1 chm.

If the internal resistance of a battery (Figure 5.63) is much less than the resistance of the
rest of the circuit, its effect can usually be ignored and, as a result, many examination questions
refer to batteries or cells of ‘negligible internal resistance’. But in other examples, the internal
resistance of an energy source can have a significant effect on the circuit. The value of the
internal resistance of a battery may vary when different currents flow through ir, but we usually
assume that it is constant.

Tneab can

positive terminal

potassium - | @ powdered zinc

Do == anode

Flesloods = brass current
2[=

iraigaiess ES collector

dioxide zI&

cathode 31 Duter bEHer
2Is Jacket with label

separator =

negative
terminal

B Figure 5.63 The chemicals inside a battery provide
internal resistance W Figure 5.64 A cell in a simple circuit

Consider Figure 5.64. As current flows through the cell, some energy will be transferred to
internal energy because of its internal resistance, so that:

total energy transferred  _  energy transferred to . energy transferred inside
by the cell (per coulomb) the circuit (per coulomb) the cell (per coulomb)

Bibobcell e tevrmlbnaI pd. across " los.t volts’ due to internal
circuit, V, resistance of battery

The same current flows through both resistances and using V = IR gives:
e=IR+k=IR+1)

This equation is given in the Physics data booklet.

Remember that the voltmeter shown in Figure 5.64 is not measuring the emf of the cell; it
is measuring the terminal pd. of the cell, which is the same as the useful pd. supplied to the
circuit.

If the current, I, in a circuit is zero, then the ‘lost volts’ (Ir) are also zero, so that the emf
equals the terminal pd. This means that the emf of a cell can be effectively measured by
connecting a high-resistance voltmeter actoss it when it is not connected to anything else.
(Because the voltmeter has a very high resistance, the current through it and the battery may be
considered to be negligible)
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Worked example

19 a ff the cell shown in Figure 5.64 has an emf of 1.5V and an internal resistance of 0.900), calculate the
current i the circuit if the resistor has a value of 5.00.
b What is the p.d. across the circuit?

ae=lR+n
15 =1(5.0 +0.90)
15
I= 555 =0.25A

R
.25 % 5.0= 1.3V

The voltmeter will read 1.3V, but the cell has an em of 1.5V 50 0.2V has been ‘lost’ because of
the internal resistance. The fost volts cannot be measured directly with a voltmeter, but can be
calculated from Ir. This shows us that the value of the lost volts will increase when a larger current,
,is flowing through the cell. If the power source has significant internal resistance, the useful p.d.
supplied to the circuit will decrease significantly if a larger current flows.

To determine internal resistance experimentally, the circuit shown in Figure 5.64 can be

used with an ammeter added to measure the current, I, through a known resistor, R. Then the
equation £ = IR + Ir = (R +1) can be used to calculate r if the emf, £, has been measured in a
separate experiment. A better method is to use a variable resistor instead of R and measure the
currents for different values of voltage. The gradient of a V—I graph will have an intercept equal
to the emf and a gradient of magnitude equal to the internal resistance.

Similar cells may be connected in series or parallel to make a battery. If they are connected
in series, the pd.s and internal resistances simply add up. If they are connected in parallel, the
pd. provided will be the same as for a single cell, but the overall internal resistance can be
calculated using the formula for resistances in parallel (page 225).

72 a When a battery of emf 4.5V and internal resistance 1.1 was connected to a resistor, the current was
0,68A. What was the value of the resistor?
b If the resistor was replaced with another of twice the value, what would the new current be?
© What assumption(s) did you make?

73 When a cell of intemal resistance 0.24 0 was connected to a lamp, the current was 0.72 A and the p.d.
across the lamp was 2.8V.
a Calculate the resistance of the lamp.
b What was the em of the cell?
© Calculate the rate of energy transfer (power) in
i thelamp
ii the cell,

74 A high-resistance voltmeter shows a voltage of 12.5V when it is connected across the terminals of a
battery that is not supplying a current to a circuit. When the battery is connected to a lamp, a current of
2.5 A flows and the reading on the voltmeter falls to 11.8V.
a What is the emf of the battery?
b Calculate the internal resistance of the battery.
© What is the resistance of the lamp?

75 The engine of a car s started at night with the car's headlights on. Starting a car requires a high current
from a 12V battery and the headiights become momentarily dim.
a Whyis a high current needed?
b Suggest why the headiights become dim.

76 v A PR connected by mistake across a battery or power supply, itis an example of a ‘short
uit'.

& Calctetsthuront that Tews through a battery of emf 12.0V and internal resistance 0.25Q f it is
amdemaHy shorted

b What assumptions did you make?

© Calculate the power transferred in the battery.

d Suggest what will happen to the battery.
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77 Explain why itis not possible to measure the internal resistance of a battery in the same way as the
resistance of a resistor in a circuit.

78 Three 1.5V cels, each with an internal resistance of 1.00, are to be connected together to make a battery.
Determine the combined emf and internal resistance if they are connected:
a in series
b in parallel

79 a Draw a circuit for obtaining a set of potential difference~current readings for a battery connected to a
variable resistance.
b Explain why the gradient of a V~/ graph equals the internal resistance and why the intercept equals the emf.
¢ Explain why using a graph should provide a more reliable determination of internal resistance than a
calculation based on  single pair of measurements;

80 Suggest reasons why i recent years primary cells have become used much fess.

Electric cells: choosing a battery
Wihen choosing a battery for a particular purpose, there is a lot more to consider than just its
emf. It is also important to consider:

* internal resistance

© terminal p.d. in normal use (and how it changes with time)

o size

o total energy stored

o whether it is a primary cell or secondary cell

* recharging characteristics (if it is a secondary cell)

o whether its manufacture and disposal cause significant pollution

When we replace a battery in electrical or electronic equipment, we usually have no choice
about which kind to use; that decision was made during the design process. Question 81

(page 241) shows why the internal resistance of a cell (and how it compates with the rest of the
circuit) is important.

The dramatic increase in the use of high-technology batteries worldwide has important
implications for both their supply and their disposal. The distribution, availability and cost
of the materials used in battery manufacture may be an issue of increasing importance in the
future. The chemicals used in batteries can become a major pollution concern if they are not
disposed of properly.

Scientists are continually trying to improve the amount of energy stored per gram in batteries
and thisrequires close collaborarion with chemists. This is a major technological research area

with for mobile ication: power supplies, battery-
driven uansportatlon and many other uses.

W Figure 5.65 An
electric bicyde
in China
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W Figure 5.66
Abattery used ina
mobile phone

Nature of Science

o'

The amount of energy stored in a battery is often given the unit amp hour, Ah (or watt hour,
Wh), rather than joules. For example, a battery rated at 10A h should be able to provide 1 A
for 10h or 0.01 A for 1000h. If it is a 12 V/ battery then the nominal total energy stored will be
12 % 10 % 3600 = 4.3 x 10°].

A typical mobile phone battery (Figure 5.66) is lithium ion in design and might be rated at
38,8 Wh. Approximately 1K] can be stored in every gram of chemicals in the battery.

1 Would doubling the size of the battery used in a mobile phone mean doubling the energy stored,
and the time between recharges? If so, discuss why phone manufacturers don't do this.

Scientific ‘advances’ can sometimes have unexpected long-term risks

Research into improved battery design seems to be of benefit to all of us, but as is often the case,
there are negative aspects to consider as well: pollution and depletion of resources, for example.
The disadvantages of a technological change may be well known now, but years ago the full
consequences of improved battery design (especially the rapid increase in use of batteries) was
not foreseen by many people. Perhaps it should have been, but even with such foresight would
battery research have been any different?

Scientific and technological advances have produced really dramatic changes in lifestyles
and living conditions (including health and sanitation) for nearly everyone on Earth within
living memory, There seems little doubt that this astonishing rate of ‘progress’ will continue.
However, for every development there are likely to be other consequences that may be
predictable, or could be totally unexpected.

B Discharge characteristics of batteries
We have seen that the terminal pd. provided by a
battery to a circuit will depend not only on its emf,
but also on the resistance of the circuit in which it
is placed and on the battery’s internal resistance.
However, another very important isti
of a battery is how the terminal pd. (and the
current supplied) to the same circuit changes
over time: its discharge characteristic. This can
be investigated with voltage and current sensors
set up with a data logger to take at
regular intervals over several hours or days. The
charging characteristic of a secondary cell could be
investigated in a similar way.

Ideally the terminal voltage provided by a % 1 & 31 Snr
battery should stay at the same value for as long Time/min
as possible and then, when the stored energy has g Figure 5.67 Discharge characteristic of a
been transferred, the p.d. should fall quickly o patery
zero. In this way, as little energy as possible would

Terminal p.dAV

S -

L ideal’
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be provided at a reduced voltage, which would probably be too low for the correct functioning
of the device that it is powering. Figure 5.67 shows a typical discharge characteristic. The initial
p.d. drops quickly to the normal operating voltage and, in this example, it is hoped that the
terminal pd. will remain at 12V for two hours.

&1 The battery in Figure 5.68 has an emf of 6.0V and an internal resistance of 0.45 Q). The variable resistor, R,

can be changed to any value between 00 and 30

a Set up a spreadsheet to calculate the current in the circuit for a
range of suitable values of R.

b Add columns to calculate the p.d. across R and the power
generated in the resistor.

 Draw a graph showing how the power varies with the value of R

d Explain why the power is low for both high and low values of R

 Under what conditions can maximum power be obtained from
the battery?

variable
resistance, R

82 A major attraction of electric cars is that they are non-poliuting,
but the energy stored in their batteries had to be transferred
from somewhere else. Much research is being carried out into the
development of better batteries for electric cars so that they can
supply the energy needed for longer distances and recharge much
more quickly. Use the internet to find out the latest developments = Figure 5.68

&3 a Which major pollutants of land and water are present in used batteries?
b Can the components of a used battery be recycled?
¢ How does your community dispose of used batteries?

84 Carry out some research into the origin of the materials used in the latest high-technology batteries.

85 a Estimate the total energy stored in a typical torch battery by considering the power of the lamp and the
number of minutes it can be used for.
b Calculate the approximate amount of energy stored in each gram of the chemicals.
© Compare your answer to the amount of energy stored in:
i 1g of chocolate
i 1g of petrol (use the internet),

86 Consider Figure 5.67.
a For how long could a device requiring 10-14V be operated by this battery?
b If the battery delivers a steady current of 0.46A during this time, estimate the total energy transferred
from the battery in this time.
¢ Estimate the amount of energy still stored in the battery after the p.d. falls below 10V.

87 Sketch a voltage-time graph to suggest how the terminal p.d. of a secondary cell might change during a
recharging process.

Eatzery Storage is seen as useful to society despite the potential environmental issues surrounding their
disposal. Should scientists be held morally responsible for the long-term consequences of their inventions
and discoveries?

Most, i not all, scientific and technological developments have some unwanted, and/or unexpected, side-
effects. Most commonly these may involve pollution, the threat of the misuse of new technologies or the
implications for an overcrowded world. Or maybe a new technology willresult in dramatic changes to how
societies and cultures function; changes that will have both benefits and disadvantages, many of which will be a
matter of opinion.

Should more effort be made to antidpate the possible negative aspects of scientific research and development?
Perhaps that is unrealistic, because predicting the future of anything, especially the consequences of as-yet-
unfinished research, is rarely successful. Of course, there are some extreme areas of research that most people
would agree should never be allowed; nuclear weapons, for example. It is important to appreciate that a key
feature of much scientific research is that it involves the investigation of the unknown.

If ‘society’ decides that it wishes to control some area of scientific and technological research because the
possible negative consequences are considered to be greater than the possible benefits, who makes those
decisions and who monitors and controls the research (especially in this modern interational world)? Is it
reasonable to expect scientists to be responsible for their own discoveries and inventions?
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W Figure 5.69 The
Earth’s magnetic field

5.4 Magnetic effects of electric currents - the effect
scientists call magnetism arises when one charge moves in the vicinity of another
moving charge

B Magnetic fields

Gravitational fields exist around masses and electric fields exist around charges, but what
causes a magnetic field? The answer ‘magnets’ may be true, but the kind of ‘permanent’
magnets with which we are all familiar (for example, that hold notes onto a refrigerator
door) are only one small and fairly unimportant example of magnetic effects. Al electric
currents produce magnetic fields around them so it is difficult to separate the topics of
electricity and magnetism. Electromagnetic effects dominate our lives and are essential for
the operation of such things as power stations, trains, cars, planes, televisions, hairdryers
and computers.

The Earth’s magnetic field
Magnetic materials have been known for thousands of years, long before they were
actually und d. Early civilizations ized that a piece of magnetic material that
is free to move will always twist until it is pointing approximately north-south. The
end that points to the north was called the north (-seeking) pole and the other end was
called the south (seeking) pole. A magnet used in this way is called a compass and, for
many centuries, compasses have been helping people to find their way around. In recent
years, magnetometers (which detect the strength of a magnetic field) have become very
popular, especially because they can be made very small and incorporated in devices like
mobile phones.

The simplest bar magnets have one pole at each end and are called dipole magnets. It
is not possible to have a magnet with only one pole and if a dipole magnet is cut in half,
the result will be two smaller and weaker dipole magnets. Magnets can be designed to have
complex shapes and multiple poles. When dipole magnets are brought close to each other, it
quickly becomes obvious that opposite poles attract each other and similar poles repel each
other. If at least one of a pair of such magnets is free to move, they will align with each other.
This then helps us to explain the action of a compass: the Earth itself behaves like a very large
bar magnet and the small, freely moving magnet of the compass is just twisting to line up with
the Earth’s magnetic field.

The terms north pole and south pole are still used
for describing the ends of magnets, although this
can very easily cause confusion with the Earth’s
geographic poles. By definition, the end we call the
north pole of a magnet is attracted to the geographic
north of the Earth. This means that the Earth’s
magnetic field has a magnetic south pole at the
geographic north and a magnetic north pole at the
geographic south. Figure 5.69 represents the Earth’s
magnetic field by field lines, which are discussed in
greater depth in the next section.

The Barths geographic poles are located where
the axis of rotation reaches the surface, but the
poles of the Earth’s magnetic field are not in the
same place, nor on the surface, and they slowly rotate. At the moment the geographic and
magnetic poles at the north of the Earth are about 800 km apart. If this is not understood by a
traveller, it could cause some problems with navigation over large distances using a magnetic
compass, especially when close to the poles. Alternatively, a gyrocompass can be used (as on
many large ships), which locates true north by responding to the Earth's rotation (with the
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added advantage of not being influenced by the steel of the ship). Or GPS can be used for
navigation.

The Earth's magnetic field is caused by electric currents i its liquid outer core and is
believed to reverse its polarity (north becomes south and south becomes north) on average about
every 300000years, for reasons that are still not fully understood. The last such reversal was
about 800000 years ago.

88 The Earth's magnetic field extends a long way above the Earth's surface. Carry out some research into the
Earth's magnetosphere and find out how it protects the Earth from the ‘solar wind'.

89 Itis often reported that some birds, fish, sea mammals and even bacteria can navigate by their natural
ability to detect (in some way) the Earth's magnetic field. Use the internet to find out if this is scientific
fact, theory or myth.

90 Do modern aircraft use magnetic compasses, gyrocompasses, magnetometers, radar, radio beacons, GPS

or some other method of navigation? Carry out some research into the kinds of navigation system used on
modern planes.

| | Magnetlc field patterns

Earlier in this chapter we saw that any charge (which may be moving or
stationary) has an electric field around it. Magnetic fields are produced around
‘moving charges.

Because electric currents are a flow of moving charge, all electric currents have
‘magnetic fields around them.

The field around a permanent magnet (see Figure 5.70) has its origin in the
movement of electrons in certain atoms (like ifon, which is described as ferrous).

B Figure 5.70 Iron filings canbe used  In most non-ferrous materials these small-scale magnetic effects cancel each
to demonstrate the magnetic field other out.

around a bar magnet

Magnetic fields can be represented on paper or screen by using magnetic field
lines. (Gravitational and electric fields can also be represented by field lines.)

By convention the direction of a magnetic field is the same as the direction in which a compass

points: from magnetic north to magnetic south.

Fields are strongest where the lines are closest together, but field lines can never cross each
other, because that would mean that the field pointed in two different directions at the same
place.

Magnetic field patterns around permanent magnets or currents can be investigated
experimentally in two dimensions by using small ‘plotting’ compasses or iron filings (such as
shown in Figure 5.70), which individually twist until they are parallel with the field at that point.
Of course, magnetic fields spread into three-dimensional space and computer simulations can
help students to visualize the fields more realistically.

In this course we will discuss the magnetic fields around currents in long straight wires,
around currents in solenoids and around dipole bar magnets, as well as the strong and useful
uniform magnetic fields produced between opposite magnetic poles close together.

Field due to a current in a long straight wire

Figure 5.71a shows the field produced by a steady current flowing in a long straight wire. In
the diagram we know that the current is flowing perpendicularly into the page by the use of
the cross at the centre. The field is circular around the wire and gets weaker as the distance
from the wire increases, shown by the increasing distance between the field lines. (The field
strength is inversely proportional to the distance from the wire.) The direction of the field
lines is shown and can be predicted using the right-hand grip rule: if the thumb points in
the conventional direction of current flow, then the fingers indicate the direction of the
magnetic field.
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W Figure5.71aThe  , B
magnetic field due
to a current flowing
ina long straight
wire into the plane
of the paper; b using
the right-hand grip
rule to predict the
direction of the field

Field due to a current in a solenoid

. Whena coil of insulated wire is wrapped regularly so that the turns do not overlap and it is
{2ME}  significantly longer than it is wide, it is usually called a solenoid. Solenoids are useful for the

strong, uniform magnetic fields produced inside them. Figure 5.72 represents a solenoid showing
the parallel lines of a uniform magnetic field inside. The overall field
pattern is similar in shape to that produced by a simple permanent
bar magnet. One end of the solenoid acts like a north pole and the
other like a south pole (confirmed by using the right-hand grip rule).
Reversing the direction of the current changes the south pole to a
north pole, and the north pole to a south pole. This is called reversing
the polarity of the magnetic field. The more turns of wire in a given
length, the stronger the magnetic
field, for the same current.

Different materials have
different magnetic properties.
Magnetic permeability is a
measure of a medium’s ability to
transfer a magnetic field and it can be compared to electric
permittivity for electric fields. The magnetic permeability
of free space is given the symbol iy and its value is given in
the Physics data booklet.

Other materials have higher permeabilities. If a solenoid or
coil of wire is wound around a material with high permeability
(e iron), the field produced can be very much stronger
than it would be without the core. In this way very strong,
but adjustable, electromagnets can be made (see Figure 5.73).
The magnetic material used as the core must gain and lose its B Figure 5.73 Testing an
magnetic properties quickly and, for this reason, ‘soft’ iron is  electromagnet in a laboratory
used as the core of most electromagnetic devices,
such as transformers and motors.

The properties of electromagnets are an
interesting topic for laboratory investigation not
only because there are so many variables, but
also because an accurate measurement of field
strength needs to be devised.

W Figure 5.72 Magnetic field due to the current in
asolenoid

Fields due to permanent magnets

& Figure 574 shows the magnetic field around a
{245} simple dipole magnet, with a plotting compass

" indicating the direction of the field at one point. W Figure 5.74 The magnetic field around a
It should be compared to Figure 5.70. simple dipole magnet
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M Figure 5.75
Magnet fields
between magnets:
abetween opposite
poles and b between
like poles

W Figure 5.76 Using
an electromagnet
to create astrong,
uniform field

Nature of Science

Figure 575 indicates the shape and direction of the fields between the poles of two magnets
placed close together.

a b
It can also be convenient to make a strong uniform field with an electromagnet as shown in

Figure 5.76. Strong uniform magnetic fields, such as those formed inside solenoids, have many
uses in science and technology, including medical scanners (see Figure 5.77).

strong
uniform field

coil with
many tums

Visual models can help understanding

Much of physics requires knowledge of things that cannot be seen. To help with this
understanding, scientists develop models of various kinds to represent, in some way, the
Adeas they wish to communicate. Such models may be simplified written descriptions, two-

I drawings, th | structures or mathematical equations. Magnetic,
electric and gravitational fields occupy the space around us, but they cannot be seen. This makes
them especially challenging to understand, but the use of field lines to draw representations of
them is a great aid to learning and to the communication of ideas. It should be clear that the
field lines are not a physical reality, but the vizualization of fields in some way is essential for
human minds to understand them.

ToK Link

Mapping is a common means of simplifying pattems of information

Field patterns provide a vizualization of a complex phenomenon,  one thinks that they are ‘real’. It might be argued that such
essential to an understanding of this topic. Why might it be useful  a simplification in some ways restricts our understanding, or

0 regard knowledge in a similar way, using the metaphor of imagination, about the subject because it channels our thoughts
knowledge as a map — a simplified representation of reality? in certain prescribed directions. The mapping (representing by

The use of lines and patterns to represent fields is accepted fully
by the scientific community as possibly the only way of presenting

drawing) of any knowledge is a simplification to aid understanding
and one which has obvious appeal but, like all simplifications, has
limitations.

these difficult ideas simply to the human mind, although no
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Magnetic fields used in medical scanners

W Figure 5.78
Demonstrating the
force on a current
flowing ina piece of
aluminium

Magnetic resonance imaging (MRI) is used in modern hospitals to create images of organs
within the human body. (This topic is covered in detail in Option C) Although they are
expensive to buy and to operate, such scanners are
s0 useful for medical diagnoses that they are being
introduced in hospitals worldwide.

Scanners, such as that shown in Figure 5.77,

require very strong magnetic fields that are

typically 10000 times stronger than the magnetic

field of the Earth. Very large currents are

needed to produce such strong fields and this

is only possible if the resistance of the wires

can be reduced to very low values by operating

at extremely low temperatures. Liquid helium

at a temperature of about 3K is used to coil

the electromagnets so that the wires become

superconducting (their resistance is almost zero).

1 Many different techniques are used for medical
imaging. Find out the medical conditions that
are best diagnosed by MRI scans.

B Figure 5.77 An MRl scanner

B Magnetic force

When a current is passing through a flexible, lightweight conductor in a strong magnetic field,
as in Figure 5.78, the conductor may be seen to move, In this example, the aluminium starts to
move upwards.

strip of
aluminium
foil

In order to describe and explain this very important phenomenon, and many other
electromagnetic effects, we need to represent and understand these situations in three
dimensions. Figure 5.7% shows a situation similar to that in Figure 5.78 — a wire carrying an
electric current across a magnetic field. The current is perpendicular to the magnetic field from
the permanent magnets. In Figure 5.79b the same situation is drawn in two-dimensional cross-
section, with the wire represented by the point P and the magnetic fields from the magnets
(shown in green) and from the current (shown in blue) included.
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W Figure 5.79 & b force.

Comparing the A

directions of current,
field and force

The two fields are in the same plane, so it is easy to consider the combined field that they produce.
Above the wire the fields act in opposite directions and they combine to produce a weaker field.
Below the wire the fields combine to give a stronger field. This difference in magnetic field
strength on either side of the wire produces an upwards force on the wire, which can make the
wire move (if it is not fixed in position). This important and useful phenomenon is often called the
motor effect and it provides the basic principle behind the operation of electric motors.

In order for there to be force on a current-carrying conductor in a magnetic field, the current
must be flowing across the field. If the current is flowing in the same direction as the magnetic
field lines from the permanent magnets, there will be no interaction between the fields and,
therefore, no force produced. Figure 5.79 shows the situation in which the force is maximized
because the field and current are perpendicular, but as the angle between field and current
reduces, so too does the force. Consider Figure 5.80, which shows three different wires carrying
the same current in different directions in the same uniform magnetic field.

 Figure 5.80 How wire B wire €
i magnetic field
force varies with the
angle of the current
to the magnetic field:
there will be no force ]
onwire Aand the ——
g _ wire A
biggest force per
unit length will be
on wire B. Wire C will
experience a force,
but the force per unit —

length of wire will
be smaller than for
wire B
Direction of the magnetic force on a current-carrying conductor
in a magnetic field
The direction of the magnetic force is always perpendicular to both the direction of the current
and the direction of the magnetic field. In Figure 5.80, the forces on B and C will be in or out
of the plane of the paper, depending on the direction of the current. We can use Fleming's
left-hand rule to predict the direction of force if the current and field are perpendicular to each
other. This is shown in Figure 5.81. Remember that magnetic fields always point from magnetic
north to magnetic south and the (conventional) direction of current is always from positive to
negative.
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W Figure 5.81
Fleming’s left-hand
rule predicts the
direction of the
force

W Figure 5.82
Current [ flowing at
anangle 6 across a
magnetic field

thuMb 1 First finger force
Motion Field
or inr(f\ -
2 field
¢

current
"\ seCond finger
Current

Magnetic field strength

We know that gravitational field strength, g, equals gravitational force divided by mass, and
electric field strength, E, equals electric force divided by charge. So it would be consistent

to suggest that magnetic field strength equals magnetic force divided by moving charge
(current). However, the size of the magnetic force depends not only on the current, I, but also
on the length of the conductor in the field, L, and its direction relative to the field, 6 (see
Figure 5.82).

uniform current, |

magnetic
field

length of
conductor in
uniform field, £

Y

angle between
Tield and
current, 6

Wi define magnetic field strength (given the symbol B) as follows:
F
ILsin6
Magnetic field strength is also commonly called magnetic flusx density (the reason for this will
be given in Chapter 10 for Higher Level students). The units for magnetic field strength are
newtons per amp metre, N A" m". Unlike gravitational and electric fields, the unit for magnetic
field strength is also given another name: the tesla, T. (This unit is named after the eccentric
physicist Nikola Tesla, who was born in Croatia to Serbian parents. He did a lot of important
work on electromagnetism in Europe and, later, in the United States.)
The equation above is more usually written in the form:

B=

F =BILsin 8

This equation, which is given in the Physics data booklet, shows that the force on a current-
carrying conductor in a magnetic field equals the magnitude of the current, multiplied by the
length of the conductor, multiplied by the component of the field perpendicular to the current.
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Worked example

20 In Figure 5.83, a measured current is flowing across a small, uniform magnetic field.

inflexible

1op-pan
balance

W Figure 5.83 Investigating magnetic field strength

a In which direction is the force on the wire?

b In which direction is the force on the balance?

© When the current is flowing, the balance indicates that there is an extra mass
of 4.20 x 10-2g on the balance. What extra downwards force is this?

d Ifthe current is 1.64A and the length of the field is 8.13 cm, what is the strength of the magnetic
field?

a Using the left-hand rule, the force is upwards.
b Using Newton’s third law, the force is downwards.
€ W=mg=(42x102x103) x9.81

W=412x 104N
d Using F = BlLsin6, with sin 6 = 1, gives:

412 x 10-4=Bx 1.64x 00813

B=3.09 x 107

©

1 At point P i Figure 5.84 a large current i flowing vertically upwards, out of the plane of the paper.
a In what direction s the magnetic field (due to this current) at points Q and R?
b How does the strength of the field at Q compare to the strength at R?

©

2 Figure 5.85 shows a compass placed near to a solenid carrying a small electic current |
 Make a copy of the diagram showing where the compass might point f the current in the solenoid is
doubled
> Where would the same compass point if the direction of the current was reversed?
 Draw the compass in  position where it could point to geographic south (with the original current)

w—e

!
= Figure 5.84 = Figure 5.85
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93 Calculate the magnetic force per metre on a wire carrying a current of 1.2 through a magnetic field of
7.2 if the angle between the wire and the field is:
30°

©
£

 The Earth's magnetic field strength at a particular location has a horizontal component of 24pT. What is
the maximum force per metre that a horizontal cable carrying a current of 100A could experience?
b In which direction would the current need to be flowing for this force to be vertically upwards?

a

A current is flowing in a horizontal wire perpendicularly across a magnetic field of strength 0.36T. It
experiences a force of 0.18N, also horizontally.

 Draw a diagram to show the relative directions of the force, field and current.

b If the length of wire in the field is 16cm, calculate the magnitude of the current.

2

a A current of 38A in a long wire experiences a force of 5.7 x 102N when it flows through a magnetic
field of strength 25 mT. If the length of wire in the field is 10cm, what is the angle between the field and
the current?

b If the direction of the wire is changed so that it is perpendicular to the field, what would be the new
force on the current?

97 Use the internet to learn about the suspension system used in Maglev trains

Forces between currents in parallel wires conductor X| conductorY
Consider the two parallel wires shown in Figure
5.86. If both wires are carrying a current, then
each current is in the magnetic field of the other.

e - - force
Both wires will experience a force and, using the s
lefthand rule, the forces will be attractive between

the wires if the currents are in the same direction. magnetic
The forces are equal and opposite (remember g field due
i : . P to current in Y
Newton's third law). If the currents are in opposie - N,
( orce

directions, the wires will repel.
This arrangement is used to define the SI unit of
current, the ampere. One ampere, 1A, is the current
z - » » field due
flowing in two infinitely long, straighr, parallel wires ~ fel9due
that produces a force of 2 x 107N m! between the drelah,
wires if they are 1 m apart in a vacuum. e

B Magnetic forces on individual
charges moving across
magnetic fields

It should be clear that the forces we have been

discussing are not acting on the wires themselves, but

on the currents in the wires. In fact, the force on a

current is just the sum of the forces on the individual

moving charges. Any moving charge crossinga
magnetic field will experience a force, whether it is in

a wire or moving freely (through a vacuum).

Consider a charge, g, moving across a magnetic
field, B, at an angle, 6, and with a velocity, v, as
shown in Figure 5.87. In time , ¢ moves from X to

Y, adistance L.

We have seen that F = BlLsin 6, But in this case,

A onY

magfietic ——f—

W Figure 5.86 Forces between parallel
currents

v=Ljrand I = gft, so the equation can be written as: B Figure 5.87 An individual charge moving
F = B(g/t)(v)sin 8 across a magnetic field
Cancelling t, we get:
F=quBsin 6

This equation is given in the Physics data booklet.
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‘With this equation we can calculate the magnetic force acting on any charged particle moving
in a uniform magnetic field. Note the important and interesting fact that the force is bigger if the
particle moves faster. There is no force on a charge that is not moving (i.e. when v = 0).

It is not possible to track the progress of individual charged particles in school laboratories,
but this equation is very useful when investigating the properties of charged particles that have
been formed into particle beams. This includes beams of electrons, protons, ions and certain
kinds of nuclear radiations (alpha particles and beta particles). The deflection of particle beams
as they pass through magnetic fields (and/or electric fields) is a very useful way of determining
the charge andjor mass of the individual particles, as well as their speeds and energies.

Direction of magnetic forces on charged particles moving across magnetic fields
Any charged particle moving perpendicularly across a magnetic field will experience a force that
is always perpendicular o its instantaneous velocity. The direction of the force can be predicted
by the lefrhand rule, remembering that the conventional direction for current is that of the
movement of positive charges. (This means that the direction of current for moving electrons
will be opposite to their velocity.)

A force perpendicular to motion is the necessary condition for circular motion. (This will
be explained further in Chapter 6) Therefore, any charged particle moving perpendicular to a
magnetic field will move along the arc of a circle.

Figure 5.88 shows examples of charges moving perpendicularly across strong magnetic fields.
In each example, the speeds and kinetic energies of the particles do not change as a result of the
perpendicular magnetic force. Note how the direction of a magnetic field perpendicular to the
paper is represented:
B a0 shows that the field is pointing out of the paper
B axshows that the field is pointing into the paper.

B Figure 5.88 Circular positive
paths of charges charges
moving perpendicular (- Protons)

o magnetic fields LR

positive
charges
x  x
magnetic field into paper
negative
x  x  x x
charges

negative
charges
(e.g. electrons)

Figure 5.88 also shows that the faster a charge is moving, the greater is the radius of its circular
path, even though it is experiencing a bigger magnetic force. This can be explained by equating

the equation for magnetic force to the equation for a force producing circular motion, F = =

(see Chapter 6). For a charge of mass, m, moving in a circular path of radius r: £

F=quBsinf= m
B
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W Figure 5.89 Curved
paths of individual
particles in a nuclear
physics bubble
chamber

Remembering that for a movement perpendicular to the field, sin 8 = 1, we get:

mo
qB="
f
my
r=m
B

This equation, which is not in the Physics daa booklet and need ot be remembered , shows us
that for a given mass, charge and magnetic field, the radius is proportional to the velocity of
the charge. A charge that is losing kinetic energy and velocity (because of collisions with other
particles) will spiral inwards as its radius decreases.

We can also see that if the velocity and charge of particles are kept constant, their radius in
a given magnetic field will depend only on their mass. Information about the mass and speed

of sub-atomic particles can be determined by analysing their paths as they move across known
magnetic fields (see Figure 5.89).

If the motion of the charged particle is not perpendicular or parallel to the field, then it will
move in a spirallike path, called a helix.

Worked examples

21 What is the magnetic force acting on a proton (charge = +1.6 x 10-1°C) moving at an angle of 32° across
a magnetic field of 5.3 x 1027 at a speed of 3.4 x 105ms~1?

F=quBsine

F=(16x10-1%) x (3.4 x 10 x (53 x 10-3) sin 32°
F=15x 107N

22 An electron of mass 9.1 x 10-31kg and charge 1.6 x 10-19C is moving at a speed of 1.6 x 107ms-!
perpendicularly to a magnetic field of 1.4 x 10-4T. Calculate the radius of its path

£ 20V
__O1x107)x (16 x 107

(1610 x (14 x 104
r=0.65m
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I CERN

The world's largest nuclear physics laboratory is located near Geneva on the border between
France and Switzerland (see Figure 5.90). Its work is done on behalf of 20 different European
countries.

B Figure 5.90

The Large Hadron
Collider at CERN is
underground and
has a radius of about
4km

The letters of CERN originally represented the Conseil Européen pour la Recherche Nucléaire,
but the organization is now called the European Organization for Nuclear Research.

The main activity at CERN is the use of particle accelerators to produce the extremely high
energies needed to investigate the fundamental forces and particles of nature. This is achieved
by the use of extremely large magnetic fields (using superconductors) to force charged particles
to keep moving faster and faster in circular paths.

CERN provides an informative website, at http://home.web.cern.ch/.

1 Find out what research the Large Hadron Collider at CERN is used for.

98 a Explain how it is possible for a charged particle to move through a magnetic field without
experiencing a force,
b Explain whether it is possible for the same particle to move through electric and gravitational fields
without experiencing forces.

8

An alpha particle has a charge of +3.2 x 10-'9C and a mass of 6.7 x 10-27kg. It moves across a magnetic
field of strength 0.28T with a speed of 1.4 x 107ms- atan angle of 33°.

a What s the force on the particle?

b Describe the path of the alpha particle across the field.

100 a What magnetic field strength is needed to provide a force of 1.0 x 10-12N on each particle in a
beam of singly charged ions (g = 1.6 x 10-19C) moving perpendicularly across the field with a speed
0f 5.0 105ms~1?

b The ions move in the arcs of circular paths of radius 2.78m. What is their mass?
< If the beam was replaced with doubly charged ions of the same mass, but moving with half the
speed, what would be the radius of their path?

1

2

a Electrons are accelerated into a beam by a voltage of 7450V. What is the kinetic energy of the
electrons in:
i electronvolts
ii joules?
b Calculate the final speed of the electrons.
© What strength of magnetic field is needed to make these electrons move in a circle of radius 14.8c?
d If the accelerating voltage is halved, what would the radius of the electrons’ path be in the same field?
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102 A charge of +4.8 x 10-19C moving perpendicularly across a magnetic field of 1.9 x 10-2T experiences a
force of 9.5 x 10-4N.
a What was the speed of the particle?
b What electric field would be needed to produce the same force on this charge?
< Draw the path of the particle moving across the fields in a direction such that these two forces could
be equal and opposite to each other (so that the resultant force on the particle was zero).

103 Find out how the Aurora Borealis is formed (see Figure 5.91).

=

= Figure 5.91 The Aurora Borealis
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B Examination questions — a selection

Paper 1 IB questions and IB style questions

Q1 What are the ideal electrical properties of ammeters and voltmeters?
A ammeter zero resistance; voltmeter zero resistance

B ammeter zero resistance; voltmeter infinite resistance

C ammeter infinite resistance; voltmeter zero resistance

D ammeter infinite resistance; voltmeter infinite resistance

A voltage of 3kV is used to accelerate an electron from rest in a vacuum. What is the maximum kinetic
energy of the electron?
A 3eV B 3keV C 48eV D 4.8keV

Q.

o

Q3 The graph shows the /-V characteristics of a certain electrical component.

©

Which of the following shows how the resistance of the component at point P may be calculated?

Bl
V1

C the gradient of the line at P D 1/gradient at P

Q4 The Sl unit of current is based on:
A the charge passing a point in 1 second
B the power transformed by a p.d. of 1 volt
C the force on a conductor in a permanent magnetic field
D the force between parallel current-carrying conductors.

A

=

Q5 The diagram shows a potential divider circuit.

12V ==

In order to increase the reading on the voltmeter:
A the temperature of R should be increased

B the temperature of R should be decreased

C the light intensity on R should be increased

D the light intensity on R should be decreased.
© 1B Organization
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Q6 An electric heater has two elements, both connected in parallel to the same voltage supply. The first
element has a resistance of R and a power output of P. The second element has a power output of 4P.
What is its resistance?

A 2R B 4R CZL D

A‘;,

Q7 A cell of emf & and internal resistance r delivers current to a small electric motor.

motor
450C of charge flows through the motor and 9000J of energy are converted in the motor. 1800 are
dissipated in the cell. The emf of the cell is:
A 40V B 16V C 20v D 24v
© 1B Organization

Q8 The diagram shows a circuit containing three equal resistances, a battery of emf & and negligible internal
resistance, and an ideal voltmeter.

When the switch is closed the reading on the voltmeter:

A rises from zero to Zi B rises from zero to 3i

C falls from ‘03i D falls from

e .
7 o

26
2
Q9 A wire is made of a metal of resistivity p. The wire has length L, radius r and resistance R. What will be the

resistance of another wire of resistivity 2P, length £/2 and radius 212

R R

AR B o C 2R D 4
Q10 Which of the following statements about the resistance of a conductor is a correct interpretation of

Ohm'’s law?

A Resistance is proportional to temperature.

B Resistance is constant if temperature is constant.

C Resistance is proportional to potential difference if temperature is constant.

D Resistance is proportional to current if temperature is constant.
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Q11 Which of the following correctly describes the process of conduction?
A There are no electrons in insulating materials.
B A current in a solid conductor is carried by positive charges moving towards the negative terminal of the
battery.
C Metals conduct well because they have plenty of free electrons.
D A current in a solid conductor consists of electrons moving in the direction of the electric field.

Q12 In the diagram, a long, current-carrying wire is normal to the plane of the paper. The current in the wire is
directed into the plane of the paper.

Ze—p—>X ® wire

X

Which of the arrows gives the direction of the magnetic field at point P?
A W B X cy Dz

© B Organization

Q13 A current of 2A consists of electrons flowing through a metal wire of cross-sectional area 1mm?. If the
metal contains 4 x 1028 free electrons per cubic metre, the best estimate for the drift speed of the
electrons is:

A 1x10™*ms™ B 3x 10™*ms™" C 1x107"ms™! D 3x107°ms".

Q14 Which of the following is an incorrect statement about Kirchhoff's circuit laws?
A They can only be used if the temperature is constant.
B ¥ =0 (junction) shows that charge is conserved.
C 3V =0 (loop) shows that energy is conserved.
D The laws can be applied to any electrical circuit.

Q15 The equation:
19
7

describes the force between two electric charges. Which of the following is a correct statement about this
equation?
A kis known as Boltzmann’s constant.
B ris the radius of the spheres on which the two charges are placed.
C The equation applies to point charges.
D The equation can only be applied to uniform electric fields.

F=k

Paper 2 IB questions and IB style questions

Q1 The components shown below are to be connected in a circuit to investigate how the current / in a tungsten
filament lamp varies with the potential difference V across it.

400



258 5 Electricity and magnetism

a Construct a circuit diagram to show how these components should be connected together in order
to obtain as large a range as possible for values of potential difference across the lamp.

Copy the axes below and use them to sketch a graph of / against V for a filament lamp in the range
V=0 to its normal working voltage.

o

© IB Organization
Q2 a A heating coil is to be made of wire of diameter 3.5 x 10-*m. The heater is to dissipate 980 W when
connected to a 230V dc supply. The material of the wire has resistivity 1.3 x 10-6Q'm at the working
temperature of the heater.

i Define electrical resistance. [0}
i Calculate the resistance of the heating coil at its normal working temperature. 2)
iii Show that the length of wire needed to make the heating coil is approximately 4 m. )

o

Three identical electrical heaters each provide power P when connected separately to a supply
S that has zero internal resistance. Copy the diagram and complete the circuit by drawing two
switches so that the power provided by the heater may be either P or 2P or 3P. )

supply S
—a

11+
11+
—I1T+

© 1B Organization
Q3 A student wishes to determine how much energy can be obtained from a simple electric cell made from
two metal electrodes inserted into a potato.
a Draw a circuit diagram showing how the student should connect the measuring instruments. 2
b List the measurements that the students would need to take. )
Q4 The diagram shows an electron travelling at a velocity of 6.9 x 108ms=" entering a uniform magnetic
field of strength 2.3 x 10-2T.

X X X X

a Calculate the magnitude of the force acting on the electron while it is passing through the field. 2
b Describe and explain the path of the electron in the field. 3)



W Figure 6.1

Forces that make a
passenger accelerate
inatrain

Circular motion and gravitation

ESSENTIAL IDEAS

= A force applied perpendicular to its displacement can result in circular motion.
= The Newtonian idea of gravitational force acting between two spherical bodies and the
laws of mechanics create a model that can be used to calculate the motion of planets.

6.1 Circular motion -aforce applied perpendicular to its displacement
can result in circular motion

An object moving along a circular path with a constant speed has a continuously changing
velocity because its direction of motion is changing all the time. From Newton’s first law, we
know that any object that is not moving in a straight line must be accelerating and, therefore, it
must have a resultant force acting on it, even if it is moving with a constant speed.

Perfectly uniform motion in complete circles may not be a common everyday observation but
the theory for circular motion can also be used with objects such as people or vehicles moving
along arcs of circles and around curves and bends. Circular motion theory is also very useful
when discussing the orbits of planets, moons and satellites. It is also needed to explain the
motion of sub-atomic particles in magnetic fields, as discussed in Chapter 5.

Imagine yourself to be standing in a train on a slippery floor, holding on to a post
(Figure 6.1). While you and the train are travelling in a straight line with a constant speed
(constant velocity) there is no resultant force acting on you and you do not need to hold on
to the post, but as soon as the train changes its motion (accelerates in some way) there needs
to be a resultant force on you to keep you in the same place in the train. If there is little or no
friction with the floor, the post is the only thing that can exert a force on you to change your
motion. The directions of these forces (from the post) are shown in the diagram for different
types of acceleration. If the post pushes or pulls on you, then by Newton’s third law you must be
pushing or pulling on the post, and that is the force you would be most aware of.

el el o o

L

pull push

push
——1- pole

i

x
=+ A=

train train train going
accelerating deccelerating around a bend
positively at constant speed

In particular, note that the direction of the force needed to produce a curved, circular path is
perpendicular to the instantaneous motion.
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B Period, frequency, angular displacement and angular velocity

Before we look more closely at the theory of circular motion, we will define some of the terms
commonly used in this branch of physics.

The period, T, of a circular motion is defined as the time taken for the object to complete
one rotation (360°).

The frequency, f, of circular motion is defined as the number of rotations in unit time
(usually every second).

These definitions are similar to those presented previously in Chapter 4 (when discussing
oscillations and waves). As before, period and frequency are connected by the simple equation:

f-1

Angular displacement
In Chapter 2, linear displacement was presented as a measure of the distance from a fixed
reference point. For circular motion, displacement is measured as an angle.

Angular displacement, 6, is defined as the angle through which a rigid object has rotated
from a fixed reference position.

For example, a body may be foated through 198° in an anticlockwise direction, or 457° in a
clockwise direction. A rotation of more than 360°, of course, implies more than one complete
revolution.

A this point we will introduce an alternative and more convenient unit for the measurement
of angles: the radian. In Figure 6.2 the angle  (in radians) is equal to the distance, s, along the
arc of the circle divided by the radius, 7.

6 (in radians) =

Note that an angle expressed in radians is the ratio of two lengths and, as such, the unit
(radian) is not based on an arbitraryfhistorical decision (like the choice of 360 degrees for one
circle).

One radian is the angle subtended by an arc of length equal to one radius (8 = 1fr = 1), as
shown in Figure 6.2b; 1 radian = 57.3°.

One rotation through an angle of 360° = 2nrfr = 2r radians; 180° is «t radians and 90° is 71/2
radians.

For small angles (less than about 0.1 rad, or 67) the shape shown in Figure 6.2a can be
B Figure 6.2aAngles  considered as similar to a right-angled triangle. This enables a useful approximation to be made:

(in radians) is equal to

e for small angles, 0 (in radians) ~ sin 8 ~ tan 6

Worked example

1 a Convert an angle of 137° to radians.
b How many i degrees, ii radians does a rotating object pass through in the process of five revolutions?
¢ I two circular motions are seen to be completely out of phase, what is the phase difference between
them i in degrees, ii in radians?
d If two oscillations are /2 out of phase, what fraction of an oscillation is between them?

ii rad
d 11/2 = ¥4 of an oscillation
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Angular velocity

A key quantity in the description of translational motion is velocity (change in linear
displacement/change i time). Similarly, to describe circular motion, we use ‘change in angular
displacement/change in time’. This is called angular velocity. (Angular velocity is sometimes
called angular speed or angular frequency) Angular velocity has the symbol @ and the unit rad.

Aangular displacement

angular velocity, @ = Atime

_Le
Y

Because in one oscillation 2t radians are completed in period, T, for regular continuous rotation:

Also, because f =

©=2f

These three widely used equations for @ are not given in the Physics data booklet.

Time period, frequency and angular velocity are three concepts that represent exactly the
same information for uniform motion in a circle. For example, if an oscillator has a time period,
T, of 0.20s, we know that it has a frequency of 5.0 Hz (because f = 1/T) and an angular velociry
of 31 rads™ (because @ = 2r/T).

‘When information is presented to us, for example in a question, we are most likely to be
given the period or the frequency of a rotation; for calculations, however, the angular velocity, @,
is usually neede

Worked example

2 If an object completes exactly 20 rotations in 34.65, calculate:
a its frequency
b its angular velocity.

1
T ~ (34:6/20.0)
b ©=27f=2m (0.578) = 3.63rads~!

af= =0578Hz

linear
speed, v

Relationship between the speed of a mass undergoing

circular motion, v, and its angular velocity, ®

If a (point) mass is undergoing circular motion with a constant linear

speed, as shown in Figure 6.3, it also has a constant angular velocity

and there must be a simple relationship between the two.

o Because linear speed, v = 2m/T and angular velocity, @ = 2/T
(if we measure angles in radians):

angular

total distance

one rotation
=2nrad

v=or

W Figure 6.3 Relating linear speed to angular

This equation is given in the Physics data booklet.
velocity



262 6 Circular motion and gravitation

Worked example

3 A point mass completes 14.7 rotations in exactly one minute.
a What is its angular velocity?
b If its distance from the centre of rotation is 58cm, what is its inear speed?

T,
107X 2 5
0=147x 50 =1.54rads
bv=ar
v=154x0.58=0.89ms"!

Convert the following angles to radians:
a 180°

b 90°
< 45°

dur

If an object has an angular displacement of 3n/2, what distance has it travelled along the circumference of
a circle with a radius of 50cm?

 Convert an angle of 5.00° to radians.

b What is the sine of 5.00°7

© What percentage error would be introduced by assuming that the sine of 5.00° was the same as an
angle of 5.00° expressed in radians?

'S

A bicycle is moving with linear speed of 8.2 ms-1
a If the wheels each have a radiius of 31 cm, what is their angular velocity?
b Calculate the frequency of the wheels' rotation.

5 Asmall mass is moving in a circle of radius 1.32m with a time period of 2.775.
a What is its frequency?
b What is its angular velocity?
© What isits linear speed?

< N

B Figure 6.4 Velocity
and centripetal
force vectors during
circular motion

B Centripetal force
Figure 64 shows four random positions of the same mass, m, moving in a circle with a
constant speed. The blue arrows represent the instantaneous velocity, v, of the mass at
various places around the circle. The velocities are always directed along tangents to the
circle. Any force, F, causing circular motion is called a centripetal force and it always acts
perpendicularly to the velocity, inwards towards the centre of the circle, as shown by the
red arrows in Figure 6.4. Because the force is perpendicular to motion, it does not cause
a change of speed, but it does continually cause a change of direction. This resultant
centripetal force acting on the mass always has the same magnitude but it is continuously
changing direction.

Because the force is always perpendicular to the motion, no work is done (energy
transferred) by any centripetal force that makes an object move in a circle.

Examples of forces producing circular motion

The following list gives some examples of circular motion and the origins of their centripetal

forces. It is important to understand that centripetal force is not a type of force in itself (like

gravity o friction, for example), but it is the name used to describe any force that happens to be

causing motion in a circle.

B If an object is whirled around on the end of a string in a (nearly) horizontal circle, the
centripetal force is provided by the tension in the string (see Figure 6.13).
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Gravity provides the centripetal force that keeps planets, moons and satellites in orbit.

Clothes in a washing machine or drier are kept moving in circles by the sides of their
container pushing inwards. Water can pass out through holes where there is no centripetal
force.

A car can only move around a corner
because of the force of friction between
the road and the tyre (Figure 6.5).

A person walking around a corner needs
the force of friction between their feet
and the ground to change direction.

A passenger in a car can move in
acircular path because of the force
between them and their seat. If the car
moves faster, the side of the car may also
need to push inwards on them, although
the passenger will feel that they are
pushing outwards.

o Figure 6.5

An aircraft can change direction with the
help of the force provided on the wings from

the air when the plane tilts. train.

force of track
track on wheel

A train on a track can go around bends
because of the normal reaction force of the M Figure 6.6 The train track pushes inwards on
tmckonthewheel (Bigure'6.6), the wheel of a train moving in a circular path

When an object is moving in a curved 7
path on a sloping surface (see Figure 6.7),

the normal reaction force, R, will have

a horizontal component, Ry;, which can Barked

help provide more centripetal force if

friction is not enough at high speeds.
Such a surface, or track, is described as
being banked (Figure 6.8).

An electron may be considered to be ina
circular orbit around a nucleus due to the

road surface

electrical force between them. W Figure 6.7 Forces on a cydlist on a banked
surface

W Charged particles (ions, electrons,
protons) can be made to move in circular
paths when they pass perpendicularly
across magnetic fields in a vacuum (see
Section 5.4).

W Figure 6.8 Cycling at the velodrome at the 2012
Olympic Games in London

Draw a free-body diagram of an airplane ‘banking’ around a coner.
Explain why a cylist or runner can be seen to ‘lean into’ a bend when traveling quickly.
What provides the centripetal force for the rotating wheels of a car or bicycle?

RPN

Explain why a satellite orbiting the Earth in a circular path does not need an engine to keep it moving.




264 6 Circular motion and gravitation

Nature of Science

instantaneous velocity

centripetal
force and
acceleration

Diverse observations can have a common explanation

The preceding list offers a wide range of examples of circular motion, of motions in arcs of
circles, or simply motions deviating from straight lines. Physicists now believe that all such
examples require similar explanations in terms of forces acting radially inwards,

This is not at all obvious. It took centuries of observations and analysis to reach such a
‘simple’ conclusion. Even today, many people confuse centripetal forces with centrifugal forces
(which are not mentioned in this course!).

Seeking simple, unifying explanations of diverse observations is a common theme of science,
and one that requires the fundamental assumption that the universe may not be as complicated
as it seems and is, therefore, capable of such analysis.

ToK Link

Should we believe in things that we cannot detect with our own senses?

Foucault’s pendulum gives a simple, observable proof of the rotation of the Earth, which is lergely
unobservable. How can we have knowledge of things that are unobservable?

# Figure 6.9 Foucault’s pendulum

Another example of circular motion is that of the Earth, and the people on it, spinning in a circle once every
day. Gravity provides the necessary centripetal force. Thousands of years ago most people would not have
believed that the Earth is rotating. Today, most people accept this scientific ‘fact’, although they may not
have seen any direct evidence. Are we sensible to believe what we are told by scientists and teachers, rather
‘than to trust our own senses?

B Centripetal acceleration
We know that a resultant force causes an acceleration, a. Therefore, a
centripetal force towards the centre must result in a centripetal acceleration,
also towards the centre of the circle. This is shown more clearly in Figure 6.10.
% Although there is an acceleration directed towards the centre, there is no

" Grcular  movement in that direction or change in speed of the mass. Instead, the

| path action of the force continually changes the direction of the motion of the mass.

Remember that acceleration means a change of velacity, and the velocity of a mass

B Figure 6.10 Centripetal force and  can change by going faster, going slower or changing direction.

acceleration

B Equations for centripetal acceleration and centripetal force
When an object moving in a circle changes to have a faster speed, v, or smaller radius, 1, the
centripetal acceleration, and force, need to be larger. This is represented in the equation for
calculating the magnitude of centripetal acceleration:

o

This equation is included in the Physics data booklet.
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Because the speed in a circle equals the circumference divided by the time taken to complete
one circle (the period T), speed v = 2.

The equation for centripetal acceleration can then be rewritten as:

_ v _ QuTp
v
so that:
4
a=~z

This equation is included in the Physics data booklet.
Because F = ma, the expression for the centripetal force needed to make a mass, m, move in a
circle of radius, 1, at a constant speed, v, is:

This equation s included in the Physics data booklet.
Or, because v = @r, the equation for centripetal force can be rewritten as:

F = ma?r

This equation is included in the Physics data
booklet.

In Figure 6.11, although they both have the
same angular velocity, the bigger child needs a
much bigger centripetal force because she has more
mass and is travelling with a faster speed.

W Figure 6.1 Children on a playground ride

2
s : v
Deriving the expression a= -
Consider a mass moving in a circular path of radius, 7, as shown in Figure 6.12a. It moves
through an angle, 6, and a distance, As, along the circumference as it moves from A to B, while
its velocity changes from v, to v

To calculate acceleration we need to know the change of velocity, Av. This is done using the
vector diagram shown in Figure 6.12b. Note that the direction of the change of velocity (and
therefore the acceleration) is towards the centre of motion.

The two triangles are similar and, if the angle is -

b
small enough that As can be approximated to a 7
straight line, we can write: A
A
oty _bs 6N
TV ‘o

(The magnitudes of v, and v are equal and H Figure 6.12 Deriving an equation for
represented by the speed, v.) centripetal acceleration

Dividing both sides of the equation by At we get:
Mo A
Mexw Bexr
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Then, because a = Au/At and AsfAt
2

a
1 The otbit of the Earth around the Sun is approximately circular, with an average radius of

about 150 million kilometres. Calculate the centripetal acceleration of the Earth towards
the Sun.

Experimental investigations of circular motion

W A straightforward investigation of circular motion can be carried out by whirling a small
mass in circles on the end of a thin piece of string. See Figure 6.13. (The mass should be well
secured and the string thick enough that it will not break.) It will be necessary to devise
some way of measuring the force exerted on the string.

Fairground rides offer many interesting examples of motion in arcs of circles, including
those that offer passengers the opportunity to travel upside down (‘looping the loop’). See
Figure 6.15 and Worked example 5. Measurements of times and estimates of distances can
lead to approximations of the magnitudes of the forces involved on the passengers.

A coin (or other mass) on a rotating turntable can only stay in its position if there is enough
friction to provide the necessary centripetal force. Observations can be made as the angular
velocity is slowly increased (on different masses and/or different positions andjor different
surfaces).

A bucket of water can be safely whirled by hand in a vertical circle if it moves fast enough.

Because of the rapid speed of many rotations, video analysis of circular motion can make
observations and measurements much easier and more accurate. Using data loggers for
measuring centripetal forces can also improve experiments that involve rapid movement.

Worked examples

4 Consider a ball of mass 72g whirled
with a constant speed of 3.4ms-!
around in a (nearly) horizontal circle
of radius 65 cm on the end of a thin
piece of string, as shown in Figure

thin string

613

a Calculate the centripetal
acceleration and force,

b Explain why the force provided by
the string cannot act horizontally.

< Explain a probable reason why
the string breaks when the speed
isincreased to 5.0ms™!

d Inwhat direction does the ball
move immediately after the string
breaks? W Figure 6.13

F=ma

F=0072x180=13N
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b If the force is horizontal, it cannot have a

vertical component with which to support the vertical
weight of the ball (see Figure 6.14). component __
of tension :
© A the speed of the ball s increased, a bigger supports Tonsonin string

centipetal force is needed for the same radius. If
this force s greater than can be provided by the
string, the string wil break.

weight

horizontal component of
tension s centripetal force

a

The ball will continue its instantaneous velocity
in astraight line after the string breaks. ft will
move at atangent to the circle, but gravity will welght
also affect its motion. g

M Figure 6.14 Free-body diagram for a ball

whirled in a circle

5 Young children enjoy playground rides and people from ll countries seem to
enjoy the thrils of amusement park rides (see Figure 6.15). Explain how it is
possible for the passengers to be upside-down without falling out of the carriage.

The passengers do not fall out because their speed is sufficiently fast that
the centripetal force required to keep them moving around the curved path
is greater than their weight.

At the top of the cirdle the downward forces acting on a passenger are their
weight (constant) and the reaction force from the seat (variable) — i they arein
contact with it. The resultant force is found by adding these two forces. If the
centripetal force reqired is greater than their weight they will stay in contact
with their seat and the exra force needed is provided by the seat. If their
weight s bigger than the centripetal force needed (because the speed i too
slow), then they willfall out of the carriage.

6 A car of mass 1240kg moves around a bend of radius 63m on a horizontal
road at a speed of 18ms™. If the car was to be driven any faster there would
not be enough friction and it would begin to skid. W Figure 6.15 Upside-
a Determine a value for the coefficient of frction between the road and the tyres.
b Is this a coefficient of static friction or dynamic friction?
© Would a heavier car be able to drive faster around this bend?

down on a fairground
ride

a Cenfripetal force = frctional force
m?
T = pmg
%_y x 1240 x 9.81

§=052

b Static, because before the skid the car is not moving in the direction of the frictional, centripetal force.

 No. Using the equation above, the mass cancels out. The exira centripetal force needed is provided
by the extra friction.

10 Atoy train of mass 432 is moving around a circular track of radius 67 cm at a steady speed of 25 cms

a Calculate the centripetal acceleration of the train.

b What is the resultant force acting on the train (in magnitude and direction)?

< What is the time taken for the toy train to go around the track once?

The hammer being thrown in Figure 6.16 completed two full circles of radius 2.60m at a constant speed

in 1.38s just before it was released. Assuming that the

motion was horizontal:

a What was its centripetal acceleration?

b What force did the thrower need to exert on the
hammer i its mass was 4.0kg?

 The thrower willaim to release the hammer when itis
moving at an angle of 45° to the horizontal. Explain why.

12 a What angular velocity is produced when a
centripetal force of 84N is acting on a mass of 580g
moving in a circle of radius 1.34m?

b How long will it take the mass to complete ten
revolutions? ® Figure 6.16
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13 The Moon's distance from the Earth varies but averages about 380000 km. The Moon orbits the Earth in
an approximately circular path every 27.3 days.
a Calculate the Moon's orbital speed in ms-!.
b What is the centripetal acceleration of the Moon towards the Earth?

14 a Calculate the centripetal force needed to keep a 1200kg car moving at 15ms~ around a curved road of
radius 60m.
b What provides this force?
< Explain why it might be dangerous for the diver o try to travel at twice this speed around the same bend.
d If the road is wet or icy, why should the driver go even slower?
e Discuss the possible effects on safety if the car was carrying passengers and luggage that increased the
mass by 500kg.
15 A bucket of water can be whirled in a vertical circle over your head without the water coming out if the
centripetal force required is greater than the weight.
a Calculate the minimum speed of the bucket of water if the radius of the circle is 90cm.
b How many revolutions is that every second?

a

A bvy of mass 65kg standing on the equator is spinning with the Earth at a speed of approximately

a Wha\ resultant centripetal force is required to keep him moving
in a circle? (The Earth's radius is 6.4 x 105m.)

b What is the weight of the boy?

 Draw a fully labelled free-body diagram of the boy.

Figure 617 shows a pendulum of mass 120g being swung in a

horizontal circle.

a Draw a free-body diagram of the mass, m.

b Calculate the centripetal force acting on the mass.

< If the radius of the circle is 28.5.cm, what is the speed of the
pendulum and how long does it take o complete ane circle?

e

i -
e e
18 What is the fastest speed a car can drive around a curve of radius mass, m

49m on a horizontal road if the coefficient of friction is 0.762 = Figure 6.17

6.2 Newton'’s law of gravitation - the newtonian idea of
gravitational force acting between two spherical bodies and the laws of mechanics
create a model that can be used to calculate the motion of planets

B Universal gravitation and the inverse square law
Isaac Newton was the first to realize that if the force of gravity makes objects (like apples) fall
to the Earth and also keeps the Moon in orbit around the Earth, then it is reasonable to assume
that the force of gravity acts between all masses. This is why he called it universal gravitation.
Newton believed that the size of the gravitational force between two masses increases with the
sizes of the masses, and decreases with increasing distance between them — following an inverse
square relationship (see page 162).

The distance between the Earth and the Moon is equal to 60 Earth radii, and Newton was
able to prove that the centripetal acceleration of the Moon towards the Earth (from v/r) was
equal to g/60% (see Figure 6.18).

(not to scale) Maon’s orbit

B Figure 6.18 How the acceleration due to gravity varies with distance from the Earth
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Worked example

7 The average distance between the Earth and the Moon is 384000k and the Moon takes 27.3 days to
orbit the Earth
a Calculate the average orbital speed of the Moon.
b Whatis the centripetal acceleration of the Moon towards the Earth?
¢ Compare your answer for b to g/602.

2 | (o 84 il )
T T (273 x 24 % 3600)

_V_(102x 1032 qos s
bo= L (OB (1052271 x 10 ms

av= =1.02x 103ms-

€ 9.81/60= 2.73 x 10-ms2. The two answers are within one per cent of each other. This is
very good evidence that gravitational accelerations (and forces) are represented by inverse
square laws.

B Newton's law of gravitation
The forces acting between two point masses (M and m) are proportional to the product of the
masses and inversely proportional to their separation (r) squared.

F e« Mm

1
2y
7
Putting a constant of proportionality into the relationship, we get Newton's universal law of
gravitation:

Mm
F=G2

This equation is given in the Physics data booklet.

G is known as the universal gravitation constant. Its value of 6.67 x 10-' N m?kg is given
in the Physics data booklet. Its small value reflects the fact that gravitational forces are small
unless one (or both) of the masses is very large. G is a fundamental constant which, as far as we
know, always has exactly the same value everywhere in the universe. It should not be confused
with g, the acceleration due to gravity, which varies with location. The relationship between g
and G is covered later in this chapter.

The relationship between force and distance is illustrated in Figure 6.19. Note that exactly
the same force always acts on both masses (but in opposite directions), even if one mass is larger
than the other. This is an example of Newton’s third law of motion.
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M Figure 6.19 The gravitational force between point masses M and m decreases with
increasing separation (the vectors are not drawn to scale)

Of course, the mass of an object is not all located at one point, but this does not mean that
Newton's equation cannot be used for real masses. The forces between two spherical masses of
uniform density located a long way apart are the same as if the spheres had all of their masses
concentrated at their centre points. The gravitational field around a (spherical) planet is effectively
the same as would be produced by a similar mass concentrated at the centre of the planet.
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Worked example

8 Calculate the gravitational force acting between the Earth and a 1.0kg book on the Earth's surface. (The
Earth's mass is 6.0 x 1024kg and its radius i 6.4 x 10m)

Mm

=i

ity 10 x (6.0 x 10%)

o 1

F= (667 x 10 x =y
F=98N

This is the weight of a 1.0kg mass on the Earth's surface. The book attracts the Earth up towards it
with an equally sized force which, of course, has a negligible effect on the Earth. This is an example of
Newton's third law.

19 Estimate the gravitational force between you and your pen when you are 1m apart.

20 What i the gravitational force between two steel spheres each of radius 45 cm and separated by 10cm?
(The density of steel is 7900kgm-2.)

21 Calculate the average gravitational force between the Earth and the Sun. (You will need to research the
relevant data.)

22 A proton has a mass of 1.7 x 1027kg, and the mass of an electron is 9.1 x 10-3"kg. Estimate the
gravitational force between these two particles in a hydrogen atom, assuming that they are 5.3 x 10-"'m
apart

Similarities and differences between electric forces and gravitational forces
If Newton's law of gravitation is compared to Coulomb’s law (page 206), it will be noted that
there are striking similarities. Both laws describe forces that act across space between two points:
one gravitational forces between masses, the other electric forces between charges.

Newton’s and Coulomb’ laws both apply to forces spreading radially into the space around
them, so it is not surprising that the two equations have similar forms (inverse square laws). But,
of course, there are also differences between electrical and gravitational forces:

B The electrical force between two isolated point charges is much, much larger than

the gravitational force between two isolated point masses with the same separation. A

comparison of the size of the two constants in the equations demonstrates this difference.

As far as we know there is only one kind of mass, but there are two kinds of charge; it seems
that there is no such thing as a repulsive gravitational force between masses.

As masses get larger and larger, so do the gravitational forces involved. But when objects get
larger and larger there will normally still be (approximately) equal numbers of positively and
negatively charged particles, so electrical forces do not tend to increase with physical size.

On the microscopic scale of atoms, ions, molecules and other particles, electrical forces
dominate and gravitational forces are negligible. However, on the large scale, the only
significant forces between planets and stars are gravitational.

The value of the gravitational force between two masses in a certain arrangement will always
be the same. The value of the electrical force between two charges depends on the electrical
permittivity of the medium in which they are located, although we often assume that the
medium is air or a vacuum.

Electric forces are closely linked to magnetic forces, so much so that they are known together
as the electromagnetic force. The electromagnetic force and gravitational force are two of the
four fundamental forces of nature (see page 290).

B Gravitational fields

We have seen in Chapter 5 that an electric field exists where a charge experiences a force, and a
magnetic field exists where a moving charge (electric current) experiences a force. Gravitational
fields are described similarly.



6.2 Newton’s law of gravitation 271

A region (around a mass) in which another mass would experience a gravitational force is
called a gravitational field. We all live in the gravitational field of the Earth, while the Earth
moves in the itational field of the Sun. Gravitational forces can be very small if the masses
are small or far apart, in which case the fields may be totally insignificant but, in theory, they
never reduce to zero completely.

‘We often want to represent a gravitational field on paper or on a screen, and this can
be done with gravitational field lines as shown in Figure 6.20 and previously discussed for
magnetic fields. The lines and arrows show the direction of the gravitational force that would
be experienced by a mass placed at a particular place in the field. Figure 6.20a represents the
spreading radial gravitational field lines around the Earth.

B Figure 6.20 4
Field lines are

used to represent
gravitational fields on
paper or on screen: a
radial field; b uniform
field

The lines are closer together nearer to the Earth, which shows that the field is stronger. Field
lines never cross each other; this would mean that gravitational force is acting in two different
directions at the same place. The parallel lines in Figure 6.20b represent a uniform gravitational
field, such as in a small region of the Earth's surface where variations in field are negligible.

ToK Link

Fields

The fact that one mass can affect another mass without any contact or other matter between them is very
difficult to understand and explain: how can a mass ‘know” that there is another mass affecting it when
there is no connection between them? (This is sometimes called ‘action at a distance”) Similar comments
can be made about the forces between electric charges. Adding to the puzzle, there seems to be o time
delay between the movement of a mass and the gravitational effect of that movement somewhere else.

By giving a force a name (for example, ‘gravitational force’) and calling the space in which the force can be
detected a ‘field’, we may feel that we understand it better, but do we really?

As always, the real usefulness of physics is in making calculations and predictions, and Newton's law and
Coulomb's law are extremely useful in this respect. These laws predict that the fields which they describe
extend indefinitely. In practice, of course, forces become immeasurably small if the distances involved get
very large.

Einstein'’s theory of general relativity has provided a different interpretation of gravitational force and field

in terms of the curvature of space-time, but that does not reduce the importance of Newton's universal law
of gravitation any more than it reduces the usefulness of any of Newton's laws of motion. Quantum physics
removes the need for the concept of electric field, instead using the idea of virtual particles to cause the
forces,

There are certain phenomena in physics for which there seems to be no simpler explanation and we may
be tempted to think ‘that is just the way the universe is’, not delving any deeper. However, the search for
fundamental ‘truths’ is one of the defining features of physics.

The study of gravitational, electromagnetic and nuclear forces, and the fields we use to describe them,
is a central part of physics because these forces have produced the world and the universe that we see
around us. Trying to see similarities between these fundamental forces and fields has long been an issue for
physicists trying to develop the concept of a single unified force.
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W Figure 6.21
Aplanet's
gravitational field
strength, g, decreases.
with distance from
the centre of the
planet, r, showing

an inverse square
relationship

Gravitational field strength

‘We may want to ask the question ‘if a mass was put in a particular place, what would be the
gravitational force on it?’ The answer, of course, depends on the magnitude of the mass, so it is
more helpful to generalize and ask ‘what is the force on a unit mass (1kg)?' If we know this, then
we can easily calculate the gravitational force on any other mass.

Gravitational field strength is defined as the force per unit mass that would be experienced
by a small test mass placed at that point.

Reference is made to a ‘small test mass’ because a large mass (compared to the mass creating the
original field) would have a significant gravitational field of its own.

Gravitational field strength is given the symbol g and has the unit newtons per kilogram,
Nkg-". Field strength is a vector quantity and its direction is shown by the arrows on field lines.

o gravitational force

gravitational field strengt]
‘mass

This equation is given in the Physics data booklet.

In general we know, from Newton's second law of motion, that a = Ffm, so that gravitational
field strength (g = F/m) in Nkg™! is numerically equal to the acceleration due to gravity in ms™,

Imagine you were on an unknown planet and wanted to find experimentally the gravitational
field strength. This can be done easily by hanging a ‘small test mass of 1kg on a forcemeter. The
reading will be the strength of the gravitational field (in N kg™) and the direction of the field will
be the same as the direction of the string— downwards' towards the centre of the planet.

The equation g = F/m should be compared to E = Flq and B = F/lLsin 6, each of which
defines the strength of fundamental force fields.

Gravitational field strength around a planet

Since the gravitational force F = GMm/r?, the gravitational field strength g around a point mass
M can be found in terms of G by substituting for F in the equation g = F/m. If m is a test mass
placed at a distance of 7 from a mass M, then:

GMmjr?
L
M
SiG
g This equation is given in the Physics data booklet.

Although derived for a point mass, it can also be used
to determine the gravitational field on the surface, or
outside of, a spherical mass, such as a planet or moon. To
determine the field on the surface of a planet, we replace
7 with 1, the radius of the planet. We can use an average
density to calculate the mass, but we must assume that
the mass is concentrated at the centre of the sphere. Like
gravitational force, gravitational field strength, g, follows
an inverse square law with distance. This is sketched in
Figure 6.21.

1y on planet’s surface
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To determine how the gravitational field strength depends on a planet’s radius we need to use
these facts:

B omass, M, is equl 10 density, p; multiplied by volume, V
B the volume of a sphere equals 4
SR

M= pdry

The density of a planet is not uniform, so the value used here is an average. Putting this
equation for M back into the equation for g we get:

4 ()
g=Gpan 2
376D
So that:
g %G"p’y

This equation predicts that the gravitational field strength at the surface of a planet s
proportional to its radius. It is not in the Physics data booklet.

From the equation we would expect bigger planets to have stronger fields, bu that is only
true if they have equal average densities. (The Earth is the densest planet in our solar system,
with an average density of 5510kgm™3. Venus and Mercury have similar densities to Earth but
the density of Mars is significantly lower. The outer planets are gaseous and have lower densities.
Saturn has the lowest density at 687 kgm™.)

Worked example

9 a Calculate the gravitational feld strength on the surface of the Moon. The mass of the Moon is
7.35 x 10%2kg and its radius is 1740km
b Calculate the gravitational field strength at a point on the Earth's surface due to the Moon (not the
Earth) assuming that the distance between the centre of the Moon and the Earth's surface is
38 108m
¢ Calculate the gravitational field strength on the surface of the planet Venus (radius = 6050km, average
density = 5.2 x 10kgm-3).

_ (6.67 x10-") x (7.35 x 102
B T x 0%

1.62Nkg™" (This is about one-sixth of the Earth's gravitational field strength.)
GM
bg=

g
g=3.4x10-5Nkg-
This shows us that on the Earth's surface, the gravitational field due to the Moon is about 300000

times weaker than that due to the Earth. Although it is much weaker it still has some effects on the
Earth, tides for example.

o
_ (6,67 x 10-) x (7.35 x 102)
= 38 x 107

g:éx(e 67 x 10-1) 10 x (5.2 x 10%) x (6.05 x 106)
g=88Nkg!
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Additional
Perspectives

23 The radius of the planet Mercury is 2440 km. Its mass is 3.3 x 1023kg. Calculate the gravitational field
strength on its surface.
24 a What is the gravitational field strength at a height of 300 km above the Earth's surface? (The radius of
the Earth s 6.4 x 105m.) Many satelltes orbit at about this height.
b What percentage is this of the accepted value for the gravitational field strength on the Earth's
surface?
25 Calculate the graviatonal field slrsng(h on the surface of a planet that has a radius of 8560km and an
average density of 4320kgm
26 What would the gravitational field strength be on a planet that had twice the radius of Earth and haff the
density?
27 Use a spreadsheet to calculate data and to draw a graph showing how the Earth’s gravitational field
strength varies from s surface up to a height of 50000km

28 a Find out the name and details of the largest moon in our solar system and the planet around which it

orbits.
b Calculate the gravitational field strength on its surface.

Weighing the Earth

At the time Newton proposed his law of universal gravitation it was not possible to determine
an accurate value for the gravitational constant, G. The only gravirational forces that could
be measured were those of the weights of given masses on the Earthis surface. The radius

of the Earth was known, but that still left two unknowns in the equation F = GMm/r%; the
gravitational constant and the mass of the Earth. If either of these could be found, then the
other could be calculated using Newton’s law of gravitation. That is why the determination of
an accurate value for G was known as ‘weighing the Earth’.

Certainly it was possible in the seventeenth century to get an approximate value for the
mass of the Earth from its volume and estimated average density (using m = pV). But density
estimates would have been little more than educated guesses ‘We know now that the Earth’s
crust has a much lower average density (about 3000kgm) than most of the rest of the Earth.
However, it was possible to use an estimate of the Earth’s mass to calculate an approximate
value for the gravitation constant. The first accurate measurement was made more than

100 years later by Cavendish in an experiment that is famous for its precision and accuracy.

To calculate a value for G without needing to know
the mass of the Earth (or the Moon, or another
planet) required the direct measurement of the

force between two known masses. Cavendish used
lead spheres (see Figure 6.22) because of their high
density (11.3 gem™). The forces involved are very
difficult to measure because they are so small, but also
because similar-sized forces can arise from various
environmental factors. (In fact, Cavendish’s main aim
was to get a value for the density of the Earth rather
than to measure G.)

W Figure 6.22 A modern version
Cavendish’s apparatus

1 a Calculate the gravitational forces between two.
identical 4.0kg lead spheres with their centres
10cm apart,

o

What is the distance between the surfaces of the spheres?

Estimate the weight of a grain of salt and compare your answer to the gravitational force
calculated in a.

o
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2 In an early attempt to estimate the gravitational
constant and calculate a value for the mass of
the Earth, pendulums were suspended near

ins (see an d
Figure 6.23).

ion in

‘What measurements should have been taken?

s

2

Suggest why such experiments were unlikely to be
very accurate.

a

Find out what you can about Nevil Maskelyne
and a Scottish mountain.

W Figure 6.23 A pendulum and a
mountain attract each other

Calculating combined
gravitational field strengths of
planets and/or moons

It is possible that a mass may be in two

(not to scale)

or more separate gravitational fields. For
example, we are in the fields of both the
Earth and the Moon. However, the values
calculated in Worked example 9 showed
that on the Earth's surface the two fields
are in the ratio 9.81/(3.4 x 10-5), or about
300000:1. In other words on the Earth’s
surface the Moon’s gravitational field is
almost negligible compared to the Earth's
field. Bur if a spacecraft is travelling from
the Earth to the Moon, the gravitational
field due to the Earth will get weaker as
the Moon's field gets stronger. There will
be a point at which the two fields will be
equal in strength but opposite in direction
(shown as P, in Figure 6.24).

increasing resultant force
and field towards Earth

at point P
there would be
no resultant
force or field

increasing resultant force
and field towards Moon

B Figure 6.24 Opposing fields cancel at a precise
point, P, between the Earth and the Moon

At P the total gravitational field strength is zero and there will be no resultant force on

the spacecraft because the pulls of the Moon and the Earth are equal and opposite. As the
spacecraft travels from the Earth to P there is a resultant force pulling it back to Earth, but

this is reducing in size. After the spacecraft passes P there will be an increasing resultant force
pulling the spacecraft towards the Moon.

In general, if two or more masses are creating gravitational fields at a certain point, then
the total field is determined by adding the individual fields, remembering that they are vector
quantities.

In this chapter we will only be concerned with locations somewhere on the line passing
through the two masses — then the vector addition of the two fields is straightforward, as shown
in Worked example 10.
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(not to scale)

Worked example

10 In Figure 6.25 (which is not drawn to scale), P is a point midway between the
centres of planets A and B. At P the gravitational field strength due to A is
4.0Nkg™! and that due to B is 3.0Nkg~.

a What is the total gravitational field strength at P?
b What is the combined gravitational field strength at a point Q, which is the
same distance from A as P?

a Taking the field towards the bottom of the diagram o be positive:
~40430=-10

The gravitational field strength is 1.0Nkg-" towards A.

The size of the field due to A s the same at Q as itis at P, but it is in the

opposite direction. The strength of the field due to 8 at Q is 3 times

smaller than at P because it is three times further away, but it is in the

same direction.

40+ (32

o

. 3Nkg-' towards A and B j

W Figure 6.25

29 a Research data that will allow you to set up a spreadsheet to calculate the gravitational feld strengths
due to the Earth and the Moon at points along a straight line joining their surfaces.
b Combine the fields to determine the resultant field and draw a graph of the results.
© Where does the resultant gravitational field equal zero?

30 The gravitational fields of the Sun and the Moon cause the tides of the world's oceans. The highest tides
occur when the resultant field is largest (at times of a ‘new moon’). Draw a sketch to show the relative
positions of the Earth, Sun and Moon when the resultant field on the Earth’s surface is:

a strongest
b weakest (at the time of a ‘full moon’).

Consider Figure 6.25. If planet A has a gravitational field of 15Nkg™ at Q, but the combined field at the
same point is 16Nkg-, calculate the combined field at point .

B Orbital motion

The gravitational forces between two masses are equal in size but opposite in direction. However,
if one of the masses is very much bigger than the other, we often assume that the force on the
larger mass has negligible effect, while the same force acting on the much smaller mass produces
asignificant acceleration. If the smaller mass is already moving then the gravitational force can
provide the centripetal force to make it orbit (move continuously around) the larger mass. It is
then described as a satellite of the larger mass. The Earth and the other planets orbiting the
Sun, and moons orbiting planets, are all examples of natural satellites. In the modern world we
are becoming more and more dependent on the artificial satellites that orbit around the Earth.

Artificial satellites around the Earth
If we assume that there is no air resistance, a bullet that is fired
‘horizontally' from the top of a mountain would move in a parabolic path
and hit the ground some distance away, as shown by path A in Figure 6.26.
If the bullet was travelling fast enough, it could move as shown in path B,
and ‘escape’ from the Earth. Path C shows the path of an object moving
with exactly the right speed and direction so that it remains at the same
distance above the Earth’s surface (remember that we are assuming that
there is no air resistance); that is, it is in orbit around the Earth.

Gravity is the only force acting on the bullet and it is acting

W Figure 6.26 The path of objects projected  continuously and perpendicularly to its instantaneous velocity. As we have
at different speeds from a mountain top discussed, this is a necessary condition for circular motion. The force of
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gravity (weight) is providing the centripetal force. Remembering the equation for centripetal
acceleration, we can write:

o m?

=g or (T - mg)

This enables us to calculate the theoretical speed necessary for an orbit very close to the Earths
surface (radius = 6.37 x 10°m).

v? = gr=9.81 x (6.37 x 10°)

v =7910ms™
Withour air resistance, an object moving horizontally with a speed of 7910ms™ close to the
Earth's surface would orbit the Earth.

To avoid air resistance, a satellite needs to be ahove the Earth’s atmosphere. Most satellite
orbits are at a height of at least 300km. In order to maintain a satellite in a circular orbit around
the Earth, it needs to be given the correct speed for its particular height. If there is no air
resistance, a satellite in a circular orbit will continue to orbit the Earth without the need for any
engine. The force of gravity acts perpendicularly to motion o that no work is done by that force.

Knowing the value of g at any particular height enables us to calculate the speed necessary
for a circular orbit at that height. The speed does not depend on the mass. All satellites at the
same height move with the same speed and have the same orbital period.

If the speed of a satellite is faster than the speed necessary for a circular orbit (but slower
than the escape speed) it will move in an elliptical path. The orbits of planets, moons and
satellites are not perfectly circular, but the difference is often insignificant.

32 & Calculate values for the gravitational field strengths at heights above the Earth of 250km, 1000km,
10000km and 30000 km.
b Calculate the necessary speeds for circular orbits at these heights:
© Use a compass to draw a scale diagram of the Earth with these orbits around it
d Usev = 21/ to determine the times for complete orbits (periods), T, at these heights and mark them
on your diagram.
33 Two satelltes of equal mass orbit the same planet as shown in Figure 6.27. Satelite B s twice as far away
from the centre of the planet s satellte A. Copy the table and complete it to show the properties of the
orbit of satellte B.

Satellite A Satellite B
2r

Distance from planet's centre

8
A

Gravitational field strength g

2 Gravitational force F

Circumference of orbit <
Speed v
Time period T

= Figure 6.27

34 The Earth is an average distance of 1.50 x 10" m from the Sun.
a Calculate the average orbital speed of the Earth around the Sun.
b Determine the centripetal acceleration of the Earth towards the Sun.
© Use your answers to calculate a value for the mass of the Sun.

Gravity controls the motions of moons, planets, stars and galaxies

Gravity is the only significant force controlling the motions of all the large objects in space.
Although perfect circular motion is an idealized example, Newton’s laws of motion an
gravitation can be combined with the concept of centripetal force to make reliable predictions of
the motions of moons, planets and stars, and the rotation of galaxies etc.
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Nature of Science

instantaneous velocity, v

 Figure 6.28

 Figure 6.29
Johannes Kepler

Can the laws of physics predict the future?

Newton is rightly famed for formulating the ‘laws’ of motion and graviration that bear his
name. These laws are central to much of what is known as ‘classical physics' and, by using
them, future motions can be predicted from current and past observations. Newtonian physics
i often described as deterministic, meaning that a given set of circumstances can only lead to
one, certain outcome (a concept that modern physics has shown to be incorrect on the atomic
scale). For example, we can use Newton's laws to predict very accurately what will happen when
cars collide, or when a comet will be observable from Earth hundreds of years in the future, but
not to confidently predict events within an atom. Also, although Newton's law may accurately
describe gravitational events in the terms of mathematical equations, it offers us no help atall in
trying to understand the true nature of gravity.

Relating the average radius of an orbit to its time period
The centripetal force (mv¥r) required to keep any mass, m, in a circular orbit atound
a larger mass, M, is provided by the force of gravity (GMm2), which always acts
m  perpendicularly to the motion of the orbiting mass (see Figure 6.28).
m? _ GMm
T 2
GM
KN

2

[

(This equation is equivalent to v? = gr as used earlier in this chapter)

If we replace v with 2m/T (circumference/period), we get an important equation that
shows us directly how the time period of an orbit depends on its radius. This equation
can also be applied to elliptical orbits if the average radius is used.

;
(o

Rearranging, we get a general equation linking the radius to the period for all satellites orbiting
the same mass, M.

® _GM

T4

GM/4n? is a constant for all masses in orbit around the same mass, M.

This means that 3/ T? must also be a constant. This was first discovered by the German
mathematician Johannes Kepler (15711630, Figure 6.29). Kepler was using observations and data
on the planets of our solar system, but his law can be applied wherever different smaller masses
orbit the same larger mass, M. (For example, the moons around Jupiter, or the arificial satellites
around Earth). His law is empirical (based only on observation, rather than theory) and the
derivation shown above was proposed by Isaac Newton many years later.
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Worked example

11 lois a moon of Jupiter. It is an average distance of 422000k from the centre of Jupiter and takes
1.77 days to complete an orbit. Calculate the mass of Jupiter.

2_GM

s
@22 10 _ Ly M
236007 - 67 ¥ 10 g

M =190 x 107kg

Artificial satellites orbiting the
Earth have a wide range of uses,
which is expanding every year.
This requires a high level of
international consultation and
control; such collaboration also
aims to avoid duplication of
research and costs. Figure 6.31
shows the launch site for rockets
of the European Space Agency,

W Figure 6.30 European Space Agency launch site in French
which has twenty member states. Guiana

"a Caku{a(e(he time period and orbital speed of a satellte in a low orbit 300km above the Earth's
b Suggesl one advantage and one disadvantage of placing satelltes at this height.

36 The mass of the Sun is 1.99 x 10%%kg. Use Kepler's third law and the time period of the Earth to determine
the average distance to the Sun.

37 a Make a spreadsheet of the planets of the solar system, their average distances from the Sun, r, and their
periods, T.
b Use the spreadsheet to calculate r3, 72 and /T2,
¢ Use the program to plot a graph of r? against 12
d Do your results confirm Kepler's third law? Explain your answer.
@ Alternatively, a graph of log T could be plotted against log . What could be determined from the
gradient of this graph?

38 Two moons, A and B, orbit a planet at distances of 5.4 x 107m and 8.1 x 107m from the planet’s centre. If
moon A has a period of 24 days, calculate the period of moon B.

ics and modern physics compatible?

The laws of mechanics a/ong with the law of gravitation create the deterministic nature of classical physics.
Are dlassical physics and moden physics compatible? Do other areas of knowledge also have a similar
division between classical and modern in their historical development?

Are the motions of all masses, ranging from stars and galaxies down to sub-atomic particles, controlled by

the same ‘laws’ of physics, or is it possible, or acceptable, that we need totally different physics to describe
motions on different scales?
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B Examination questions — a selection

Paper 1 IB questions and IB style questions

Q1 An object moving in a circular path of radius 40cm completes two revolutions in 4s. Which of the following

Q

(]

Q3

Q

B

o
ol

is an accurate calculation concerning the object’s motion?
A Its total angular displacement was 21 radians.

B Its average angular velocity was mrads=.

C Its average linear velocity was 2.5ms™".

D Its frequency was 2Hz.

A small rubber ball on a length of thin cotton was spun faster and faster in a nearly horizontal circle until
the cotton broke. Which of the following describes this situation?

A Tension in the string provides the centripetal force on the ball.

B When the cotton broke the ball initially moved radially away from the centre of the circle.

C If the experiment was repeated with a more massive ball moving in a path of the same radius, it would
need to be spun faster before the cotton would break.

D If the experiment was repeated with the original ball moving in a path of larger radius, it would need to

be spun faster before the cotton would break.
The Moon orbits the Earth.

@]

Moon
Earth

Which of the following diagrams correctly represents the force(s) acting on the Moon?

LY S —
s o=

€ Fansipss <> Foraitoions
D Faunrptsl <4—> Foravtaions

© 18 Organization

Which of the following correctly describes the constant, G?

A ltis a vector quantity.

B It has a larger magnitude on the Moon than on the Earth.
C It has a smaller magnitude on the Moon than on the Earth.
D lItis a fundamental constant.

There is a place between the Earth and the Moon where the gravitational field strength is zero. This is
because:

A The Earth’s gravitational field is stronger than the Moon’s gravitational field.

B Gravitational fields only exist close to the surfaces of planets and moons.

C The fields from the Earth and the Moon act in opposite directions.

D The Moon does not have a gravitational field.
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Q6 Newton’s universal law of gravitation concerns the force between two masses. These masses are:
A planets
B stars
C spherical masses
D point masses.
Q7 Which of the following is a correct statement about on object moving in a circle at a constant linear speed?
A There is no force acting.
B Its angular velocity increases uniformly.
C A force is needed in the direction of instantaneous motion.
D The object is accelerating.
Paper 2 IB questions and IB style questions

Q1 This question is about gravitational fields.

a Define gravitational field strength. (2)
b The gravitational field strength at the surface of Jupiter is 25Nkg~" and the radius of Jupiter is
74 x 107m.
i Derive an expression for the gravitational field strength at the surface of a planet in terms of
its mass M, its radius R and the gravitational constant G. 2
i Use your expression in b i above to estimate the mass of Jupiter. 2
© IB Organization
Q2 a Name the type of force that enables a car to travel around a curve on a horizontal road. (1
b A 1200kg car is travelling around a road that is the arc of a circle of radius 80m. What is the
maximum possible speed of the car if the available centripetal force cannot exceed 4500N? (3)
¢ Explain how a banked road surface can enable a car to travel around a corner faster than

on a similar horizontal surface. 3)



Atomic, nuclear and particle physics

ESSENTIAL IDEAS

In the microscopic world energy is discrete.

Energy can be released in nuclear decays and reactions as a result of the relationship
between mass and energy.

It is believed that all the matter around us is made up of fundamental particles called
quarks and leptons. It is known that matter has a hierarchical structure with quarks
making up nucleons, nucleons making up nuclei, nuclei and electrons making up atoms
and atoms making up molecules. In this hierarchical structure, the smallest scale is seen
for quarks and leptons (10-8m).

7.1 Discrete energy and radioactivity -in the microscopic

world energy is discrete

Light is electromagnetic energy that has been emitted from atoms — we can learn a lot about the

energy inside atoms by examining the light (spectra) that atoms emit.

W Emission and absorption spectra
When white light from the Sun passes through a prism, the light
is dispersed into its component colours. The band of different
colours merge into a continuous spectrum as shown in Figure 4.22.
Wi can make some substances emit light by supplying them
with energy by heating them. Many elements emit different
colours from which they can be identified in flame tests. We
also commonly produce light using electric currents to supply
nergy in a variety of ways (see Chapter 5). If an electric current
(at high voltage) is passed through an element in the form of a
low-pressure gas in a discharge tube it will produce its own unique
emission spectrum. See Figure 7.1.
When a high potential difference is applied across the two
electrodes in the tube, energy is transferred to the gas atoms
or molecules and light is emitted, Examination of the light
with a spectroscope shows that the emitted spectrum is not W Flgure 71 Adischarge
continuous but consists of a number of bright lines, as shown in  tube containing atoms of
Figure 7.2. (A simple hand spectroscope can be made using just  neon
a black tube with a slit and a diffraction grating — see page 397).

4342 nm
656.5 nm 486.3nm 4103 nm

Hydrogen
spectrum

501.7nm 471.4nm 4389 nm

668.0 nm 587.7nm
|

Helium
spectrum

B Figure 7.2 Emission spectra of hydrogen and helium
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The spectrum produced by the gaseous element in the discharge tube is called a line
spectrum. It consists of a number of discrete (separate) colours; each colour s the image of the
slit in front of the light source. The range of wavelengths corresponding to the lines of the
emission spectrum is characteristic of, and unique to, the element in the discharge tube.

If broad spectrum white light is passed through a sample of gaseous atoms or molecules
maintained at low pressure and the spectrum is analysed, it is found that light of certain
wavelengths is missing. In their place are a series of sharp dark lines. This pattern of lines is
identical to that seen in the emission spectrum of the same gas. It is called an absorption
spectrum.

Figure 7.3 compares the emission and absorption spectra of the same element, and how
they can be observed using a prism. (The prism could be replaced by a diffraction grating, as
discussed in Chapter 9))

W Figure 7.3 o dmor
i e detector emission spectrum
emission and
absorption spectra of
the same element
—
increasing frequency
white light )
source absorption spectrum

absorbing  prism
gas

—
increasing frequency

The study of spectra is called spectroscopy, and instruments used to measure the wavelengths of
spectra are called spectrometers (see Figure 7.4).

W Figure 7.4
A spectrometer
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B Discrete energy and discrete energy levels

Photons

Before we can explain the origin of line spectra you need to understand a very important
concept in physics: all electromagnetic radiations, including light, transfer energy in discrete
(separate) amounts called photons, The transfer of energy is not continuous. More generally, we
use the term quantum to describe the smallest possible quantity of any entity that can only have
discrete values. We can say that light is quantized.

The fact that light can behave as if it is lumpy’, as if it were composed of ‘particles,
contradicts the wave theory of light used in Chapter 4 to explain diffraction and interference. It
is worth stressing that there is no single, simple theory of light that explains all of its properties,
and this dilemma is often referred to as the wave-particle duality of light. Photons are discussed
in much more detail in Chapter 12.

The energy, E, carried by one photon of electromagnetic radiation depends only on its
frequency, f, as follows:

E=hf

This equation is given in the Physics data booklet.
hisa very important fundamental constant that controls the properties of electromagnetic
radiations. It is called Planck’s constant. Its value of 6.63 x 10-#]s is given in the Physics data booklet.
Since we know from Chapter 4 that ¢ = fA, this equation can be rewritten as E = hc/A,
although it is written in the Physics data booklet as:

Worked example

1

Calculate the energy carried by one photon of microwaves of wavelength 10cm (as might be used in a
mobile phone):
ain

b ineV.

he
2

E=663x10-3x

aE=

3.00 x 108
0.10
E=20x102)

20x102 "
= 12x 10%ev

& What frequency of electromagnetic radiation has photons of energy 1.0 x 105eV?
b What name do we give to that kind of radiation?

A microwave oven uses electromagnetic photons of energy 1.6 x 10-24), What is the wavelength of this radiation?

The greenhouse gas carbon dioxide absorbs radiation of frequency of 1600nm.
a How much energy is carried by the absorbed photons?
b In what part of the electromagnetic spectrum is this radiation?

IS

A particular visible fine in the spectrum of oxygen has a wavelength of 5.13 x 10 m. What is the energy
transferred by one photon of this radiation?

Alight bulb emits light of power 4W. Estimate the number of photons emitted every second.

Light has a typical wavelength of 5 x 10-7m, and X-rays have a typical wavelength of 5 x 10-'"m.

2 Draw a small square of sides 2mm to represent the energy carried by a light photon.

b Assuming that photon energy is represented by the area, draw another square to represent the energy
carried by an X-ray photon.

© Suggest why X-rays are more dangerous than light
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Transitions between energy levels

The emission of a light photon transfers energy away from an atom and this must mean that the
amount of energy inside the atom has decreased. The fact that the spectra from elements is in
the form of separate lines tells us that energy can only be emitted (as photons) from atoms in
definite, discrete amounts. We may conclude that the emission of each photon occurs when an
atom changes from one precise energy level to another precise, but lower, energy level. We refer to
transitions between energy levels.

The emission of photons of different energies from atoms of the same element must mean
that each atom has many possible energy levels. Consider Figure 7.5, which shows, with a
simplified example, that an atom with four different energy levels could have six possible
transitions between energy levels and, therefore, atoms with these energy levels might emit
photons of six different energies (wavelengths).

W Figure 7.5 Energy

E,
transitions between i
four energy levels in 5
an atom 2
g
&

Each of the transitions results in the emission of a photon with a particular wavelength. The
transition from E, to E, involves the highest amount of energy, and so results in light with the
highest frequency and shortest wavelength. The transition from E, to E,, which involves the
least energy, gives light with the lowest frequency and longest wavelength. In general, if there is
a difference in energy, AE, between two levels then the frequency, f, of a photon involved with a
transition between these two levels is given by:

AE = hf

The lowest possible energy level is called the ground state of the atom and it is, logically, the
lowest level shown in the diagram. Atoms are usually in their ground states and they need to be
excited (given energy) by heating, or from an electric current, to raise them o a higher energy
level, which s called an excited state. After which, an atom usually returns very quickly toa
lower energy level by emitting a photon.

The different energy levels of atoms are explained by changes to the way electrons are
arranged around the nucleus, so it is common to alternatively refer an atom’s energy levels as
electron energy levels.

When energy s absorbed by an atom, it electric potential energy increases. This is because
of the forces hetween the positively charged nucleus and negatively charged electrons. When a
photon is emitted, the electric potential energy decreases.

Absorption spectra are explained by atoms being raised to higher energy levels by absorbing
photons with the same energy as those that can be emitted by the same atom, as they undergo
transitions between identical energy levels, The atom will quickly re-emit a photon, but in a
random direction, thereby decreasing the intensity of radiation travelling in the original direction.

Atoms of different elements have different energy levels. This means that the differences
between energy levels are unique to each element, so that each element (in the gaseous state)
produces a different and characteristic spectrum. These spectra can be used to identify the
presence of a particular element in a sample that has been vaporized. Analysis of the light
emitted from stars is used to determine the elements present in them (this is covered in further
detail in Option D: Astrophysics).
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B Figure 7.6 Some of
the energy levels of
the hydrogen atom

B Figure 7.7
A hydrogen atom

and its electron: ain
its ground state, b in
ashort-lived excited
state, ¢ returning to
the ground state

Measurement of the numerous wavelengths of the spectral lines from an element (using a
spectrometer) can be used to determine the magnitudes of the large number of energy level
transitions occurring within the atoms. From this information a detailed energy level diagram
can be constructed. Figure 7.6 shows energy levels within the simplest atom: hydrogen. Note
that the energy levels are all shown with negative values; this represents the fact that energy
must be supplied to the atom to raise an electron to a higher level of potential energy, and that
a free electron is considered to have zero electric potential energy. The energy that needs to be
supplied to an atom to take an electron from its ground state to the highest excited state is called
the fonization energy of the atom because it is the energy needed to free the electron from the
attraction of the nucleus, the energy needed to ionize the atom.

zero

energy
0,061 x 10712
-0.086 x 10718
0,136 x 10°18)
020x108) ———————————— -151ev

-054x10°1) ———————————— -339eV

218 x101%) ground state 1366V

Figure 7.7 represents an electron in a hydrogen atom moving to the next higher energy level and
then quickly returning to the ground state as a photon is released.

0

£ £
-0.54 x 10718} YRV £ 4 K aev
electron
electron .
wransition| " Chitted
photon
=hf
-218x1018) —& 136eV g, 1368V £ 1366V
electron
a b 3

Worked example

2 Consider Figure 7.7
a What is the ionization energy of the hydrogen atom?
b What is the frequency of a photon emitted when the atom falls from the ~3.4eV energy level down to
the ground state?
< Hydrogen absorbs radiation of wavelength 6.7 x 10m. Identify the transition involved.
d How many energy transitions are theoretically possible between the levels shown?

a 218 x10-'8)

= hf
Difference in e levels (1) =
=25 x 10"

(218 - 0.54) x 108 = (6.63 x 1034
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Nature of Science

“This corresponds to the transition up from the second to the third energy level.
d 6+5+4+3+241=21

7 Consider Figure 7.8.

a What wavelength of radiation is emitted by the i e
transition shown?

b In what part of the electromagnetic spectrum is this
radiation?

© When radiation of frequency 1.18 x 105Hz passes
through cool mercury vapour it is absorbed. Identify
the transition involved in this process,

d What i the longest wavelength of radiation that could
be emitted by a transition between the levels shown?

®

When the spectrum emitted by the Sun is observed closely

using a spectrometer, by looking at a white surface —not

the sun directly, itis found that light of certain frequencies

is missing and, in their place, are dark lines.

a Explain how the cool outer gaseous atmosphere of the
Sun s responsible for the absence of these frequencies.

b Suggest how an analysis of the solar absorption
spectrum could be used to determine which elements
are present in the Sun's atmosphere. ground state

L _1044eV

Rydberg discovered that the frequencies of all the lines
in the spectrum of hydrogen could be predicted by the
following expression: ® Figure 7.8 Some of the energy levels

f=329x 101 71[777[ where n, <1, (both integers)  Of mercury

Energy levels of mercury

a Use a spreadsheet to calculate the frequencies predicted by using n, = 1. Let n, vary from 2 to a very
large number.

b Show that the series converges to a numerical limit. What is that limit? (These frequencies are in the
ultraviolet part of the spectrum. They are known as the Lyman series)

B Atomic structure

Before we can discuss radioactivity we need to have some understanding of the structure of
atoms.

What is matter?

The question ‘what is matter made of?" has been one of the central issues in science and
philosophy for centuries. As recently as 2012 a major discovery (the Higgs boson’) confirmed a
significant new development (see Section 7.3), but we need to go back more than 2400 years for
the beginnings of the story — Democritus is often credited as being the first person to propose
that matter was made of atoms (about 400 BCE). However, it is only about 100 years since the
first proposal that the atom had a central nucleus.

The basic nuclear model of the atom was first proposed by Ernest Rutherford in 1911
following the famous Geiger and Marsden experiment (see Section 7.3). This model describes
the atom as consisting of a very small and dense central nucleus surrounded by orbiting
electrons. Two years later (1913) Niels Bohr proposed that the existence of energy levels could
be explained if electrons could exist only in specific orbits (known as ‘shells’ in chemistry).
More details can be found in Chapter 12.

The diameter of an atom s typically about 10°m and the diameter of a nucleus is typically
about 105 m.



288 7 Atomic, nuclear and particle physics

B Figure 7.9 Simple
nuclear model of a
lithium atom (not to
scale)

W Table 7.1 Properties
of sub-atomic
particles

electrons carry a negative
charge of —le where
e=16x 10"

protons carry a positive
charge of +1e

neutrons carry no charge

In the years that followed it was confirmed that the nucleus consists of protons and neutrons,
which contain almost all of the mass of the atom. The protons are positively charged and the
neutrons are electrically neutral. The electrons are negatively charged but have very little mass
in comparison to protons and neutrons. Atoms are electrically neutral because there are equal
numbers of protons and electrons. In this model, the electrons orbit the nucleus because of

the centripetal force provided by the electrical attraction between opposite charges. The vast
majority of an atom is empty space, a vacuum, The properties of protons, neutrons and electrons
are summarized in Table 7.1,

Name of particle _ Approximate relative mass _Relative charge

proton 1 4
neutron 1 0
electron 1 El

840

This model of the atom was never fully satisfactory because electromagnetic theory predicts that
the centripetally accelerating electrons would radiate away energy (and spiral inwards). Also,
there were many properties of atoms that the theory could not explain, such as the reason for
energy levels, and why the protons were not repelled from each other.

This electrostatic model of the atom is still a common visualization but it has been replaced
by a quantum mechanical model based on the wave behaviour of electrons — see Chapter 12.
There are many more sub-atomic particles than protons, electrons and neutrons, and details are
given later in this chapter (in Section 7.3).
Nuclear structure
Proton number, Z
The number of protons in the nucleus of an atom determines which element it is. So, atoms of
a particular element are identified by their proton number (sometimes called atomic number),
which is given the symbol Z. The periodic table of the elements arranges the elements in order
of increasing proton number.

The proton number, Z, is the number of protons in the nucleus of an atom.

Because atoms are electrically neutral, the number of protons is equal to the number of electrons
orbiting the nucleus.

Nucleon number, A

Neutrons and protons are both found in the nucleus of the atom. The term nucleon is used for
both these particles.

The nucleon number, A, is defined as the total number of protons and neutrons in a nucleus.

The nucleon number represents the mass of an atom, because the mass of an electron is
negligible. Nucleon number is sometimes referred to as the mass number.
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Neutron number, N

The neutron number, N, is defined as the number of neutrons in a nucleus.

nucleon
number . .
The difference between a nucleon number and the proton number gives the number of neutrons
A in the nucleus:
N=A-2Z
z ] Isotopes

proton  element

number  symbol Two or more atoms with the same proton number may have different numbers of neutrons.

The atoms are the same element but have different nucleon numbers. These atoms are called
12 nucleons isotopes.

12 Isotopes of an element have the same chemical properties. Most elements have several isotopes.

Nuclides
The term nuclide is used to specify one particular species (type) of atom, as defined by the
| structure of its nucleus.
6 protons element
carbon All atoms with the same nucleon number and the same proton number are described as
B Figure 7105tandard  atoms of the same nuclide.

it
HoteHon S ShestING. e lusmndind nosstion (Bigue 1 usel ro mepresrandile by inding s proven

anudide number and nucleon number.

It is important to make clear the difference between nuclides and isotopes. When referring
to different types of atom we call them nuclides, however, when referring specifically to atoms of
the same element with different nuclei, we call them isotopes.

Some elements have many isatopes, but others have very few or even one. For example, the
most common isotope of hydrogen is hydrogen-1, IH. Its nucleus is a single proton. HydrogenZ,
2H, is called deueritm; its nucleus contains one proton and one neutron. Hydrogen-3, 3H, with
one proton and two neurons, i called tritium. Hydrogen isotopes (Figure 7.11) are involved in
fusion reactions (see Section 7.2 and Chapter 8).

® Figure 7.11 one electron one electron one electron
The three isotopes
of hydrogen
@ one proton, @@ one proton, &uﬂe proton,
no neutrons one neutron 'two neutrons
hydrogen deuterium tritium
i T H

As a further example, the following nuclides are three isotopes of carbon:
2C (six protons, six neutrons)
13C (six protons, seven neutrons)
HC (six protons, eight neutrons)

Samples of elements are usually mixtures of isotopes. Isotopes cannot be separated by chemical
means. Separation can be achieved by processes that depend on the difference in masses of the
isotopes, for example the diffusion rate of gaseous compounds.

The notation for describing nuclides can also be applied to the nucleons. For example, a
proton can be written as p and a neutron as jn. The electron can also be represented using
this notation: its charge is ~1 compared to the +1 charge on a proton, so an electron can be
represented by Ge, remembering that the mass (number) of the electron is effectively zero
compared to the proton and neutron.
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Worked examples

3 Deduce the nucleon, proton and neutron numbers for these two isotopes of fithium:
Sliand JLi

Draw simple diagrams showing the structure of these atoms

Lithium-6: 6 nucleons, 3 protons, and 6 - 3 = Lithium-7: 7 nucleons, 3 protons, and 7 - 3 =
3 neutrons 4 neutrons

‘electrons electrons

3 protons,

roto 3 protons,
3 neltfons

4 neutrons

nucleus nucleus

W Figure 7.12

=

An oxygen atom nucleus is represented by '§0. Describe its atormic structure.

The nucleus has a proton number of 8 and a nucleon number of 16. Thus, its nucleus contains eight
protons and eight neutrons (16 ~8). There are also eight electrons.

A potassium atom contains 19 protons, 19 electrons and 20 neutrons. Deduce its nuclide notation
Proton number Z= 19, and nucleon number A = 19 + 20 = 39,

2,
LS

State the numbers of protons and neutrons in an atom of the isotope plutonium-239, 233Pu.
number of protons (proton number) Z = 94

nucleon number (4) = 239

neutron number N = A - Z=239 - 94 = 145

0 The nuclides 1231, "21Cs and 34Sr were all formed during atomic weapons testing. State the number of
neutrons, protons and electrons in the atorms of these nuciides.

11 What s the electric charge of the nucleus 4He?

12 The number of electrons, protons and neutrons in an ion of sulfur are equal to 18, 16 and 16, respectively.
What s the correct nuciide symbol for the sufur ion?

13 State the number of nucleons in one carbon-13 atom, '2C.

14 Chiorine is an element that has 17 protons in its nucleus. The two most common isotopes of chlorine are

chlorine-35 and chlorine-37.

a What are the nuciide symbols for these two isotopes?

b Suggest why the periodic table shows an atomic mass for chlorine of 35.45.

B Fundamental forces and their properties
We know from Chapter 5 that there are electrical forces between charged particles and that Coulomb's
law can be used to calculate the magnitude of those forces, as shown in this worked example.

Worked example

7 a Estimate an order of magnitude for the force between a helium nucleus and one of the electrons in
the atom (assume that the separation is 10-0m).
b Estimate an order of magnitude for the force between the two protons in the helium nucleus

B Fak T

F=(8.99x109x ~10-7N (attractive force)

b Fok 9%

(1.6 x 10719) x (+1.6 x 10-19)

F=(899x 10% x )« 102N (repulsive force)

(1052
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a b In a simple model of the atom the attractive forces between the
e AN nucleus and the electrons keep the electrons in orbit moving around
the nucleus, but the nuch larger forces (Worked example 75 between
the protons within the nucleus suggests that they should be repelled
apart (see Figure 7.13a).

Codoriblomspugh +here mulbalso beaong It s clear that there must be another strong force acting, which

the protons apart riudbarTorces between e opposes the electric repulsion and attracts the protons together.
nucleons pulling them together This attractive, very short-range force acts between nucleons
B Figure 713 Repulsive and attractive forcesina _(including neutrons) and is known as the strong nuclear force.
i a— The electrical force is proportional to 1/separation? (as shown

in the equations above), but the strong nuclear force must decrease
much more quickly with distance because it is negligible or zero except when the separation of
the nucleons is very small, typically less than 10-5m, In other words, the strong nuclear force
extends effectively only to its immediate neighbours — it does not extend to all the nucleons in
the nucleus.

The strong nuclear force is considered to be one of the four fundamental forces (interactions)
in the universe:

Strong nuclear force: only acts on sub-atomic particles known as quatks (from which protons
and neutrons are constructed). ‘Short-range’, within the nucleus.

Electromagnetic force: causes both magnetic and electrostatic effects and exists between two
charges. It is this force that binds electrons to the positively charged nucleus to form an atom.
It is also the force that binds atoms together to form solids, liquids and gases. It is attractive
for unlike charges but repulsive for like charges. Its range is infinite but its magnitude obeys
the inverse square law.

Gravitational force: it exists between any two objects with mass. It is this force that binds stars
together to form galaxies (see Option D Astrophysics). It i always attractive and its range

is infinite. A galaxy can experience the gravitational pull by another galaxy many billions

of kilometres away. Its magnitude obeys the inverse square law and is the weakest of the four
fundamental forces.

W Weak nuclear force: involved with radioactive decay (even shorter range than the strong
nuclear force).

These fundamental forces are discussed in more detail in Section 7.3.

B Radioactive decay

K Link

Fortune favours the prepared mind

The role of luck/serendipity in successful scientific discovery is almost inevitably accompanied by a

scientifically curious mind that will pursue the outcome of the ‘lucky’ event. To what extent might scientific
liscoveries that have been described as being the result of luck actually be better described as being the

result of reason or intuition?

Radioactivity was discovered by accident in 1896 by Henri Becquerel who was carrying out a series of
experiments on fluorescence. In the course of his experiments he put some potassium uranium sulfate (which
emits radioactivit, but nobody knew that ther) on a sheet of photographic fim that was between two pieces
of black paper in a drawer, When Becquerel developed the film he found that it had the same appearance

as if it had been exposed to sunlight, although that was not possible. In fact, radiation had passed from the
uranium compound through the biack paper and exposed the film. In this rather strange and serendipitous way
Becquerel had discovered radioactivity. (‘Serendipity’ means unplanned and unexpected good luck)

There are many similar examples of accidental discoveries in science, but these should not simply be viewed
as luck’ because a spirit of investigation is a prerequisite, as well as excellent experimental skills. And, most
importantly, the scientist needs to appreciate the significance of what may appear at the time to be a minor
effect (although Becquerel was uncertain of the explanation t first). The French microbiologist Louis Pasteur
is widely quoted as saying *fortune favours the prepared mind.
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An understanding of the causes of radioactivity begins with a consideration of the forces in the
nucleus.

The relative sizes of the Coulomb repulsion and the attractive strong nuclear force depends
on the ratio of neutrons to protons (N/Z) in a nucleus; the balance between these two forces
controls nuclear stability. Big nuclei with large numbers of protons and neutrons (typically Z
> 82) are unstable because the longer-range repulsive electrical forces (from a large number of
protons) can be greater than the shortrange strong nuclear forces. But many nuclides of lower
mass are also unstable. Figure 7.14 indicates how nuclear stability depends on the N/Z ratio. For
low-mass atoms, stable nuclei have approximately equal numbers of protons and neutrons
(N =2), but larger nuclei need more neutrons (compared to protons) to achieve stability.

B Figure 7.14 Stable
nuclei shown on a
chart of neutron
number plotted
against proton
number

unstable
100 4 nuclides

Neutron number, N

50| stable nuclides ——— unstable

nuclides

T T T
60 80 100
Proton number, Z

In an attempt to become more stable, unstable nuclei may release nuclear radiation in the
form of small particles andJor gamma rays. This is also described as ionizing radiation because
it causes atoms in the surrounding materials to lose electrons and form ions. The release of a
particle from a nucleus results in the formation of a different nuclide of a different element.
This is known as transmutation.

Radioactivity is the emission of ionizing radiation caused by changes in the nuclei of
unstable atoms. The process by which radioactive atoms change into other elements is
known as radioactive decay.

Radioactive decay should not be confused with chemical or biological decay. The decay of a
radioactive material will often not involve any obvious change in appearance.

A material that emits measurable amounts of radioactivity may be described as radioactive,
while an unstable atom may be referred to as a radioisotope or radionuclide.

It should be stressed that the decay of an unstable nucleus is spontaneous, random,
unpredictable and uncontrollable.

Radioactive decay and the emission of nuclear radiation is unaffected by factors such as chemical
composition, temperature and pressure. We cannot control when radioactive nuclei will decay;
however, we can control our exposure to the emitted radiation.
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Perspectives

The effect of ionizing radiation on humans

All radiation that can cause ionization is dangerous to humans. lonizing radiation comes
in many forms and from many sources. It includes the radiation from natural radioactive
substances and radiation from artificial sources, such as X-ray machines in hospitals and

nuclear reactors.

People are exposed to a variety of ionizing radiations that are health risks. The danger is due
to the absorption of energy from the radiation by the tissues of the body. This results in the
formation of ions, which can kill or change living cells.

Very high doses of radiation can cause cells to stop functioning and prevent them from
undergoing cell division, resulting in the death of the cell. Widespread damage of cells in
different tissues can result in death. There are also possible long-term delayed effects of fonizing
radiation, such as sterility and cancers, especially leukaemia (cancer of the white blood cells)
and inherited genetic defects (mutations) in the children of people who have been exposed to
radiation.

The short-term effects of exposure to large doses of radiation include radiation burns (redness
and sores on the skin) mainly caused by beta and gamma radiations. There may also be
blindness and the formation of cataracts in the eyes. Radiation sickness occurs when a person
has a single large exposure to radiation. Nausea and vomiting are the main symptoms, together
with fever, hair loss and poor wound healing.

Medical experts are uncertain about the long-term effects of exposure to low doses of radiation.
Estimates of the risk of radiation damage are based on the assumption that as the dose of
radiation becomes smaller, so the risk is reduced in proportion.

The main risks from alpha and beta radiation come from sources that get inside a person.
Because alpha and beta particles do not penetrate very far into the body, the risks from external
solid or liquid soutces are fairly small. However, care must be taken to stop radioactive materials
from being eaten o inhaled (breathed in) from the ai. So no eating, drinking or smoking

is allowed where any radioactive materials ate handled, and disposable gloves and protective
clothing are worn. Masks ate worn in mines where radioactive dust particles are airborne.

Gamma radiation and Xrays from external sources can be absorbed deep inside the body,
and people who are exposed to sources of X-rays and gamma radiation must be protected as
much as possible. The dose a person receives can be limited in a number of ways: by using lead
shielding, by keeping a large distance between the person and source, and by keeping exposure
times as short as possible.

Peaple who work with ionizing radiation may wear a film badge or detector that gives a
permanent record of the radiation dose received. Workers may also be checked for radiation
contamination by using sensitive radiation monitors before they leave their place of work.
A worker handling radioactive materials may use remote-controlled tools and sit behind a
shielding wall made of thick lead and concrete.

When radioactive materials are used in medicine they are chosen carefully to have the least
damaging effects on the body.

Nuclear reactors produce large amounts of high-frequency electromagnetic radiation (gamma
rays) and radioactive waste materials. The safe storage of nuclear waste for thousands of years is
a very important safety issue that requires international debate. Nuclear reactors also produce
large numbers of neutrons, which are released from the nuclei of uranium atoms. High-speed
neutrons are also a form of dangerous ionizing radiation.

1 Explain why nuclear radiation is used extensively in hospitals, even though it is considered
to be a serious health risk.
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B Alpha particles, beta particles and gamma rays
Radioactive nuclides may emit three kinds of radiation:

m alpha particles

W beta particles (positive and negative)

B gamma rays (often associated with alpha or beta emission).

Atoms of the same radionuclide always emit the same kind of radiation.

Alpha radiation

Analpha particle is the same as a helium-4 nucleus: the combination of two protons and
two neutrons. It has a nucleon number of 4 and a proton number of +2. Alpha particles are
represented by the symbols fat or §He.

Clearly the emission of an alpha particle results in the loss of two protons and two neutrons
from a nucleus, so that the proton number of the nuclide decreases by two and a new element is
formed (transmutation). This can be represented in a nuclear equation as follows:

AX - A0 + He

parentnuclide  daughter nuclide  alpha particle
Nuclear equations must balance: the sum of the nucleon numbers and proton numbers must be
equal on both sides of the equation. The terms parent nuclide and daughter nuclide are commonly
used to describe the nuclides before and after the decay, respectively.

The change to a more stable nucleus is equivalent to a decrease in nuclear potential energy;
this energy is transferred to the kinetic energy of the alpha particle (and the daughter nucleus).
Because there are only two particles after the decay, they must initially move in exactly opposite
directions. This is because of the law of conservation of momentum, which also predicts that
the alpha particle will have a much faster speed (if it is emitted from a massive nucleus). Emitted
alpha particles from the same type of nuclide usually have the same speed and the same energy,
typically about 5MeV (reminder: energy in ] = energy in eV/L.6 x 1071°). (But some radionuclides
can emit alpha particles of one of several different energies.)

For example, an alpha particle is emitted when a radium-226 nucleus decays, resulting in the
formation of a radon-222 nucleus, This is described by the nuclear equation:

MR - 2Ra + {He
The alpha particle produced in this decay has a kinetic energy of 4.7MeV.

Beta radiation

In an unstable nucleus it is possible for an uncharged neutron to be converted into a positive
proton and a negative electron. This also involves the creation of another particle called an
(electron) antineutrino, V,. Antineutrinos (and neutrinos) are very small particles with no
charge, so they are very difficult to detect.

In—>lp+fe+v,
After this nuclear reaction happens it is not possible for the newly formed electron to remain
within the nucleus and it is ejected from the atom at a very high speed (close to the speed of
light). It is then called a beta-negative particle and it is represented by the symbol 9B or Se.
‘When beta-negative decay occurs, the number of nucleons in the nucleus remains the same,
but the number of protons increases by one, so that a new element is formed (transmutation).
This can be represented in a nuclear equation:

28 AX
parentnuclide  daughter nuclide

+ % +7,

S
beta particle

As with alpha decay, the change to a more stable nucleus is equivalent to a decrease in nuclear
potential energy and this is transferred to the kinetic energy of the particles. Because there
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are three (rather than two) particles after the decay, which may move in a variety of different
directions, the beta particles emitted from the same type of nuclide will not all have the same
speeds and energies (consider the law of conservation of momentum). There will be a well
defined maximum energy however, typically about 1 MeV.

For example, beta-negative particles ate emitted when a strontium-90 nucleus undergoes beta
decay, resulting in the formation of an yttrium-90 nucleus:

9%, WY 4 0 47
335t > Y + Qe + ¥,

The beta-negative particle in this decay has a kinetic energy of 0.5 MeV.

In a similar process called beta-positive decay, a positively charged proton in a nucleus is
converted into neutron and a positively charged electron, called a positron, which is then
ejected from the atom (after which it is called a beta-positive particle). An (electron) neutrino,
Ve, is created at the same time. The electron and the positron are considered to be matter-
antimatter. This is discussed in more detail in Section 7.3.

v ST
o in+etv,

The following equation represents a typical beta-positive decay:
DM s PNa + 0
Mg — {Na+ e +v,

A full understanding of beta decay requires knowledge of quarks and the weak nuclear force (see
Section 7.3).

Gamma radiation

Gamma rays are high-freqy high 1 ic radiation (photons) released from
unstable nuclei. A typical wavelength is about 1072 m, This corresponds to an energy of about
1MeV (use E = hc/A). Gamma rays are often emitted after an unstable nucleus has emitted an
alpha or beta particle. Gamma rays may be represented by the symbol 3y.

For example, when a thorium-234 nucleus is formed from a uranium-238 nucleus by alpha
decay, the thorium nucleus contains excess energy and is said to be in an excited state. The
excited thorium nucleus (shown by the symbol * in an equation) returns to a more stable state by
emitting a gamma ray:

Th* 5 24Th+ &y

Because gamma rays have no mass or charge, the composition of the emitting nucleus does not
ange. There is no transmutation.

15 Complete the following nuclear equations and name the decay processes involved.
a Bl Xer %
b ZIAm - Np + 3He

16 A gamma ray has a wavelength of 5.76 x 10-2m. What is the energy (in MeV) of a photon of this
radiation?

17 Write nuclear equations for the following nuclear reactions:
a alpha decay of '83pt
b beta-negative decay of 4Na
< gamma emission from §9Co
Use a periodic table to identify any new elements formed

18 Calculate the speed of an alpha particle with kinetic energy of 3.79MeV (use the Physics data booklet to
obtain the masses involved).

19 Use the law of conservation of momentum to explain why beta particles emitted from the same source
must have a range (spectrum) of different speeds and energies

20 When the unstable nucleus magnesium-23 decays, a positron is emitted (beta-positive decay). Write a
nuclear equation for this.
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W Figure 7.15 Sources
of background
radiation in the UK

B Radioactivity experiments

The properties of nuclear radiations can be investigated in a school laboratory if suitable
radioactive sources are available. Alternatively, it is possible to use apparatus or computer
programs that simulate radioactive experiments.

If ionizing radiation from a radioactive source enters the human body it is hazardous to
health (see Additional Perspectives, page 293), 5o it is important that any radioactive sources
used have a very low power, and that they are treated with the appropriate safety precautions.
These include:

Sources should be kept in thick, lead-lined containers. When not in use they should be
locked away securely.

W Sources should be used for as short a time as possible.

W Sources need to be welllabelled, with appropriate warnings.

m Sources should be handled with tongs and always directed away from people.

W Lead shielding can be used to stop radiation spreading outside of the apparatus.

‘When nuclear radiation enters a detector it is usually detected as single events, and these

are ‘counted’, so that we may refer to the count or the count rate (count per second) from a
detector and (Geiger) counter. The unpredictable nature of individual radioactive decays means
that significant variation in count may be observed. This is not an error, but more consistent
measurements will be obtained with higher counts.

Background radiation

Traces of radioactive isotopes occur naturally in almost all substances. We are therefore
all exposed to very low levels of radiation all the time. This cannot be avoided and it is
called background radiation. Of course, some locations have a higher background count
than others. Figure 7.15 shows where the background radiation typically comes from in

the UK.

radon and its daughter products are released into the air following
the decay of natually occurring uranium isotopes found in granite

medical sources

jamma rays from
such as X-rays & Hs

rocks and soil

internal sources from the % cosmic rays from outer space
food we eat, the liquids we |
drink and the air we breathe leaks from sources used in

power stations and hospitals

The internal sources are radioactive nuclides, such as potassium-40, 9K, which are found in our
bodies. The radon gas in the air comes from naturally occurring radioactive materials such as
radium, thorium and uranium in the Earth’s crust. Most of the cosmic radiation from space is
absorbed by the Barth's atmosphere but some reaches the ground. However, people in high-flying
aircraft and astronauts receive a much larger cosmic radiation dose. Cosmic rays include fast-
moving nuclei of hydrogen and helium atoms.

Measurements of radiation counts from sources in the laboratory should normally be
adjusted for the background count. For example, if the background count was 30 min at the
time that a count rate of 3875~ was being measured from a source, then the adjusted rare would
be 386.557L. Clearly the background count will be more significant when lower readings are
being taken.
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Absorption characteristics of decay particles
Testing the absorption of enizing radiation i various materialsis e of the most common
ity However, their ab; ion (range) in air should be understood first.

Alpha particles are absorbed by a few centimetres of air (typically four or five). Beta particles
penetrate further — up to about 30 cm. Gamma rays are very penetrating because there is very
little absorption. But note that a gamma ray count rate will fall rapidly with increasing distance
from the source because, even without any absorption, as the rays spread out the intensity will
decrease with an inverse square relationship.

Asalpha particles and beta particles travel through matter, they collide with atoms causing them
to lose one or more electrons. The ionized atom (ion) and the resulting free electron are called an ion
pair (Figure 7.16). When the kinetic energy of the particle has been reduced to a low value (comparable
to the surrounding atoms), it will stop moving forward and can be considered as ‘absorbed.

 Figure 7.16 ion pair ¢
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The production of an ion pair requires the separation of unlike charges, hence this process
requires energy. Alpha particles have a relatively large mass, so that they transfer energy quite
effectively in collisions with molecules typically of greater mass. This makes alpha particles
efficient ionizers. They may produce as many as 10° ion pairs for every centimetre of air through
which they pass. As a result they lose energy relatively quickly and have low penetrating power.

Beta particles have considerably less mass than alpha particles, Consequently they are
much less efficient at transferting energy in collisions and produce much fewer ion pairs per
centimetre. They are, therefore, far more penetrating than alpha particles.

Because gamma rays have no charge or mass, their ionizing power is much lower than that of
alpha or beta particles. Their greater penetrating power makes gamma rays the most dangerous of
the radiations entering the body from outside. Their energy is also transferred all in one interaction,
rather than gradually during many collisions, and this can cause more harm to individual body cells.

Generally we would expect absorption of any radiation to be more extensive in denser
materials. Figure 7.17 illustrates the absorption of nuclear radiations in paper, aluminium and
lead, These materials have become the standards used to compare absorptions. Note that
because alpha particles are easily absorbed in air, their absorption in other materials must be
tested within a few centimetres of the source.
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An unknown radiation can be identified from the materials that will absorb it. Alternatively, a
radiation can be identified from its behaviour in electric or magnetic fields, as discussed in the
next section.
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B Figure 7.18
Behaviour of ionizing
radiations in a
magnetic field

 Figure 7.19
Behaviour of ionizing
radiations in an
electric field

Deflecting radiation in fields

Alpha and beta radiation will be emitted in random directions from their sources, but they
can be formed into narrow beams (collimated) by passing the radiation through slits. Because
a beam of alpha particles, or beta particles, is a flow of charge they will be deflected if they
pass perpendicularly across a magnetic field (as discussed in Chapter 5). Gamma radiation is
uncharged, so it cannot be deflected.

Figure 718 shows the passage of the three types of ionizing radiation across a strong magnetic
field. Fleming’s lefehand rule can be applied to confirm the deflection of the alpha and beta
particles into circular paths, the magnetic force providing the centripetal force. The radius of the
path of a charged particle moving perpendicularly across a magnetic field can be calculated from
= mujqB (page 252).

An alpha particle has twice the charge and about 8000 times the mass of a beta particle,
although a typical beta particle may be moving ten-times faster. Taking all three factors into
consideration, we can predict that the radius of an alpha particle’s path may be about 400 times
the radius of a beta particle in the same magnetic field.

(Note that observation of the deflection of alpha particles will usually require a vacuum.)

magnetic field
perpendicular out
of plane of paper

Alpha and beta radiation can also be deflected by electric fields, as shown in Figure 7.19. Alpha
particles are attracted to the negative plate; beta particles are artracted to the positive plate.

The combination of constant speed in one direction, with a constant perpendicular force and
acceleration, produces a parabolic trajectory. This is similar to the projectile movement discussed
in Chapter 2. The deflection of the alpha particles is small in comparison to beta particles, due
to the same factors as discussed for magnetic deflection.

R=

—

21 Alpha particles lose about 5 x 10-12] of kinetic energy in each collision with an atom or molecule in
the air. An alpha particle traveling through air makes 105 ionizing collsions with molecules or atoms in
the air for each centimetre of travel, Calculate the approximate range of an alpha particle f the particle
begins with an energy of 4.7 x 10-12),

22 Alpha particles are absorbed much more easily than beta particles with the same energy, yet alpha
particles are more massive than beta particles. Explain this

23 Why does ionizing radiation travel further in air if the pressure is reduced?

24 Explain why a source of alpha particles outside the human body may be considered to be very low risk, but
asource inside the body s a high risk.
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W Table 7.2 Summary
of the properties

of alpha, beta and
gamma radiations

25 Radiation from a gamma ray source is detected at a distance of 12cm from a source and a count rate of
37357 s recorded. Estimate the count rate if the distance was:
a reduced to 6cm
b increased to 39cm.

26 During a radioactivity investigation the background count was measured three times, giving the restilts
38min-", 41min-' and 36min-!
a Explain why these measurements are all different.
b Calculate an average background count rate in s~'.
< Explain why background radiation causes problems in experiments that involve measuring low count
rates

27 Explain how beta particles can be identified using experiments that observe their ability to penetrate
different materials.

B Summary of properties of alpha and beta particles and
gamma rays

Property Alpha (o) Beta (B* or ) Gamma (1)
Relative charge +2 +lor-1 0
Relative mass 4 i 0
1840
Typical penetration 5 air; thin paper 30cm air; few highly penetrating;

millimetres of aluminium

partially absorbed by thick,
dense materials

Nature

helium nucleus

positron or electron

electromagnetic wave/
photon

Typical speed 107ms-! =25 x 108ms! 3.00 x 108ms-!
~01c ~08¢ <

Notation Heorda Geor$p yorgy

lonizing ability very high light very low

Absorbed by piece of paper 3mm aluminium intensity halved by 2cm lead

B Patterns of radioactive decay

The decay of a single unstable nucleus is a spontaneous and random event. It is unpredictable

in a similar way that the result of tossing a single coin is unpredictable. However, we can be sure
that if we toss a large number of coins, about 50 per cent will be heads and about 50 per cent
will be tails. Similarly, we can say that when we have a large number of undecayed nuclei, about
50 per cent of them will decay in a certain time. Even the tiniest sample of a radioactive material
contains a very large number of nuclei, and this means that the random process of radioactive
decay can be predicted.

Half-life

The halfife of a radioactive nuclide is the time taken for half of any sample of unstable
nuclei to decay.

Halflife is given the symbol T,,. The halflives of different radioactive nuclides can vary
enormously, from fractions of a second to billions of years. See Table 7.3 for some examples.
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W Table 7.3 Examples
of half-lives

W Figure 7.20
The pattern of
radioactive decay
can be simulated by
throwing dice

g

W Table 7.4 Results

Radioactive nuclide __Half-life
uranium-238 4.5 x 10° years
radium-226 6 x 10% years
radon-222 38days
francium-221 4.8 minutes
astatine-217 0,03 seconds

After each halflife has elapsed, half of the remaining unstable nuclei will decay in the next
halflife. As a much simplified example, if there were 64 (billion) nuclei at the start, after each
successive half-life, the number remaining would be about 32, 16, 8, 4, 2 ... Theoretically the
number will never reduce to zero.

The process of radioactive decay can be simulated by the throwing of dice (Figure 7.20).
Consider the following experiment in which a group of students start by throwing 6000 dice.
Each time a six is thrown, that dice is removed. The results for the number of dice after each
throw are shown in Table 74.

Number of throws  Number of dice remaining  Number of dice removed

of dice-throwing
N 0 6000 0

1 5020 980

2 163 857

3 3485 678

4 2887 598

5 2420 467

6 2009 an

7 1674 335

8 1399 75

Figure 721 is a graph of the number of dice remaining plotred against the number of throws.
This is an example of a decay curve. The rate at which dice (with a six) are removed decreases
because fewer sixes occur when fewer dice are thrown. Reading values from the graph shows
that approximately 3.8 throws would be required to halve the number of dice. After another 3.8
throws the number of dice would halve again. The ‘halflife’ of the process is 3.8 throws.
Alternatively a graph of the number of dice removed against number of throws could be
drawn. This graph will have the same shape and same halflife as the graph shown in Figure 7.21.
The dice experiment is a useful model (analogy) for representing radioactive decay, with the
dice representing 6000 radioactive nuclei and the rate of decay decreasing with time.
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The graph in Figure 7.21 is an example of a quantity undergoing decay in which the rate of
decay (modelled by the dice) is directly proportional to the amount remaining (number of dice).
This is known as an exponential decay. The mathematics of exponential decay is not needed
here, but it is described in Chapter 12 and in IB mathematics courses.

Figure 7.22 shows a typical graph representing a radioactive decay with a hallife of Ty, It
has the same shape as Figure 7.21. A value for the halflife can be determined by choosing any
value and finding the time taken for that value to halve. Accuracy can be improved by choosing
several pairs of values and calculating an average.
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For example, radium-226 (an alpha emiter) has a halflife of 1620 years. This means that if we

start with 1g of pure radium-226, then 0.5 g of it will have undergone radioactive decay in 1620
years. After another 1620 years (another haltife), half of the radium-226 atoms remaining will
have decayed, leaving 025 g, and so on.

Experimental determination of half-life

Counting numbers of undecayed nuclei in a school’s radioactive source is not possible, so we
need to use changes in count rates to determine half-lives. The count rate from a radiation
counter placed close to a radioactive source will be an indication of the rate of decay in the
source. (The actual number of decays occurring every second in the source is called its activiry
and has the unit Bequerel, Bq. This is discussed in Chapter 12.)
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W Figure 7.23 The
radioactive decay
of asample of
americium-242

W Table 7.5 The
radioactive decay
of asample of
americium-242

As stated earlier, the rate of radioactive decay is proportional to the number of atoms still
undecayed. This means that the halflife of a radionuclide is also equal to the time taken for the
count rate (or activity of the source) to halve.

If a radioactive source with a convenient half-life (between a few minutes and a few hours) is
available, the halflife can be determined by taking sufficient count rate measurements to plot a
decay curve. If not, many useful computer simulations are available.

28 The initial count rate from a sample of a radioactive nuclide is 8000s-". The half-life of the nuclide
is 5 minutes. Sketch a graph to show how the activity of the sample changes over a time interval of
25 minutes

29 The table below shows the variaton with time, ¢, of the court fae of asample o a radioactive nuclde X.
The average background count during the experiment was 36min-!

t/hour 0 1 2 3 4 5 6 7 8 9 10
Count
rate/min-! 854 752 688 576 544 486 448 396 362 334 284

a Plot a graph to show the variation with time of the corrected count rate.
b Use the graph to determine the half-life of nuclide X.

30 Explain why it might be difficult for a laboratory to provide a radioisotope with a haff-life of, for example,
10 minutes.

Radioactive decay problems
If the halflife of a nuclide is known then the number of undecayed nuclei, or the count rate,
after successive halflives can be determined if the initial values are known.

Figure 7.23 illustrates the radioactive decay of a sample of americium-242, which has a
haltlife of 16 hours. Initially there are 40 million undecayed nuclei. The grey circles represent
undecayed nuclei and the orange circles represent decayed nuclei. With each halfife, half of the
remaining undecayed nuclei decay.

© =1 million undecayed nuclei (© =1 million decayed nuclei

40 million 20 million 10 milion 5 milion
undecayed undecayed undecayed undecayed
uclei nudlei nuclei nuclei

0 hours 16 hours 32 hours 48 hours  time
T vy i SR s (S
half-life half-life half-life

This process of radioactive decay is summarized in numerical form in Table 7.5.

Fraction of original  Numberof  Number of Number
Number of undecayed nuclei decayed half-lives of hours
undecayed nuclei remaining nuclei elapsed elapsed
40 x 108 1 0 0 0
20x 108 % 20 x 108 1 16
10 x 105 % 30 x 108 2 32
5.0 x 108 % 35 x 108 3 48
25x 108 Ye 375 x 108 4 64
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Worked examples

The half-life of francium-221 is 4.8 minutes.

a Calculate the fraction of a sample of pure francium-221 remaining undecayed after a time of
14.4 minutes

b What fraction of the original sample will have decayed?

a The half-life of francium-221 is 4.8 minutes, so 14.4 minutes is three half-lives (14.
After one half-life, half of the sample will remain undecayed.
After two half-lives, 0.5 x 0.5 = 0.25 of the sample will remain undecayed.
After three half-lives, 0.5 x 0.25 = 0125 of the sample will remain undecayed.
Hence after 14.4 minutes the fraction of francium-221 remaining undecayed is 0125, or %.
7

A8
e

©

Caesium-137 has a half-lfe of 30 years. If the initial count rate from a source was 104s™!, what is the
count rate after:

a 120years

b 135 years?

a 120years s equivalent to four half-lives, 5o the count rate will have decreased by a factor of 16 (2¢)
and will be 10/16 = 6305~

b 135 years is equivalent to 4.5 half-lives, 5o we know that the count will be between 625 and 313,

but it is not midway between these values because decay is not linear. The mathematics needed to
make this calculation is given in Section 12.2. (The correct answer is 44257.)

A radioactive substance has a half-life of five days and the initial count rate is 500 min-". If the background
count was found to be 20 min-', what will be the count rate after 15 days?

a The half-life of francium-221 is 4.8 minutes. Calculate the fraction of a sample of francium-221
remaining undecayed after a time of 24.0 minutes.

b The half-lfe radon-222 is 3.8 days. Calculate the fraction of a sample of radon-222 that has decayed
after 15.2 days

© Cobalt-60 s used in many applications in which gamma radiation s required. The half-lfe of cobalt-60
is 5.26 years. A cobalt-60 source has an initial activity of 2.00 x 10'S decays s-1. What will be its activity
after 26.30 years?

d A radioactive element has  half-life of 80 minutes. How long willt take for the count rate to decrease
10 250 per minute if the initial count rate is 1000 per minute?

& The half-ife of radium-226 is 1601 years. For an initial sample
i what fraction has decayed after 4803 years?
ii- what fraction remains undecayed after 6404 years?

33 Technetium-99 is a radioactive waste product from nuclear power stations, It has a half-lfe of 212000 years.
a Estimate the percentage of technetium that is still radioactive after one million years.
b Approximately how many years are needed for the activity from the technetium to fall to 1 per cent of
its original value?

Decay series

Heavy radioactive nuclides, such as radium-226 and uranium-238, cannot become stable by
emitting just one particle. They undergo a radioactive decay series, producing either an alpha
or a beta particle and maybe gamma radiation during each step, until a stable nuclide is formed.
For example, uranium-238 undergoes a decay series (see Figure 7.24) to eventually form stable
lead-206. Each decay will have its own particular halflife.

If it was possible to have a source of pure uranium-238, for example, it would immediately
start decaying into other nuclides and, after some time, all the nuclides in the decay series would
be present in the sample. The relative proportions of different nuclides depends on their half-
lives. After a very long time most of the source will have turned into lead. In other words, we
should expect many radioactive sources (of the heavier elements particularly) to contain a range
of different nuclides.
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Figure 7.24 shows a small part of an overall N-Z plot. Readers are advised to inspect a full
neutron number-proton number plot, which is commonly known as a chart of the nuclides
because it has a space for every known nuclide. Stable and unstable nuclides are clearly indicated
and the kind of radiation emitted is often shown.

Figure 7.25 represents how the chart position of a nuclide changes during alpha decay and
beta-negative decay (beta-positive decay is in the opposite ditection). The movement on the
chart can be seen as an attempt to move towards the line of stability. Gamma rays do not cause

transmutation.
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W Figure 7.25 Transmutations on a chart of the nuclides
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B Uses of radionuclides

Radioactive substances have a wide range of uses and, although these are not directly included
in the IB course, students are recommended to research one or two of the following applications:

diagnosis of illness

treatment of disease

‘tracers’

food preservation

sterilization of medical equipment
determining the age of rocks

locating faults in metal structures, such as pipes

carbon dating

Carbon dating
A

e

(which were p: ly living plants or animals) with ages up to
about 50000 years can be dated using the isotope carbon-14. Carbon-14, which has a half
life of 5730 years, is constantly being formed in the upper atmosphere. When cosmic rays
enter the atmosphere they can produce neutrons. The nuclear reaction shown below can
then take place:

N + In — MC + 1
4N + In— 4C + IH
This type of reaction is an example of a natural transmutation in which a nuclide absorbs

another smaller particle into its nucleus and undergoes a nuclear reaction to form a new
nuclide.

The carbon-14 (present in the atmosphere as carbon dioxide, *CO,) is taken in by plants
during photosynthesis. The plants are eaten by animals, which may then be eaten by other
animals. However, once the animal or plant dies no more radioactive carbon-14 is taken in and
the percentage in the remains starts to decrease due to radioactive decay (Figure 7.27).

This means that if the ratio of carbon-14 to carbon-12 is known then the age of the specimen
can be determined. The activity of carbon-14 in living materials is about 19 counts per minute
for each gram of specimen. This technique of carbon dating can be used to determine the ages
of animal remains and wood, paper and cloth. It has also provided supporting evidence that
there has been change (evolution) in groups of organisms over time.
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1 Find out about at least one specific example of the use of carbon dating to determine the
age of an historical artefact.
2 Sketch a graph to show how the carbon-14 count rate from a sample might vary over about

20 000 years.

Medical tracers

Nuclear medicine involves the use of radioactive substances to detect (or treat) abnormalities in
the function of particular organs in the body. Substances introduced into the body for this purpose
are called tracers. They may e injected or ingested (see Figure 7.28). The radioactive substance
most commonly used is technetium-99m. This is an excited atom produced from molybdenum-99
by beta decay. The decay process has a halflife of six hours and the gamma photons have an
energy of 0.14MeV. Both of these properties make technetium-99m a good choice for tracer studies.
The amount of energy carried by the gamma photons makes them easy to detect (using a gamma
camera). The halflife of six hours is a good compromise between activity lasting long enough to
be useful in nuclear medicine and the wish to expose the patient to ionizing radiation for as short
atime period as possible. The technetium is usually used to ‘label’ a molecule that s preferentially
taken up by the tissue. This illustrates how knowledge of radioactivity, radioactive substances and
the radioactive decay law are crucial in modern nuclear medicine.

1 Whrite a nuclear equation showing the formation of technetium-99m.
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7.2 Nuclear reactions- energy can be released in nuclear decays and
reactions as a result of the relationship between mass and energy

In this section we will concentrate on the energy that can be released when there are changes in
the structure of nuclei. These changes include:

W spontaneous natural radioactive decays, as discussed in Section 7.1

m nuclear fission (splitting a nucleus into two smaller nuclei)

m nuclear fusion (joining two small nuclei to make one larger nucleus)

W other artificially induced reactions.

As we shall see, when energy is released the masses involved must decrease slightly, so we will
begin by introducing the unified atomic mass unit.

B The unified atomic mass unit
The kilogram is an inconveniently large unit for the masses of atoms and sub-atomic particles. The
unified atomic mass unit, u, is the most widely used unit for mass on the microscopic scale. The
unified atomic mass unit is approximately equal to the mass of a proton or neutron, but it is very
precisely defined as follows:
The unified atomic mass unit is defined as one-twelfth of the mass of an isolated carbon-12
atom.

From Chapter 3 we know that, by definition, one mole of carbon-12 has a mass of 12.00000g
and contains 6.022 141 x 102 atoms (¢his is the value for N, to seven significant figures).
1200000
: 6.022 141 x 107
unified atomic mass unit, u = 75 (1992647 x 10g) = 0166054 x 10¥'g

Therefore, the mass of one carbon-12 atom = 1992647 x 10 and one

To four significant figures, 1u = 1661 x 10-7kg,
This value is given in the Physics data booklet.
Expressed in unified atomic mass units, the rest masses of the proton, neutton and electron are:
673 x 107Tkg)
1675 x 1077kg)
110 x 10 kg)
All these values are given in the Physics data booklet.

The rest mass of a particle is the mass of an isolated particle that is at rest relative to
the observer.

mass of the proton, m,

B mass of the neutron, m, = 1L00B665 u
B mass of the electron, m, = 0.000549 u (=

B The relationship between mass and energy
According to Einstein’s special theory of relativity, any mass, m, is equivalent to an amount of
energy, E. Einstein said ‘mass and energy are different manifestations of the same thing’, If the
energy of any system increases (in any form), then its mass increases too. This is explained in
more detail in Option A: Relativity.

The mass and the energy of a system are proportional, E/m = constant. The constant is the
speed of light, ¢, squared, so that:

E =mc?

This famous equation shows us that a very small mass is equivalent to an enormous amount of
energy. For example, a mass of 1g is equivalent to about 10"]. If we increase or decrease the
energy of an everyday object by changing its potential energy, kinetic energy or internal energy,
there will always be an accompanying change in mass, but it will be much too small to measure.
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But on the atomic scale, relatively large amounts of energy are transferred from relatively small
masses, so that the energy-mass equivalence becomes much more relevant and useful.

Whenever a nuclear reaction results in the release of energy from an atom, there must be a
corresponding decrease in mass of the nucleus, Am, which is equivalent to its loss of energy, AE.
The nucleus has less energy, so it must have less mass.

AE = Amc?

This equation is given in the Physics data booklet.
The energy equivalent of 1u = (16605 x 1077) x (2.9979 x 10%) = 14924 x 1071°]
Converting joules to electronvolts: (14924 x 1079)/(16022 x 101%) = 9315 x 108eV

The energy equivalent of a mass of 1u is 9315 MeV.

For a larger scale example, when one kilogram of uranium-235 undergoes fission in a nuclear
reactor, the total energy released from the nuclei is Iy 8 x 10, This dsto
a small, but measurable, decrease in overall mass:

AE 8x100 o
b =7 = oo x 1092 9 % 107ke

ToK Link
Paradigm shi
The acceptance that mass and energy are equivalent was a major paradigm shift in physics. How have other
paradligm shifts changed the direction of science? Have there been similar paradigm shifts in other areas of
knowledge?

A physics paradigm is a widely accepted model and a way of thinking by which an aspect of the physical
world is viewed and described. A paradigm shift is when one paradigm is discarded in favour of another. It
often involves radical change

tin physics

For many centuries scientists had considered energy and mass to be distinct and unrelated to each other.
But Einstein's proposal that mass and energy are equivalent to each other completely changed that way of
thinking. It was a completely new paradigm. Mass-energy equivalence is fundamental to most important
studies and research in modern physics, from particle physics and nuclear physics to cosmology.

One of the most famous paradigm shifts in science was the change from an Earth-centred model of the
universe to a Sun-centred model (and then to a model without a centre). Each model rejected the one that
preceded it as fundamentally flawed, and it seems that science cannot willingly have confiicting models to
describe the same thing. The same may not be true of other areas of knowledge

An alternative unit for atomic-scale mass
Considering the equivalence of mass and energy, we can reconsider the unit we use for mass.
Since m = Ec%, a unit for mass can be expressed in terms of energy divided by the speed of light
squared.

The SI unit for mass is then seen as J/(ms™)?, which is known as the kilogram.

But, as we have seen in atomic and nuclear physics, energy is often measured in electron
volts, eV (keV or MeV). In this measurement system the unit of mass becomes MeV 2. This unit
is not given any other name.

Worked example

10 The rest mass of a proton is 1.007276u
a What is this mass in units of Mevc-2?
b What i the energy equivalent of this mass?

a 1.007276 x 931.5 = 938.3MeVc2
b 938.3MeV
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34 Use Einstein’s mass-energy equivalence relationship to calculate the energy equivalent of 500 of matter.

35 An atom loses a mass of 2.2 x 10-20kg after a nuclear reaction. Determine the energy obtained in joules
due to this loss of nuclear mass,

36 Calculate the increase in mass when 1.00kg of water absorbs 4.20 x 104) of energy to produce a
temperature rise of 10.0°C.

37 The mass decrease for the decay of one radium atom is 8.5 x 10-20kg. Calculate the energy equivalent
in MeV.

B Mass defect and nuclear binding energy

In any nucleus, strong nuclear forces hold the nucleons together, so it can be described asa
bound system, If we wanted to separate any or all of the nucleons (in a particle physics thought
experiment) we would have to supply energy to the system. See Figure 7.29.

The binding energy of a nucleus is the amount of energy needed to completely separate all of
its nucleons.

B Figure 7.29 Binding 0
energy is needed to o

separate nucleons;

this example is o o
lithium-7 + binding energy —== @

nucleus separated nucleons
(small mass) (larger mass)

Alternatively, binding energy can be interpreted as the energy released when a nucleus is formed
from its nucleons. The binding energy is equivalent to the potential energy in the nucleus.

The energy needed to remove one nucleon from the nucleus is approximately equal to the
binding energy divided by the number of nucleons. This is known as the average binding energy
per nucleon. Nuclei with high values for their average binding energy per nucleon are considered
to be the most stable. (Nuclear stability should not be confused with chemical stability.)
Nickel-62 is the nuclide with the highest average binding energy per nucleon.

Supplying energy to a system means that the mass of the system must increase (energy-mass
equivalence), so the total mass of the separated nucleons must be higher than their combined
mass when they were together in the nucleus.

Consider a numerical example: the mass of a carbon-12 atom is (by definition) 12.000000u,
The atom is composed of six protons, six neutrons and six electrons. However, the sum of the
separate rest masses of the sub-atomic particles is more than 12.000000u as follows:

(6 1.007276u) + (6 x 1.008665u) + (6 x 0.000549u) = 12.098 %4 u

When these particles joined together to make a carbon-12 atom there was a reduction in mass
of 0.09894u and an equivalent increase in nuclear potential energy. This difference in mass is
called the mass defect of the atom. More usually this term is just applied to a nucleus.

The mass defect of a nucleus is the difference between the mass of the nucleus and the sum
of the masses of its nucleons if separate«

The binding energy and mass defect of a nucleus are equivalent to each other.
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 Figure 7.30 A plot
of binding energy

per nucleon against
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Worked examples

11 A particular nucleus has a mass defect of 0.369u.
a What is its binding energy in MeV?
b If it contains 40 nucleons, what is the average binding energy per nucleon?
a 0,369 x 931.5 = 344 MeV.
344
b3 =86MeY

12 Calculate the mass defect (in electronvolts) and binding energy of a helium atom (4.00260). It consists
of two protons (each of mass 1.007276u), two neutrons (each of mass 1.008665 ) and two electrons
(each of mass 0.000549u). 1u = 931.5MeVc-2.

The total mass of the individual particles = (2 x 1.007276) + (2 x 1.008665) + (2 x 0.000549)
=4.03298u

Mass defect = 4.03298 ~ 4.00260 = 0.03038u
AE=0.03038 x 9315 = 28.30MeV.

Variations in nuclear stability (average binding energy per nucleon)

A plot of binding energy per nucleon against nucleon number shows some important
variations. Clearly larger nuclei have higher overall binding energies, and we might expect
that the binding energy was approximately proportional to the number of nucleons, so that
the average binding energy per nucleon was constant. However Figure 7.30 shows that,
although a value of between 7 and 9 is typical for most nuclides, a clear pattern is seen with a
peak at nickel-62.
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This chart is sometimes drawn the other way up, with negative binding energies. The use of
negative binding energies is consistent with systems in which separated particles have zero
energy, and bound particles have negative binding energy, representing the fact that energy must
be provided to the system in order for it to reach zero energy. As other examples, remember that
the electron energy levels within atoms are given negative values and that gravitational potential
energies are always negative.
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Worked example

13 Determine the binding energy per nucleon of the nucleus of 12C.
Total rest mass of individual protons and neutrons:
(6 1.0072760) + (6 x 1.008665) = 12.095646
Mass defect:
12.095646u ~ 12.000000u = 0.0956465u
Binding energy per nucleon:

w = 7.425MeV per nucleon

38 The binding energy of a carbon-14 nucleus is 102 MeV. Calculate the binding energy per nucleon.

39 Calculate the binding energy, in MeV, of a nitrogen-14 nucleus with a mass defect of 0.108517u.

40 The mass of a nickel-62 atom is 61.92835u. Calculate ts average binding energy per nucleon (Proton
number of nickel is 28).

41 a Estimate the average binding energy per nucleon of uranium-235 from Figure 7.30.
b Calculate a value for the total binding energy of the nuclide.

DEVVEHGRILLLIEN  Patterns, trends and discrepancies
Searching for patterns in measurements and observations is a major preoccupation of scientists
and there are two excellent examples in this chapter, both of which have been represented
graphically: Figures 7.14 and 7.30. These two charts are presented as empirical results, without
any theoretical background. Of course, such patterns demand explanations but, even without
those, they provide the information needed to make very useful predictions about nuclide
stability. As a further example of the usefulness of patterns, if we check further into the observed
patterns of nuclear stability, we find that, for example:
® Nuclides containing odd numbers of both protons and neutrons are the least stable.
m Nuclides containing even numbers of both protons and neutrons are the most stable,
® Nuclides that contain odd numbers of protons and even numbers of neutrons are less stable

than nuclides that contain even numbers of protons and odd numbers of neutrons.

B Nuclear fission and nuclear fusion

Nuclear fission

Nuclear fission is the splitting of a heavy nucleus into two lighter nuclei. If fission can be made
to happen, it is accompanied by the release of a large amount of energy (kinetic energy of the
particles and the electromagnetic energy of photons). The two newly-formed nuclei are more
stable than the previous single nucleus, and this is shown by the fact that they have a higher
average binding energy per nucleon. See Figure 7.31a.

B Figure 7.31 Any a b
fission of  large nucleus increases
the size of binding energy per
nucleon and releases energy

nuclear process that
increases the size

of average binding
energy per nucleon
releases energy

fusion of small nuclei increases
the size of binding energy per
nucleon and releases energy

e

Binding energy per nucleon
Binding energy per nucleon

Nucleon number Nucleon number
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The most common fission reaction is instigated by the bombardment of uranium-235 nuclei

by slow-moving neutrons. This can result in the capture of a neutron and the formation of
uranium-236. This is an unstable nuclide that undergoes fission readily. A typical fission reaction
is as follows:

Ln+ 25U - 28U - 41Ba + £Kr + 34n + photons
The neutrons released may be absorbed by other uranium-235 nuclei and induce additional

fission reactions. Nuclear fission reactors make use of controlled fission (see Chapter 8). Atomic
bombs make use of uncontrolled fission.

The risks associated with nuclear power

Because of the possible risks involved, the use of nuclear power and the possible development
of nuclear weapons has been a major issue worldwide for the past 70 years. Most people have
serong opinions on this subject and a few countries have nuclear policies that can cause major
disagreements with their neighbours and other countries. In a world with an ever-increasing
demand for energy supplies, nuclear povwer hassignificant advantages, but many people consider

that the risks are too high. 1 discussion and are needed to avoi
conflict, but who makes the final decisions? Nuclear power is discussed in much greater detail in
Chapter 8.

Nuclear fusion
Nuclear fusion is the combination of two light nuclei to produce a heavier nucleus. Energy
is released in the process. As with fission, the newly-formed nucleus is more stable than the
previous two nuclei, as shown by the fact that it has a higher average binding energy per
nucleon. See Figure 731b.
An example is the fusion of two hydrogen-2 nuclei (deuterium) to produce a helium3 nucleus:
2H+3H > 3He + in
Temperatures in the region of 10° kelvin are required to provide the fusing nuclei with sufficient
kinetic energy to overcome their mutual repulsion. Experimental nuclear fusion reactors make
use of controlled nuclear fusion, but they have not been able to produce a sustainable power
output, There is more about this in Chapter 8.

B Calculating energy released during nuclear reactions

Radioactive decay
As an example, consider the alpha decay of radium-226. We will assume that the radium atom
has no significant kinetic energy.

26Ra — %Rn + {He
Consider the masses on both sides of this equation:
W Rest mass of radium = 226.0254u

W Rest mass of radon = 222.0176u

B Rest mass of alpha particle = 40026u

A simple calculation shows that the mass after the reaction is 0.0052 u less than before. The
same result will be obtained whether we consider the masses of atoms or the masses of nuclei,
because the masses of the electrons remain unchanged. We know that the total mass—energy
must be the same before and after the decay (conservation of energy), so the difference in mass
must have been converted to the kinetic energy of the alpha particle and the radon nucleus);
0052 is equivalent to 4.84 MeV.

Because the alpha particle has a much smaller mass than the radium nucleus we know, from
the law of conservation of momentum, that it will move much faster and carry most of the
kinetic energy. The actual energy of the alpha particle is 47 MeV.

One mole of radium (226 g) will release a total energy of:

6.02 % 102 x 4.71 = 2.84 x 10 MeV/
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This s a lot of energy (4.54 x 101]), but remermber that the energy will be released over a very
long time because the hallife of radium-226 is about 1600 years. Radionuclides are not generally
used to transfer large amounts of energy because they are both low power and very expensive, but
they can provide energy for a long period of time. Alpha sources can be used to generate small
amounts of electrical energy in places thar are difficult to access, such that replacing a power
source would be problematic. This includes some uses on satellites and space probes,

But another kind of nuclear reaction is capable of transferring large amounts of energy
quickly— nuclear fission.
Nuclear fission
As an example, consider this fission of uranium-235 into nuclides of barium and krypton, similar
to that discussed before:

in+ 23U 5 38U - 4#Ba + PKr + 3n + photons
Rest mass of neutron = 10087u

Rest mass of uranium 235 = 235.0439u

Rest mass of barium-144 = 144.9229u

Rest mass of krypton-80 = 889178u

Rest mass on lefehand side of the equation = 236.0526u
Rest mass on righthand side of the equation = 235.8668u
Mass difference = 0.1858 u

This mass difference is equivalent to 173.1 MeV (01858 x 93L5). This amount of energy is
released from each fission in the form of kinetic energy of the resulting nuclei and neutrons, and
as photons. The fission of one mole of uranium-235 nuclei (235 g) in this way will release:

(173.1 x 106) x (6.02 x 109) x (1.6 x 1079) = 1.7 x 108%]
As we will discuss in Chapter 8, the release of such a large amount of energy from a small amount
of uranium can be controlled. The energy is mostly absorbed within the source and this raises its
temperature such that steam can be produced and used to turn turbines that generate electricity.
Nuclear fusion
As an example, consider the example of a fusion reaction given before:

M+ 2H o5 IHe + L
2H +2H - JHe + n

B Rest mass of hydrogen2 = 20141 u
B Rest mass of helium3 = 30161u
B Rest mass of neutron = 10086 u

Rest mass on lefehand side of the equation = 4.0282u

Rest mass on righthand side of the equation = 4.0247u

Mass difference = 0.0035u
This mass difference is equivalent to 326 MeV’ (0.0035 x 9315). This amount of energy is
released from each fusion in the form of kinetic energy of the resulting nucleus and neutron. The
fission of one mole of hydrogen-2 nuclei (2g) in this way wil release:

(526 109 x (602 x 10%) x (16 X 10%%) _ 5, 1u}

The energy that would be released from the fusion of one kilogram of hydrogen-Z is of the same
order of magnitude as that released from the fission of one kilogram of uranium-235.

In order for two positively charged nuclei to fuse together they must have enough kinetic
energy to overcome the repulsive electric forces between them. This requires extremely high
temperatures. Much research continues into the technology that will allow this to happen in a
controlled and sustained way. See Chapter 8.

Although nuclear fusion has only been achieved for relatively short times on Earth, it is the
dominant energy transfer taking place in stars. The fusion of hydrogen into helium is the origin
of the radiated energy that is released from stars, including the Sun. See Option D: Astrophysics.
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Additional
Perspectives

42 Thorium-227 decays by alpha emission to radium-223 (proton number of thorium = 90, mass of thorium
nucleus = 227.0278u, mass of radon nucleus = 223.0186u, mass of alpha particle = 4.00261).

a Write a nuclear equation for this decay.
b Calculate the energy (MeV) released in the decay.

43 Use data from the previous page to confirm that ‘the energy that would be released from the fusion
of one kilogram of hydrogen-2 is of the same order of magnitude as released from the fission of one
Kilogram of uranium-235".

44 An alpha particle is emitted from radon-222 with energy of 5.49MeV.

a Calculate the speed of the alpha particle.
b Determine the speed of the radon nucleus immediately after the decay — assume that it was at rest
before. (Masses: alpha particle = 6.645 x 1027kg, radon nucleus = 3.687 x 102kg)

45 One possible reaction taking place in the core of a nuclear reactor is:

28U + In — %Mo + BLa + 280 + 7%

(Masses: 235, 235.123u; 95, 94.945; lanth 139, 138.955u; neutron,
1.009u. 0.235kg of uranium-235 contains 6 x 1022 atoms; 1u = 931.5MeV.) For this fission reaction,
calculate:

a the mass (in atomic mass units) on each side of the equation (ignore the mass of electrons)
b the change in mass (in atomic mass units)

< the energy released per fission of a uranium-235 nucleus (in MeV)

d the energy available from the fission of 0.100g of uranium-235 (in joules),

46 Two fusion reactions that take place in the Sun are described below.
« Ahydrogen-2 nucleus absorbs a proton to form a helium-3 nucleus.
* Two helium-3 nuclei fuse to form a helium-4 nucleus plus two free protons.
For each nuclear reaction, write down the appropriate nuclear equation and calculate the energy
released in MeV.
(Masses: hydrogen-2, 2.01410u; helium-3, 3.01605u; helium-4, 4.00260u; proton, 1.00728u and
neutron, 1.00867u; 1 u=931.5MeV)

Comparing chemical and nuclear reactions

A nuclear reaction is said to occur whenever there is any change to the nucleus of an atom.
Nuclear reactions will produce different elements if the number of protons changes. Chemical
reactions always produce new substances, but they never involve changes in nuclei, so they do
not create new elements. Chemical reactions involve the rearrangement of electrons and this
typically involves much smaller amounts of energy than nuclear changes. Rates of chemical
reactions are influenced by temperature and catalysts. Rates of nuclear reactions are unaffected
by such factors, or the physical form of the substances involved.

Both chemical and nuclear reactions are involved in the production of nuclear power. The

extraction of uranium from the ground and the processes preparing the fuel for the reactors
necessitate chemical changes, whereas nuclear fission is obviously a nuclear reaction.

Find out why uranium hexafluoride is needed in the production of nuclear fuel.

N

Use the internet to compare (an order of magnitude) the energy that can be transferred
when 1kg of oil is burned in a conventional power station to when 1 kg of uranium-235
reacts in a nuclear power station.
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7.3 The structure of matter - it bereved that al the matter
around us is made up of fundamental particles called quarks and leptons. It is known that
matter has a hierarchical structure with quarks making up nucleons, nucleons making

up nuclei, nuclei and electrons making up atoms and atoms making up molecules. In this
hierarchical structure, the smallest scale is seen for quarks and leptons (10-'3m)

The basic nature of matter and the different particles within it (and the forces between them)
have always been a central theme of physics. With such knowledge, scientists are also able to
develop an understanding of the beginnings of the universe and make predictions about how it
will change in the future. This kind of research has been a source of fascination and motivation
for many generations of scientists.

The basic proton—neutron—electron structure of the atom outlined at the beginning of this
chapter was developed in the early years of the twentieth century and it still remains the most
common visualization of an atom. This final section of the chapter will outline how this model
has been refined in the light of more recent experimental evidence, up to and including the
discovery of the Higgs boson in 2012. But we will begin with a discussion of one of the most
famous of all physics experiments, the series of investigations that first led to the concept of the
atom with a central nucleus — the Geiger-Marsden experiment.

B The Geiger-Marsden experiment

The most common method of finding out about atomic structure is to direct a stream of fast-
moving tiny particles at much larger atoms and see how the atoms and particles are affected
by the ‘collisions’ (if at all). Modern nuclear research laboratories accelerate charged particles
with electric fields, to give them as much energy as possible, before they are made to collide
with other particles. This branch of physics is generally known as high-energy physics.

The first experiments investigating the structure of the atom took place just over 100 years
ago but, at that time, modern particle accelerators were obviously not available and the most
energetic particle beams were those produced in radioactive decay.

In 1909, Ernest Rutherford and two of his research students, Geiger and
Marsden, working at the University of Manchester, UK, directed a narrow
beam of alpha particles from a radioactive source at a very thin gold foil. A

\"IOPEJine sulfide detector was moved around the foil to determine the directions
in which alpha particles travelled after sriking the foil (Figure 7.32). The
alpha particles have enough energy to emit a tiny flash of light when they

| zinc sulfide are stopped by the zinc sulfide.
| detector Alpha particles carty a very large amount of energy relative to their
/

small size and, at that time, it was expected that the alpha particles would
not be affected much by passing through such thin gold. Gold foil can be
made very thin (less than 10-°m) and may then only have about 3000
layers of atoms. Although alpha particles only travel about 4cm in air, they
would encounter many more molecules travelling that distance in air than
passing through gold atoms in very thin foil. But Geiger and Marsden's
results were surprising.
Rutherford published the results in 1911. He reported that:
W most of the alpha particles passed through the foil with very little or no deviation from their
original path
B a small number of particles (about 1 in 1800) were deviated through an angle of more than
about 10°
B an extremely small number of particles (about 1 in 10000) were deflected through an angle
Targer than 90°,
At that time, physicises knew that atoms were not elementary particles because they contained
electrons and emitted radiation. Many atomic structure theories were being put forward but none
were really satisfactory until Rutherford had the insight to propose the nuclear model of the atom.
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From alpha particle scattering experimental resules Rutherford drew the following conclusions:

Most of the mass of an atom is concentrated in a very small volume at the centre of the
atom. Most alpha articles would therefore pass through the foil undeviated (continuing in a
straight line) because most of the atom was empty space (a vacuum).

The centre (he called it the nucleus) of an atom must be positively charged in order to
repel the positively charged alpha particles. Alpha particles that pass close to a nucleus will
experience a strong electrostatic repulsive force, causing them to change direction.

Only alpha particles that pass very close to the nucleus, almost striking it head-on, will
experience electrostatic repulsion large enough to cause them to deviate through angles
larger than 90°. The fact that so few particles did so confirms that the nucleus is very small,
and that most of the atom is empty space (a vacuum).

Figure 7.3 shows some of the possible trajectories (paths) of the alpha particles. Rutherford used
his new nuclear model of the atom and Coulombs inverse square law (covered in Chapter 5)

to explain the repulsive force between the positively charged particles. He used the forces

to calculate the fraction of alpha particles expected to be deviated through various angles.
Rutherfordss calculations agreed very closely with the results from the experiment, supporting his
proposal of a nuclear model of the atom.

™ Figure 7.33 Alpha
particle trajectories

scattered a-particles

in the gold foil
experiment
dlosest approach
From his results, Rutherford calculated that the diameter of the nucleus is in the order of 105 m,
compared to the diameter of the whole atom, which is in the order of 10-°m. Figure 7.34 shows
the features of the nuclear model of a nitrogen atom with approximate dimensions.
B Figure 7.3 -
orbiting
The structure and it —6

dimensions of a X\ /
nitrogen atom, with \\ i\;\ L

seven electrons e
orbiting the positive
nucleus. Note that
the diameter of the
atom is more than

6x1075m [2x100m

30000 times larger ‘;ZZ’:‘E
than that of the
nucleus
Fo) Alpha particle scattering can be modelled using simple apparatus such as that shown in

«5’;‘;{5;3 Figure 7.35, in which a small ball rolls down a wooden ramp onto a specially shaped metal
*hill’. The shape of the hill is made so that, when viewed from above, the ball moves as
if it was being repelled from the centre of the hill by an inverse square law of repulsion.
In other words, gravitational forces are used to model electric forces. Using this apparatus
it is possible to investigate how the direction in which a ball travels after leaving the hill
(the scattering angle) depends on its initial direction (‘aiming error’) and/or its energy.
In Geiger and Marsden’s experiment it was not possible to observe the scattering paths
of individual alpha particles, but the observed scattering pattern of large numbers of
alpha particles in a beam is found to be in very close agreement with modelling based on
individual balls rolling on hills.
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W Figure 7.35 Alpha
particle scattering
analogue

I

47 Explain in fewer than 100 words (without using a diagram) why Rutherford concluded that atoms contain
a small, positively charged central nucleus.

48 a Make a sketch of an alpha particle being deflected through 90° by a gold nucleus.
b On the same sketch draw the path of an alpha particle (approaching along the same path as before)
being scattered by a copper nucleus (which has a lower proton number).
¢ Show how an alpha particle of higher energy would be affected if it approached a gold nucleus along
‘the same path.

49 An alpha particle nearly collides with a gold nucleus and returns along the same path. Sketch a graph
showing how the electric potential energy and kinetic energy possessed by the alpha particle vary with the
distance of the alpha particle from the gold nucleus.

50 What would have happened if neutrons had been used in Rutherford’s experiment instead of alpha
particles? Explain your answer.

The plum-pudding model

The first scientist to propose an internal structure for the atom was Joseph John (].]) Thomson
in 1904. This followed his discovery of the negatively charged electron a few years earlier from
which it became clear that the atom was not an elementary, indivisible particle. Thomson
proposed that an atom consists of a uniform sphere of positive charge in which

a number of negatively charged electrons were randomly distributed. This was
popularly known as the ‘plum-pudding’ model (Figure 7.36) and it assumed that the
mass and positive charge of the atom was spread evenly over the entire atom.

Thomson’s model could explain the electrical neutrality of the atom, but could not
be reconciled with Rutherford's scattering of alpha particles, discovered years later.

Rutherford’s nuclear model was a paradigm shift in thinking about atomic structure
and Thomson’s model was then abandoned.

M Figure 7.36 Thomson's If Thomson’s model had been correct, the maximum deflecting force on the alpha
‘plum-pudding’ model of atomic _ particle as it passed through an atom would be small, because the positive and
structure showing undeflected negative charges and mass are uniformly distributed in the sphere of the atom.
alpha particles The highly energized alpha particles would pass through mostly undeflected

(Figure 7.36), as had been originally predicted.

1 Explain why the results of Geiger and Marsden’s alpha particle scattering experiment do not
support Thomson's ‘plum-pudding’ model of the atom.

B Particle classifications

So far in this chapter we have referred to the following sub-atomic particles and radiation:
W protons

@ neutrons

| electrons

| (electron) neutrinos
L |

photons.
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B Figure 7.37 The
names of different
types of particles

And the following antiparticles (see comment below):
B positrons

B (electron) antineutrinos.

We will now discuss whether or not these are elementary particles and what other types of particles
are found inside atoms. There are three types of sub-atomic particle — and this is the basis of the
Standard Model of elementary particles. More details are provided later in this chapter.

Leptons: electrons, neutrinos, antineutrinos and positrons are particles of low mass known

as leptons. These particles have never been split apart into smaller particles and behave as
point-like fundamental particles. Particles such as these, which have no detectable internal
structure, are known as elementary particles, Two or more elementary particles of the same
kind, for example two electrons, are completely identical.

Quarks: the proton and the neutron are not elementary particles. They are made up of smaller
elementary particles known as quarks and, as such, they are examples of composite particles.

Exchange particles, also known as gaige bosons. As we shall see, the four fundamental forces
(interactions) that were listed in Section 7.1 can be explained by the exchange of particles.
For example, the photon is responsible for the electromagnetic interaction.

Within these three classifications there are a large number of composite, non-elementary
particles, only some of which are mentioned in this book. Most of these can only be created
in high-energy particle physics laboratories and they may be difficult to detect and/or are short
lived (decay quickly into other particles). There is no requirement to remember their specific
names or propetties.

The naming of the different types of sub-atomic particles can be confusing. Figure 737 is
presented for easy reference. It summarizes the names that will be used in the rest of this chapter.

Fundamental particles

electron

electron neutrino

muon

leptons
muon neutrino

tau

protons

tau neutrino baryons

ooy H [Cneutrons

up other baryons

down

strange

charm

kaons, pions

other particles

photons

exchange gluons

(gauge bosons) W bosons
Z bosons.

Antiparticles not shown Gl
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positron electron

W Figure 7.38 Annihilation of an

electron-positron pair

B Particles and antiparticles

For every sub-atomic particle there is an antiparticle that has same mass as the particle, but
the opposite charge (if it is charged) and opposite quantum numbers (see page 322).

For example, the electron, &, has a negative charge, while its antiparticle, the positron, ¢, has
positive charge. Other antiparticles are typically denoted with a bar over the particle’s symbol.

In some cases, however, particle and antiparticle coincide; for example, the photon s its own
antiparticle.

In 1932, the positron was the first antiparticle to be discovered when a particle with the mass
of an electron was observed to be deflected by a magnetic field in the opposite direction (to an
electron). The antiproton was discovered more than 20 years later.

Antimatter is material that is made up of antiparticles. If antimatter comes
into contact with matter, they will annihilate (Figure 7.38), turning all the mass
£ into energy (according to E = mc?). For example, in a collision of an electron and
a positron, a pair of high-energy photons (gamma rays) are created. The reverse of
s Ejy’j’”"’ this process is also possible and is an example of pair production (see page 517).
Particle physics theories based on perfect symmetry predict that the early
universe after the Big Bang would contain equal numbers of particles and
antiparticles. Today, however, physicists observe a universe that consists almost
entirely of matter and very little antimatter. The reasons for this are still not fully
understood.

B Quarks, leptons and their antiparticles
Quarks

By the late 1960s a large number of different sub-atomic
particles had been identified and physicists were questioning
whether they were all elementary or made of a much lower
number of smaller particles combined in different ways.
Murray GellMann (see Figure 7.39) and George Zweig
proposed the existence of quarks in 1964 but their discovery
was not confirmed until about ten years later, when the
scattering of high-energy electrons off nucleons suggested
that protons and neutrons had some kind of inner structure
and, therefore, that they were not elementary.

The name ‘quark’ was selected from Finnegan's Wake
written by the Irish author James Joyce and published in
1939, At that time only three quarks had been proposed:

Three quarks for Muuster Mark!
Sure he has not got much of a bark
And sure any he has s all beside the mark. B Figure 7.39 Murray Gell-Mann

In order to explain the properties of the composite particles that contain quarks, six different types,
or flavours, of quark are needed. They are given the names up, down, strange, charm, bottom and
top. The flavour of quarks has no meaning other than as a way of distinguishing them (Table 76).
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W Table 76
Properties of quarks

™ Figure 7.40
Combinations of
quarks in some
baryons and mesons

All six types of quark have an electric charge that is either V5 or % of the magnitude of an
electron’s charge, e.

Flavour Symbol Electric charge Baryon number Strangeness
up u e y [
down d e 0
strange s e ¥ -1
charm < e % 0
bottom b e % 0
top t e 3 0

Baryon number and strangeness are explained later. A simplified version of this chart is included
in the Physics data booklet.

Quarks are never found as free particles, They are always combined together. Particles
composed of combinations of quarks are called hadrons.

Antiquarks have the opposite charge to quarks. For example, the anti-down quark has the
symbol d and charge +¥e.

Up and down quarks are generally stable (although they are involved in beta decay) and they
are by far the most common quarks in the universe, whereas charm, strange, top and bottom
quarks can only be produced in high-energy collisions (such as those involving cosmic rays and
in particle accelerators). For the rest of this chapter, for simplicity, we will only discuss up, down
and strange quarks. It is, however, interesting to mention that the top quark is the heaviest sub-
atomic particle ever observed, with a mass that is nearly as heavy as an entire atom of gold and,
together with the recently-discovered Higgs boson, it is one the elementary particles receiving
the greatest atrention.

The concept of strangeness was first introduced when some mesons (see below) were found
to have ‘strange’ properties (they took much longer to decay than was expected). This unusual
behaviour was then explained by proposing that the particle contained a different kind of
quark: a strange quark. The concept of strangeness was extremely important from an historical
petspective; however, it is no more fundamental than any of the other quark flavours — and we
can talk similarly of topness, bortomness etc.

Hadrons, baryons and mesons
There are two types of hadron (particles containing quarks) — baryons and mesons.

Baryons
Baryons contain three quarks. A proton is a baryon composed of two up quarks and one down
quark (uud), such that it has total charge of +e. A neutron is a baryon composed of two down
quarks and one up quark (udd), such that it has no overall charge. See Figure 740.

proton neutron i n°
antiproton lambda Ko

baryons mesons
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But there are other baryons apart from protons and neutrons. For example, the lambda zero
particle contains an up quark, a down quark and a strange quark (uds). This particle

is uncharged. It is described as having a strangeness of ~1 (meaning that it contains a
strange quark).

Mesons
The combination of a quark with an antiquark is called a meson. For example, the 7 meson
(pion) is a combination of an up quark and a down antiquark (ud). See Figure 7.40. It has a
charge of +le. Its antiparticle, the 1~ meson, contains a down quark and an up antiquark (ad).
A K® kaon is a meson contains an antistrange quark, (d). It is uncharged and has a
strangeness of +] (meaning that it contains an antistrange quark).
Mesons occur only in high-energy interactions in matter. They have short lifetimes hefore
they decay.

Confinement

The fact that quarks are only ever found bound together as hadrons and never exist as free
particles is called quark confinement.

To explain this we need to consider the nature of the strong force between two quarks: this force
does not vary considerably with distance (unlike other forces, which decrease with distance; for
example the electric force between two charges decreases with distance with an inverse square
relationship). This means that the work (= force x distance) that would have to be done to
completely separately quarks would be infinite. If a large amount of energy is supplied to two
quarks there is the possibility that the energy could be converted to mass, with the formation

of another pair of quarks. In other words, the energy supplied in an attempt to separate them
produces a quark-antiquark pair long before they are far enough apart to observe separately.

51 Summarize the essential difference between baryons and mesons.

52 What is the quark structure of:
a an antiproton
b an antineutron?

53 Use the intemet to determine the structure of eta mesons.

54 When a proton collided with a negative pion (@), a neutron was formed and one other particle.
& What was the quark structure of the other particle?
b What assumption did you make?

Leptons
There are six leptons: the electron and its neutrino, the muon and its neutrino, and the tau and
its neutrino. See Table 7.7.

W Table 7.7 Lepton Symbol Electric charge/e  Rest mass (MeVc-2) Lepton number
Properties of leptons electron e -1 0511 1
electron neutrino v 0 very small, not confirmed 1
‘muon w E] 1
muon neutrino v 0 very small, not confirmed 1
tau v E] 1780 1
tau neutrino , 0 very small, not confirmed 1

Lepton number is explained later (page 322). A simplified version of this chart is included in the
Physics data booklet.

The three neutrinos of the electron, muon and tau all have very small masses. The muon is
present in cosmic rays, but the tau has only been detected in high-energy collisions in a particle
collider. The muon is unstable and quickly decays into an electron, an electron antineutrino
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and a muon neutrino. The electron is the charge carrier in metallic conductors and semi-
conductors. Electron neutrinos are formed during beta-positive decay, as we saw earlier in this
chapter.

B The conservation laws of charge, baryon number, lepton
number and strangeness

Particles can have a range of properties. Apart from mass—energy equivalence, we have
already referred to charge, flavour and spin. In any particle decay or interaction, many of these
properties are conserved. This is a similar principle to the conservation of proton and nucleon
numbers in radioactive decay.

Quantum numbers are used to describe quantized values of conserved quantities:

The quantum number for charge, 15, 2% , 1, 1% ... is always conserved.

The quantum baryon number is the number of baryons; it is always conserved (antibaryons
have a baryon number of ~1). Quarks have a baryon number of 1.
B The quantum lepton number is the number of leptons; it s always conserved (antileptons
have a lepton number of ~1)
!

n is conserved in ic and strong i but not always in weak
interactions. All quarks have a strangeness of O except the strange quark (~1).

Worked example

14 Apply the conservation laws to the following possible interactions:
anspre+y,
b KO

a Baryon number: 1=1+04+0
Lepton number: 0= 0 + 1+ (~1)
Charge:
Strangeness:

The conservations laws are ll correct, 5o the interaction can occur. It is beta-negative radioactive
decay.

b Baryon number:

Strangeness is not conserved, so the interaction cannot occur.

55 A neutral kaon (ds) can interact with a proton to produce a positive kaon (u5) and another particle, x:
Deduce the nature of x.

56 Use the conservation rules to determine if the following nuclear reactions are possible. Research the
properties of the particles where necessary.
anspoersy,
bp+pom 4T
cetrer sy
dm+p K0+ A0
eman ket
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B The nature and range of the strong nuclear force, weak
nuclear force and electromagnetic force

The four fundamental interactions in nature were briefly mentioned earlier in this chapter. They
are summarized in Table 7. (The weak and the el ici ions are someti
considered as combined in the electro—weak interaction.)

 Table 7.8 the Fundamental Approximate Exchange
four fundamental interaction Acts on relative size Range/m particle
interactions strong nuclear__quarksand gluons 1 1015 gluon ()

electromagnetic _all charged particles 102 nfinite, butreduceswith _photon ()

an inverse square law
weak nuclear ___quarks and leptons 106 10 WorZbosons
gravitational all masses 10~ (not Infinite, but reduces graviton
significant for with an inverse (theoretical)

individual particles) _ square law

A simplified version of this is included in the Physics data booklet.
B Exchange particles

At the fundamental level of particle physics, forces are explained in term of the transfer of
exchange particles (gauge bosons) hetween the two particles experiencing the force.

For example, there is a force between two charged particles because there is an exchange of a

photon between them. The photon is the exchange particle for the electromagnetic interaction.
Wi can begin to explain exchange particles with an everyday example, as follows. Consider Figure

741. The forward force needed to throw the ball from A to B is equal and opposite to the backward
force on A. When B catches the ball there will be a backward force on her. In other words, the
exchange of the ball results in A and B being ‘repelled’ from each other. If the ball is thrown back the
process is repeated, If the ball was not visible we would simply observe that the boats were repelled.

B Figure 7.41 A ball

being exchanged

involves forces

Of course, this macroscopic example is very different from the action of exchange particles
in fundamental interactions and it does not easily explain attractive forces (some books use a
boomerang to explain this). Nevertheless, the visualization helps our understanding.

Physicists believe that the fundamental interactions occur because of the exchange of
particles. These exchanges are very fast and are not observable. Because of this, the exchange
particles are often described as virtual particles.

The short range of nuclear forces can be explained if the virtual particles have a limited lifetime
and do not have enough time to be transferred between the other two particles unless they are very
close together, (Heisenberg’s uncertainty principle explains why this can occur. It is discussed in
Chapter 12.)

57 Suggest how the use of a boomerang analogy could help in explaining attractive forces between particles.
58 Which fundamental forces act on:
2 protons
b neutrons
¢ electrons
d quarks
© leptons?
59 In Table 7.8 electromagnetic forces and gravitational force are stated to be in the approximate ratio 10-2
to 1038, As an example, calculate the electric force between a proton and an electron separated by a
distance of 5 x 10-11m and compare it to the gravitational force between the same two particles.

60 Describe the characteristic features of the strong nuclear force that distinguish it from the electromagnetic force.




324 7 Atomic, nuclear and particle physics

W Figure 7.42The
Standard Model
of atomic physics

Nature of Science

B The Standard Model

The Standard Model of particle physics is a theoretical framework that reflects scientists’ current
understanding of the sub-atomic world. The model has been extremely successful in accounting
for most observed sub-atomic phenomena. However, it is not believed to be the complete
picture. For example, gravity cannot be incorporated in the model. There are other (heoreucal
shortcomings. As a result, the focus of current high i ison to
discover what physics lies beyond the Standard Model.

Figure 742 shows a chart of the Standard Model of elementary particles. The simplicity of
the chart does not truly reflect the extent of the efforts that preceded it: considerable research,
both experimental and theoretical, in many countries over the last 50 years has been necessary
to reach this point. In the latest particle-colliding experiments the quantity of data produced
is huge, requiring enormous computing power for its analysis, However, there are still many
unanswered questions, such as where does gravity fit into the model, what is dark matter (in
space) and why is the universe mostly matter and not antimatter? The chart also includes the
Higgs boson, which will be discussed later.

mass —-(23Mev2 |(=1275Gevid | (<173.07 Gevi? |0 (=126 Gevic?
charge —- |23 23 2 o 0
up charm top gluon Higgs boson
~asmev? |(=o5 Mevi? BT )
g|n - -3 0
: @ | 0| @
3
&
down strange bottom photon
ostimevd (1057 mevid |(1777Gewd ) (912 Gevid
‘oo |oe e
electron muon tau Zboson
e N N e A
22ev a7mevid |(<issmevid (0.4 Gevi B
2o o o =1 g
: ®@| @ | @ |
g s
= | electron H
neutrino ) | muon neutrino J{_tau neutrino Whoson ) &

Predictions: belief in ‘simplicity”
The concept of a proton-neutron-electron model for atoms had an elegant simplicity, so the
discovery of a large number of other sub-atomic particles was problematic for physicists who tend
to believe that it is the fundamental nature of science that the structure of the universe should
be ‘simple’ and composed of a relatively small number of elementary particles (and forces).
Despite the hundreds of particles that have been discovered or theorized, the assumption has
always been made that most of them were not elementary and that there had to be an underlying
simplicity awaiting confirmation. That faith has been restored by the development of the
Standard Model.
The Standard Model also reflects scientists' belief in the importance of symmetry. For
example, there are positive and negative charges, particles and antiparticles, and six leptons and
six baryons.
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W Figure 7.43 Richard
Feynman: 'l have
approximate answers
and possible beliefs
and different degrees
of certainty about
different things, but
I'm not absolutely
sure about anything’

BN

ToK L
The contribution of physics to human
Does the belief in the existence of fundamental particles mean that t is justifiable to see physics as being
more important than other areas of knowledge?

riawiddgh

What individuals choose to believe is important is for them to decide, but knowledge about the structure of
matter and the universe is undoubtedly of considerable intrinsic interest to most people and such knowledge
is undeniably about s basic and fundamental as it i possible to be. However, science has progressed to the
stage where such understanding is not easily attained by anyone who does not have a scientific background,
and to many people, advanced science is totally disconnected from their everyday fives.

Itis certainly possible to argue that the application of other areas of scientific knowledge (medicine for
example) is more ‘important’ because they directly affect the quality of our everyday lives. It should be
added that we do not know what benefits may come from high-energy physics research; for example, CERN
played a key role in the development of the internet.

B Feynman diagrams

Feynman diagrams are a way of visualizing any elementary particle interaction using a vertex
(or two or more vertices).

Figute 744 s a simple example. The vertex is the point in the middle of the diagram.

v

B Figure 7.44 Feynman diagram of a simple interaction

B The area to the left of the vertex represents before the interaction, the area to the right
represents after the interaction.

Observable particles are represented by straight lines with arrows pointing to the right.
Antiparticles are represented by arrows to the left, even though all particles are always
considered to be moving from left to right.

There is always one arrow pointing into a vertex and one arrow pointing away.
Unobservable exchange particles are represented by curly lines, without arrows.

The change in orientation of a line signifies that the motion of the particle has changed.

Each vertex joins two straight lines and typically one curly line.

The conservation laws can be applied to the interaction represented by a single vertex.

‘With this information we can see that the vertex in Figure 744 represents an electron emitting
an exchange particle (a photon) and changing direction.

It is important to understand that these diagrams are not representing the spatial
arrangement of particles, or the vectors in a collision. Feynman diagrams are not displacement—
time graphs. In fact, they are a simplification of a complex mathematical treatment of
unobservable particle interactions, which is not included in the IB course.

In this book we are representing increasing time by moving from left to right, but other
sources may use bottom to top to represent time. This is easily checked by seeing which way the
arrows point for particles.
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Feynman diagrams provide a powerful tool in representing, analysing and predicting particle
interactions. The diagrams in Figure 745 show some variations to Figure 7.44. Despite their
obvious similarities they represent different situations.

 Figure 7.45 An electron absorbs a photon
Electron and positron

e E\/
i

A positron emits a photon
“

\\/ ¢
k4
A positron absorbs a photon

-

‘We will now expand our discussion of Feynman diagrams to include interactions between
different particles, Students will not be expected to remember individual Feynman diagrams,
rather they will need to be able to interpret diagrams provided on an examination paper, or
construct simple diagrams from information in the question.

Ll

Examples of Feynman diagrams

Figure 746a represents a possible interaction between two electrons, which we would previously
have interpreted as the electric repulsion between similar charges. However, there are many
other Feynman diagrams that could be drawn to achieve the same result of overall repulsion
between two electrons. One example is shown in Figure 746b. A full mathematical analysis

would be needed to consider all possibilities.
W Figure 7.46 Two e
Feynman diagrams [ S e
for electron-electron
scattering Y

& -

e
a b

Figure 747 represents an interaction in which two photons scatter off each other due to the
exchange of electrons and positrons.

 Figure 7.47 A ¥
Feynman diagram %

for photon-photon e

scattering e
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Figure 7.48a represents the annihilation of an electron—positron pair. (This is an unusual
example, normally two photons will be created). Figure 748b represents pair production.

 Figure 7.48 & B
Annihilation and pair
production v i
e e
a b

Figure 740 shows a Feynman diagram representing beta-negative decay, while Figure 7.49b
shows a particle representation.
W Figure 749 Beta-  a

negative decay Sounk u quark Beta-negative decay

neutron proton

antineutrino

& (beta particle)

Figure 7.50 shows the formation of a quark-antiquark pair involving the strong nuclear force
exchange particle, the gluon.

 Figure 7.50 u
Exchange of a gluon u
in the formation of

quarks &
gluon

61 Draw a Feynman diagram to represent beta-positive decay, which involves a W boson.

62 Research the meaning of the ‘eightfold way'.

B Higgs boson
B Figure 7.51 © )‘ X
Frangois Englert and
Peter Higgs

The existence of the Higgs boson — an elementary particle — was first proposed by a number of
physicists in the early 1960s but it took about 50 years until it was finally identified on 4 July 2012.
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On that date a particle with the correct properties (the only elementary particle to have zero charge
and zero spin) and with a large energy-mass of 126 GeVe2 (135 ) was discovered. The search for
the Higgs boson took so long because it required the extremely high-particle energies that only
became achievable at CERN's Large Hadron Collider (see Figure 5.90).

Perer Higgs and Frangois Englert were then awarded the Nobel prize for physics in Oslo in
2013 ‘for the theoretical discovery of a mechanism that contributes to our understanding of the
origin of mass of sub-atomic particles, and which recently was confirmed through the discovery
of the predicted fundamental particle, by the ATLAS and CMS experiments at CERN's Large
Hadron Collider’.

The Higgs particle was the vital missing link in the Standard Model and its importance was
reflected in newspaper and internet headlines.

Higgs and his colleagues proposed that particles do not have intrinsic mass but acquire the
properties of mass from interacting with a field — the Higgs field — that occupies the entire
universe. As with the other fields we have discussed, a boson — the Higgs boson — is needed
for this interaction to occur. Clearly the discovery of the Higgs boson was the fundamental
evidence needed to support this revolutionary theory that explains, for the first time, why
different particles have different masses.

International collaboration at CERN
Nuclear physics experiments that are aimed at increasing our knowledge of sub-atomic particles
and the beginnings of the universe require ever increasing particle energies, and these can
only be provided by extremely expensive particle accelerators, such as at CERN It has been
beneficial for countries to collaborate in sharing knowledge and costs, but the allocation of
considerable funds to nuclear research has been a matter of much debate. Many people consider
that countries have more important priorities (social needs) than spending money on specialized
scientific knowledge that may, or may not, have any long-term benefits to society.

One reason for the establishment of CERN in 1952 was political. During the Second
‘World War, scientists and engineers from European countries had been competing to develop
the nuclear bomb and missiles. After the war it was hoped that a European centre could be
constructed so that scientists could work together for non-military research. CERN staff design
and build particle accelerators and help to prepare, carry out, analyse and interpret data from
complex particle physics experiments. Half of the world’s particle physicists visit CERN for their
research. They represent almost 600 universities and 100 nationalities. Particle physics and the
discovery of new particles intensified when there was large-scale national and international
collaboration. Large particle accelerators, such as the Large Hadron Collider at CERN are so
expensive that they can only be operated if many countries contribute.
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B Examination questions — a selection

Paper 1 IB questions and IB style questions

Q1 Why are gamma rays not deflected by a strong magnetic field?
A They have no mass.
B They are weakly ionising.
C They are strongly penetrating.
D They are electrically neutral.
Q2 A freshly prepared sample contains 40 g of the isotope iodine-131. The half-life of iodine-131 is 8 days
Which of the following is the best estimate for the mass of the iodine-131 remaining after 24 days?
A 10ug
B 13ug
C 5ug
D zero
Q3 Two neutrons are captured by a nucleus. Which of the following gives the changes in the proton number
and nucleon number of the nucleus?
Proton number Nucleon number
A unchanged unchanged
B unchanged increases by 2
C increases by 2 unchanged
D increases by 2 increases by 2
Q4 What is particle X in the fusion reaction shown below?

i+ 3H - 2%He + X

a proton

an electron (beta particle)
an alpha particle

a neutron

oNwp

Q5 The binding energy of a helium-3 nucleus is defined to be:
A the energy released when a helium-3 nucleus is formed from its individual constituents
B the energy released when the helium-3 nucleus is separated into its individual constituents
C the total energy of the protons inside the helium-3 nucleus
D the total energy of the helium-3 nucleus.

3

Q6 The diagram shows four possible electron energy levels in the hydrogen atom.

Energy

The number of different frequencies in the emission spectrum of atomic hydrogen that arise from electron
transitions between these levels is:

anNoO

B
cC
D
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Q7 The radiation emitted when an electron changed energy levels in an atom had a wavelength of
6 x 107 m. Which of the following correctly describes this energy change?
A The electron moved to a higher energy level within the atom.
B The frequency of the emitted radiation was 2 x 10-"°Hz.
C The energy of the emitted photon was approximately 3 x 10-'9J.
D 3 x 107'9) is approximately equivalent to 0.5eV.

®

Q8 Which of the following statements about sub-atomic particles is correct?

A Protons, neutrons and electrons are all elementary particles.

B Electrons belong to a class of particles called leptons.

C Electromagnetic forces are explained by the exchange of particles called gluons.

D Protons and neutrons each contain two quarks.
Q

©

The Standard Model has three classes of particle. These are:
A hadrons, leptons and quarks

B hadrons, leptons and exchange bosons

C hadrons, quarks and exchange bosons

D leptons, quarks and exchange bosons.

Q10 Which of the following is not a conserved quantum number in some, or all, nuclear reactions?
A mass B baryon number C charge D strangeness

Q11 Which of the following is true about beta minus (B-) decay?
A An antineutrino is absorbed.
B The charge of the daughter nuclide is less than that of the parent nuclide.
C An antineutrino is emitted.
D The mass number of the daughter nuclide is less than that of the parent nuclide.
© 1B Organization

Q12 In the Geiger-Marsden experiment a. particles are scattered by gold nuclei. The experimental results provide
evidence that:
A o particles have discrete amounts of kinetic energy.
B Most of the mass and positive charge of an atom is concentrated in a small volume.
C The nucleus contains protons and neutrons.
D Gold atoms have a high binding energy per nucleon.
© B Organization
Q13 Protons and neutrons are held together in the nucleus by the:
A electrostatic force
B gravitational force
C weak nuclear force
D strong nuclear force.
© B Organization

Paper 2 IB questions and IB style questions

Q1 a i Describe the phenomenon of natural radioactive decay. (3
lonising radiation is emitted during radioactive decay. Explain what is meant by the
term Jonising. (2

b The sketch graph below shows the variation with mass number (nucleon number) A of the
binding energy per nucleon E of nuclei.

E
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One possible nuclear reaction that occurs when uranium-235 is bombarded by a neutron to form
xenon-142 and strontium-90 is represented as:

25U+ in — "8Xe + 3351 + 4ln
i Identify the type of nuclear reaction represented above. (1)
i Copy the sketch graph above. On your copy, identify with their symbols the approximate

positions of the uranium (U), the xenon (Xe) and the strontium (Sr) nuclei. 2
i Data for the binding energies of xenon-142 and strontium-90 are given below.

Isotope Binding energy/MeV
xenon-142 1189
strontium-90 7848

The total energy released during the reaction is 187.9 MeV. Determine the binding energy per
nucleon of uranium-235. @)

iv State why the binding energy of the neutrons formed in the reaction is not quoted. m

Q2 A stationary radon-220 (*3Rn) nucleus undergoes o-decay to form a nucleus of polonium (Po).
The o-particle has kinetic energy of 6.29 MeV.

a i Complete the nuclear equation for this decay. 2
229Rn — Po +

ii  Calculate the kinetic energy, in joules, of the a-particle. (2)
i Deduce that the speed of the o-particle is 1.74 x 107ms™". )

The diagram below shows the a-particle and the polonium nucleus immediately after the decay.
The direction of the velocity of the o-particle is indicated.

O a-partice
polonium
rew O
b i Ona copy of the diagram above, draw an arrow to show the initial direction of motion of
the polonium nucleus immediately after the decay. (1
Determine the speed of the polonium nucleus immediately after the decay. (3)
In the decay of another radon nucleus, the nucleus is moving before the decay. Without any
further calculation, suggest the effect, if any, of this initial speed on the paths shown in b i. (2)
The half-life of the decay of radon-220 is 555.
¢ i Explain why itis not possible to state a time for the life of a radon-220 nucleus. (2)
i Define half-life. [¥)]

© B Organization
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W Figure 8.1 The proportion of different
energy sources contributing to the total energy
consumption of the world

Energy production

ESSENTIAL IDEAS

= The constant need for new energy sources implies decisions that may have a serious
effect on the environment. The finite quantity of fossil fuels and their implication

in global warming has led to the development of alternative sources of energy. This
continues to be an area of rapidly changing technological innovation.

For simplified modelling purposes the Earth can be treated as a black-body radiator and
the atmosphere treated as a grey body.

8.1 Ene gy SOUFCES - the constant need for new energy sources implies
decisions that may have a serious effect on the environment. The finite quantity of fossil
fuels and their implication in global warming has led to the development of alternative
sources of energy. This continues to be an area of rapidly changing technological
innovation

Data concerning the use of energy sources throughout the world is changeable over time
and can vary in reliability. For this reason the figures quoted throughout this chapter are for
guidance only and should not ily be assumed to be indisputably precise. It is wise to
consult reputable websites for the latest information.

A fuel is a widely used term for any substance from which energy from changes within
its atoms and molecules (that is, from chemical or nuclear energy) is used to do useful work.
Examples include coal and uranium. Coal is an example of a fossil fuel. Oil and natural gas are
also fossil fuels. Fossil fuels are formed underground by the action
of high pressure and temperature (in the absence of air) over many
millions of years. They are formed mostly from dead plants and
marine creatures. Although the processes that form fossil fuels are
still happening today, because of the very long time needed for their
formation, they are known as non-renewable energy sources: we are
using them at a very much quicker rate than they are being formed.

In 2012, the total annual world primary energy consumption
was about 5.5 x 10°]. Although this figure cannot be known with
a high degree of certainty, it amounts to a global average power
consumption of over 2000W for every person on the planet. Of
course, this is only an average and so does not take into account
the wide differences in energy consumption between richer and
poorer countries. This figure includes energy sources used for
transport, industry and the generation of electricity, but does not
include the use of small-scale individual resources such as firewood.
About one-quarter of the people on Earth do not have electricity
in their homes. Sometimes figures quoted on websites or in books can be misleading if they only
take into account energy sources used for the generation of electricity.

The proportions of different energy sources that are used around the world are shown in Figure 8.1.

natural gas

Fossil fuels providé iliout 82 per cent f the total energy consume] in the world: The
products of crude oil are the most widely used (32 per cent), followed by coal and natural gas
(methane) at 29 per cent and 21 per cent, respectively. Despite the considerable advantages
of usicig:fossil fudls;they huverar lease two rajor-disadvantages: they relesse carhori dioxide:
shen theyare burned (and almost certainly lead to dlimate change) and they are nons
renewable (see page 333)

W Nuclear power provides approximately five per cent of the total energy consumed in the
world. This i also a non-renewable energy source.

B Renewable energy sources supply about 13 per cent of the total energy consumed in the world.



8.1 Energy sources 333

Countries need fuel supplies to maintain the living standards of their citizens. Because most
countries do not have enough energy resources for themselves, they need to import energy from
those few countries that have more than they need. This requires international understanding
and co-operation between countries if conflicts, and possibly wars, are to be avoided.

Any threat to international fuel supplies can have a rapid and dramatic effect on world
economics; the price of a barrel of ol on international markets is a very important financial
indicator that affects the price of many other items that we buy.

| ] Primary energy sources
A primary energy source is a source that occurs naturally and that has not been processed in
any way. For example, crude oil is a primary energy source.

When a primary source is converted into another, more useful, resource it is then described
as a secondary energy source, For example, crude oil refined into other fuels, uranium processed
into plutonium or the generation of electricity.

The original source of most of the energy consumed on the Earth is the Sun. Plants get their
energy directly from the Sun’s radiation, and plants and animals that died hundreds of millions
of years ago are the source of all fossil fuels, Wind and rain are a result of temperature changes
caused by the Sun's radiation and waves are formed by the wind.

The main sources from the above lists that do not get their energy from the Sun are
nuclear energy (which comes from changes inside the nuclei of atoms) and geothermal energy
(from radioactivity, which is also from nuclear changes). A third example is tidal energy,
which gets its energy from very slight changes in the gravitational potential energy of the
Earth-Moon-Sun system.

B Advantages and disadvantages of different energy sources

The most important factors to consider when discussing the advantages and disadvantages of
individual energy sources are:

B greenhouse gas emissions and possible effects on global warming
risks to human healch/life

possible pollution and environmental effects, including problems caused by the
transportation and storage of fuels and waste products

whether the source is renewable or non-renewable
cost

how much energy can be transferred from a given mass (or volume) of the source

whether the energy is continuously available or dependent on factors such as weather
conditions and the time of day/nigh.

B Renewable and non-renewable energy sources

A renewable energy source is continuously replaced by natural processes and will ot be used
up (become depleted/run out). It will continue to be available for our use for a very long time.

Wind and waves, for example, will always be available as long as there is energy coming from the
Sun to warm the planet. The main renewable sources are:

biomas/biofuels (energy transferred from wood and other plants, and also from animal
waste)

hydroelectricity

solar heating

wind power

geothermal (energy transferred from hot rocks under the ground)

photovolaic cells

wave power.



334 8 Energy production

AN

thermometer ﬁ?@-

copper
calorimeter

W Figure 8.3 Estimating the energy
density or specific energy of a fuel

W Table 8.1 Specific energies

W Figure 8.2 Brazil uses a large amount of
ethanol (produced from sugar cane) as a fuel.

This list is in the approximate (decreasing) order of total energy use.
Hydroelectric power is the most widely used renewable energy source for
the generation of electricity. These are fast-developing technologies and
the latest information can easily be researched on the internet.

When we call an energy source non-renewable we mean that the
source cannot be replaced once it has been used up, and so supplies will
run out (be depleted) sometime in the not-too-distant future. The main
non-renewable sources are:
® fossil fuels

B nuclear power.

W Specific energy and energy density of fuel
sources
It is useful to know how much energy can be transferred from a
certain amount of fuel so that different fuels can be compared. This
can be determined in a laboratory by burning a known mass or volume of
fuel and transferring the resulting thermal energy to raise the temperature of
a known mass of water. (Remember that Q = mcAT). Figure 8.3 shows how a
chemist might quickly do this for a liquid fuel, although this simple method
will not be very accurate (students should be able to explain why using ideas
from Chapter 3).

Specific energy = energy transferred from unit mass. Unit: Jkg™
Energy density = energy transferred from unit volume. Unit: Jm

For many renewable energy sources, such as wind power, it may not be sensible
to refer to a numerical value of energy density, although sometimes wind power
may be described in general terms as having a low energy density because it
requires a relatively large area of land to achieve a moderate power output.

A major advantage of nuclear power is its high specific energy (and energy
density). Of the fossil fuels, natural gas (methane) has the highest specific
energy.

When using a fuel with a high specific energy, less mass of fuel will be needed
to provide a certain amount of energy compared to using a fuel with a lower
specific energy. Table 8.1 gives some examples.

Material Specific energy/MJ kg~
nuclear fusion (of deuterium and tritium) 340000000
uranium used in nuclear reactors 83000000
hydrogen 143
natural gas (methane) 55

[3
crude oil 46
vegetable oi 42
ethanol 30
coal 28
‘wood 17
typical (food) 7
cow dung 5
household waste 9
torch battery 01

‘water at height of 100m 0.001
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Nature of Science

1 In an experiment similar to that shown in Figure 8.3, when 1.24cm? of fuel was completely burned in air the
‘temperature of 54.8g of water rose from 18.0°C to 83.4°C. (Specific heat capacity of water s 4180 kg k1)
a Calculate a value for the energy density of the fuel.
b Would you expect the actual value to be higher or lower than your answer? Explain

2 Acountry has a population of 46 million people and a total energy consumption of 5.2 x 10'2 in one year.
a Calculate the average energy consumption per person in one year.
b What is the average power consumption per person?
< If an average home has 2.8 people and a total power consumption of 2.7 KW, what percentage of the
country'’s energy consumption occurs in people’s homes?
d Suggest what the rest of the energy i used for.

3 a How much gasoline is needed to accelerate a 1500kg car from rest to 20ms-! f the overall efficiency of
the process is 32 per cent?
b Estimate the rate at which the same car consumes gasoline if it is travelling at a constant speed of
20ms~" against a total resistive force of 2000N.
© What is the specific energy of a torch battery containing 7.9 of chemicals that supplies enough energy
10 run a 0.85W light bulb for 110 minutes?

4 A coak-burning power station has an efficiency of 36 per cent and an output power of 312MW.
a Calculate the mass of coal burned:
i every second
i every week.
b Approximately how much uranium would be needed each week for a nuclear power station of the
same output but with an efficiency of 42 per cent?

a Find out which countries of the world have the highest average power mnsumptmns (per person/capita).
b Suggest possible reasons why the people of those countries use 5o much energ)

@

Suggest in what ways a lst of the energy sources used in large-scale electrical power generation might be
different from a lst of overall energy sources used in the world.

Use the internet to find out the latest figures for the use of renewable energy sources:
a in the wol
b in the country where you live.

®

Suggest circumstances under which it might be more useful to refer to the energy density of a fuel, rather
‘than its specific energy.

W Electricity as a secondary and versatile form of energy
It was not until the end of the nineteenth century that science and technology had advanced
to the point where power stations could be built in order to burn fuels to generate electricity for
large numbers of people (see Figure 8.11). Before that time, coal and wood were used for heating,
and gas, oil or candles were used for lighting. Even today almost half of the world's population
still uses local wood or other plant or animal materials for providing some, or most, of their
energy.

In a period of just over 130 years most of the world has been completely transformed by the
widespread use of electricity. This is because:

large amounts of electrical energy can be generated quickly and economically in power
stations

electric currents can transfer energy efficiently to where it is needed by using metal wires
and cables

B a wide variety of devices have been invented that transfer electrical energy to other very
useful forms.

But electric current has to be generated when it is needed. It cannot be stored directly.

All scientific advances have associated risks

Electricity has transformed the world as a result of the collaboration between generations of
scientists and engineers across the world on a massive scale. (Although there is still a long way to
go before everyone has access to electricity; it is estimated that about 12 billion people still live
in homes without electricity) This has come at a cost — the Earth's resources have been depleted;
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we are threatened by climate change and pollution. But it is the very nature of science to solve
problems, especially when, as in the hope of providing inexpensive and environmentally friendly
energy, there may be tremendous financial advanages to be gained.

Of course, the scientists who carried out the pioneering investigations of current electricity
would never have dreamed where their discoveries would lead in the following 200 years!
The full consequences of a scientific or tech are often not bl
but, when they are, it can be argued that it should be part of scientists’ roles to undertake
and present risk-benefit analyses, rather than simply pursue knowledge regardless of the
implications. Where there is any doubt, it is now generally accepted that scientists must
convince their colleagues, and the public, that none of their intended actions/research could be
harmful in any way. (This is called the ‘precautionary principle’) Although it must be admitted
that, by the very nature of science and the unpredictability of research, this is a very difficult
thing to achieve,

Using energy sources to generate electricity in power stations
Most power stations that produce electricity transfer the energy from burning fossil fuels or from
fission reactions in nuclear fuels. The thermal energy is used to raise the temperature of water in
a boiler and turn it into high-pressure steam. The steam causes the rotation of turbines, shown
in Figure 84, which are connected to coils of wire. The process of electromagnetic induction.
(Chaprer 11) produces electrical energy as the coils rotate in strong magnetic fields. When the
steam exits the turbine it is cooled, causing it to condense, and the water is pumped back into
the hoiler. Figure 8.5 shows a simplified representation of a fossil-fuel power station.

The same basic ideas apply to all power stations that transfer energy from a fuel to electricity
using the flow of thermal energy. Machines that are powered by a flow of thermal energy are
called heat engines. Examples include power stations, cars, planes and trains.

exhaust gases

boiler

generator

cooling water ‘waste thermal energy
M Figure 8.4 A turbine used for generating B Figure 8.5 A schematic diagram of a fossil-fuel power station

electricity

B Energy conversions and energy degradation

Heat engines use the principle that when there is a temperature difference between two
places, thermal energy will flow between them. There is then the possibility of using some of
that energy to do useful work, for example turning turbines to generate electricity. Figure 8.6
illustrates the principle by showing an example in which, for every 100] of energy flowing
between a ‘hot’ and a ‘cold" area, 30] of energy can be used to do useful work and 70] is
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transferred to the cold area, from where it spreads into the surroundings (environment). Of
coutse, 30] + 70] = 100] because of the law of conservation of energy. The efficiency of this
process is 30/100 = 0.3, or 30 per cent.

Energy that spreads into the surroundings (dissipates) cannot be recovered to do any useful
work and it is known as degraded energy.

A typical power station may be only 35 per cent efficient in producing electricity (a
disappointingly low figure), which means that 65 per cent of the energy obtained from the fuel
is degraded and transferred to the surroundings at the power station. Of course, we want power
stations to be as efficient as possible and it is therefore important to understand why energy
becomes degraded. As we saw in Chapter 2, in all mechanical processes friction will result in the
dissipation of energy, but this is not the major reason for power station inefficiency.

To understand the inefficiency of all heat engines, consider the following simplified example.
In Figure 87, thermal energy is supplied to gas sealed in a cylinder. The increasing pressure
inside the cylinder forces the movable piston (assumed to be friction-free) to the right. In this
example it is possible, in theory, for all of the thermal energy supplied to the gas to be converted
into the kinetic energy of the moving piston. The system can be 100 per cent efficient.

1003 [[thermal energy

> 30 useful work

friction-free piston

701  transferred to the surroundings

B Figure 8.6 Energy flow between thanmdtensray it

P B Figure 8.7 Doing work on a piston

But a heated gas in a cylinder cannot expand forever, This means that any practical heat engine
‘must involve a process that repeats itself over and over again in order for it to work continuously.
A practical heat engine must work in cycles in a confined space, with an expansion followed

by compression, followed by expansion etc. However, it is not passible for any cyclical process

to happen without a lot of the thermal energy being transferred to the surroundings (out of

the system). This is the main reason why power stations are so inefficient. The efficiency of a
power station (or any other heat engine) improves with a higher remperature input and a lower
temperature output.

Sankey diagrams

Energy ions can be usefully d in flow diagrams, such as Figure 8.8. This
is another way of representing the simple situation described earlier in Figure 8.6. The width of

 Figure 8.8 Asimple
v R Qso} useful energy output
Sankey diagram —
energy ) 1100J
input

degraded energy
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chemical energy
in fuel

fuel is burned

ternal energy
in hot gases

transferred to
internal energy of
water and steam

kinetic energy
of steam

steam forces

Kinetic energy of
turbines and coils

induction

steam expands

each section is proportional to the amount of energy (or power), starting with the energy
input shown at the left of the diagram. Degraded energy is shown with downwards arrows
and useful energy flows to the right.

Diagrams like these are known as Sankey diagrams and they can be used to help
represent many energy transformations.

Figure 8.9 represents the useful energy transformations in a fossil-fuel power station
(like that shown in Figure 8.5) and Figure 8.10 shows a Sankey diagram representing the
energy flow through the same system, including the degraded energy.

thermal energy Computer simulations are very helpful for observing and comparing Sankey diagrams

Wate representing various physical processes.

electrical energy

total output
chemical
energy

input

turbines to rotate

thermal energy  thermal energy thermal energy

electromagnetic transferred transferred due to friction

1o exhaust 1o cooling
gases water

B Figure 8.9 Energy transfers B Figure 8.10 Sankey diagram for a fossil-fuel power station
in a fossil-fuel power station

9 Estimate the overall efficiency of the power station represented in Figure 8.10.

10 Draw Sankey diagrams to represent the energy flows for:
a acartravelling at a constant speed
b a small torch bulb powered by a battery.

11 a Which has more internal energy: 1 kg of water at 25°C or 1kg of water at 35°C?
b Explain why it is theoretically possible to transfer energy from water at 25°C to do useful work f itis in
a room at 15°C, but useful energy cannot be transferred from the same water if it i in a room at 35°C.
© Everything around us contains very large amounts of internal energy. Explain why we are not able to
extract this energy to do useful work.

W Energy choices

In the rest of this section we will describe the basic features, and some of the advantages and
disadvantages, of using the following energy sources:

u fossilfuel power stations

® nuclear power stations

® wind power generators

®  hydroelectric systems
o

solar power.

Fossil-fuel power stations
Fossil fuels currently provide between 80 per cent and 85 per cent of the world's
energy needs. Oil, coal and natural gas are used worldwide for the generation of electricity
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and for transportation. However, the burning of fossil fuels has two very important
disadvantages:

The gases released during the combustion of fossil fuels enter the Earths atmosphere and
almost certainly lead to increased global temperature and climate change. This vital topic is
discussed in more detail in Section 8.2.

Fossil fuels are non-renewable and we cannot continue to use them at the current rate. Our
supplies will become depleted.

Figure 8.11 show the outside of a typical fossil-fuel power station. Figure 8.5 shows an outline
sketch of a typical interior. Figure 8.9 uses a Sankey diagram to represent the energy flow in a
fossil-fuel power station.

W Figure 8.1 A fossil-
fuel power station

All fossil fuels have high specific energies compared to most other energy sources except nuclear
energy (as shown in Table 8.1). This is one of the main reasons that the world has become

so dependent on them. Worked example 1 shows a typical calculation involving the fuel
consumption of a gas-fired power station.

Worked example

1

Estimate the useful output power of a gas-fired power station that uses natural gas at a rate of
15.0kgs~". Assume that the specific energy of the gas is 55 MJkg™! and the efficiency of the power
station is 45 per cent

Power output, P = efficiency  mass of fuel burned every second x specific energy
P=0.45 x 15.0 x (55 x 10%)
P=37 x 108W (370MW or 0.37GW)

Natural gas power stations are the most efficient type of power station. They are able to convert
nearly half of the chemical potential energy in the gas into electrical energy (approximately 45
per cent efficient). Coal-fired power stations are typically no more than 35 per cent efficient. Oil
fired power stations have efficiencies of about 40 per cent. (These figures are for rough guidance
only ~ they have been rounded-off to the nearest five per cent to make them easy to remember)
Option B: Engineering physics uses the laws of thermodynamics to explain why it is impossible
to achieve much higher efficiencies than these values.
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Because of its high specific
energy, the cost of transporting
coal over quite large distances

by rail is not too high when
compared with the other expenses
of power generation. For similar
reasons, oil and natural gas (being
fluids) are commonly moved
around the world through very
long pipelines. Large quantities

of ol are also moved around the
world in large ships (tankers). The
advantages of moving fossil fuels
from where they are extracted . s

from the ground to where they M Figure 8.12 The ol spill in the Gulf of Mexico, 2010
are used are considerable, but so

t00 are the disadvantages, especially when accidents result in oil being spread widely into the
environment. This kind of pollution can be particularly harmful when an oil spill occurs at sea,
such as the accident off the coast of the USA in 2010 (see Figure 8.12). Because of their high
energy density, it s possible to store enough fossil fuels to provide for the energy demands for
many weeks ahead.

How long will fossil-fuel reserves last?
There are many reasons why it is difficult to predict how many years fossil fuel reserves will last.
However, it seems probable that sometime within the next 100 years the world will have to face
the major problem of very significant reductions in the availability of coal, crude oil and natural
gas as the Barth comes to the end of the fossilfuel age’ and cheap energy. However, at the same
time there will be a beneficial decrease in the emission of greenhouses gases.

At the present rate of usage, existing coal reserves may last about another 150 years, natural
gas about 60 years and crude oil about 50 years. But these figures can be very misleading because
the world continues to change and we cannot be sure about many factors, including:

how much fossil fuel remains to be discovered

whether existing sources that are currently considered uneconomic to extract from the
ground will later become more viable as technologies improve and economic conditions
change (e.g. fracking)

m  to what extent the use of renewable sources and nuclear power will increase

by how much the world’s consumption of energy will increase.

On top of these factors,
economic and political pressures
will probably have unforeseen
and allimportant effects. Of
course, some countries are
‘rich’ in fossil-fuel reserves (for
example, the USA has the
highest coal reserves, see Figure
8.13), while other countries have
very little or none.

Table 8.2 summarizes
the main advantages and
disadvantages of using fossil
fuels.

B Figure 8.13 The USA has the highest reserves of coal
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Advantages

Disadvantages

« High energy density.

« Fuel s relatively cheap (although economic and political factors
may result in significant and sudden changes in price).

» Power stations are relatively inexpensive to construct and maintain
(when considering their high power outputs).

« Power stations can be buift in almost any location (that has good
transport links and a plentiful water supply).

« These are established technologies ~ power stations, transport and
storage systems already exist.

Greenhouse gas emissions and global warming.
Chemical pollution during mining and burning (including
acid rain).

« Non-renewable sources

Extraction/mining can damage the environment and be
hazardous to healt

Leakage from ol tankers o pipelines can cause considerable
harm to the environment.

B Table 8.2 Advantages and disadvantages of using fossil fuels

12 An old-fashioned steam train had an output power of 2.3MW but an efficiency of only 8.4 per cent. If the
coal used had a specific energy of 29MJkg~, how much coal had to be burned every minute?

13 a How much fuel (kerosene) does a jet airliner consume every second when travelling at a constant speed
of 240ms-" with a power output of 89MW? Assume that the fuel has an energy density of 37MJm=2
and the engines have an efficiency of 39 per cent.

b Whatis the resistive force acting on the ailiner?
¢ Estimate the amount of fuel needed to travel a distance of 5000km at this constant height and speed.

14 A 220MW oil-fired power station has an efficiency of 40 per cent and uses fuel at a rate of 13kgs-!. What

is the specific energy of the fuel?

15 a What s the efficiency of a coal-fired power station that produces an average 560 MW of output power
when burning fuel at a rate of 4.8 x 105kg every day? (Assume that the specific energy of the coal is
-

30MJkg

b If the discarded thermal energy was removed from the power station by cooling water, which should
not increase in temperature by more than 4.0°C, calculate the minimum rate of flow of cooling water

W Figure 8.14 The 3.6GW nuclear power station in Cruas, France,
supplies about five per cent of the country’s electricity needs

that would be needed. The specific heat capacity of water is 4180Jkg™1°C-".
¢ Estimate the mass of coal that must be burned every year to supply the needs of a large home that uses
an average power of 3kW.

16 Use the internet to find out the latest information on how long fossil-fuel reserves are expected to last.

Nuclear power stations

There are a total of approximately 500 nuclear power stations in about 30 different countries
around the world. The USA has the highest number of reactors but France has the biggest
percentage of the total electrical energy generated from nuclear reactors. China and Russia are
planning to build the largest number of reactors. The use of nuclear power is a controversial issue
that stirs up strong feelings in many people, but it is not sensible to form an opinion without first
understanding some of the physics involved.

Chain reactions and energy transfers
The energy released in a nuclear reactor comes from
the fission of nuclei, not from radioactive decay. When a
fission reaction in a nucleus of uranium-235 is initiated
(started) by the capture of a neutron, the process will
release about 200MeV (3.2 x 10711]) of energy (for more
details see Chapter 7). The nuclear potential energy is
transferred to the kinetic energy of the resulting nuclei
(the fission fragments) as well as to the neutrons and
photons. This is an enormous amount of energy from one
tiny nuclear reaction.

If the same process can be repeated with a very
large number of uranium nuclei, the resulting increased
Kinetic energy of so many particles will effectively be a
very large increase in the internal energy of the material.
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The uranium will get much hotter with the possibility of large-scale production of electrical
energy in much the same a way as in a conventional fossil-fuelled power station. The material
used is called the nuclear fuel and it is usually in the shape of rods. Obviously, a nuclear fuel is
different from a fossil fuel because it is not burned to transfer energy, Figure 8.15 shows the main
energy transformations in a nuclear power station.

The following equation is just one of several possible fission reactions that nuclei of
uranium-235 may undergo when they interact with slow-moving neutrons. It is also shown
diagrammatically in Figure 8.16.

Ln + 25U - 4Ba + SKr + 3in + about 200MeV energy

‘When a neutron collides with a nucleus of uranium-235, fission is not certain; in fact it is
unlikely and typically only a small percentage of interactions will initiate nuclear fission. In

the equation above it is clear that, in this example, each nuclear fission produces three more
neutrons (the average for all uranium-235 fissions is about 2.5) and these three neutrons may
themselves then go on to cause further fissions. If, on average, at least one of the neutrons causes
further fission, then the process will continue and it is described as being a chain reaction. This
type of reaction is difficult to achieve.

If, on average, each fission reaction leads to one further fission reaction (and so on), then the
number of fissions per second remains constant and the process can be described as controlled
or self-sustained nuclear fission. This process provides the basis for nuclear reactors generating
electricity in power stations. However, if each fission produces more than one further fission,

en the reaction is uncontrolled and the number of fissions per second will rise rapidly. This
will result in the release of an enormous amount of energy very quickly. This is what happens in
nuclear weapons,

Figure 8.17 shows an idealized example of the start of a chain reaction in which all neutrons
cause further fissions.

A relatively small number of fission reactions occur randomly in any sample of uranium-235
all the time. These reactions provide the neutrons needed for further fission reactions. In order
to encourage and control nuclear fission, scientists need to understand the main factors that
affect the probability of fission occurring. These are as follows:

Neutrons are penetrating particles (because they are uncharged) and many or most of them
will usually pass out of the material without interacting with any nuclei.

M Figure 815 Energy 2 Uranium-235 atoms make up only a small percentage of all the atoms in the material.
flow in a nuclear 3 When a neutron does interact with a uranium-235 nucleus, it will only cause fission if it is
power station travelling relatively slowly. Fast neutrons do not cause fission.,
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® Figure 8.16 Fission of uranium-235 W Figure 8.17 The start of a chain reaction
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Critical mass

The ratio of volume to surface area of a solid increases as it gets larger (consider solid

cubes of different sizes). This means that the more massive a material is, the smaller the
percentage of neutrons that will reach the surface and escape. That is, a higher percentage
may cause fission. The critical mass of a material is the minimum mass needed for a self-
sustaining chain reaction. (Uranium that contains 20 per cent of uranium-235 has a critical
mass of over 400kg)

Fuel enrict ~ increasing the of ium-235

Uranium-235 is the only nuclide on the planet that occurs in significant quantities that can
sustain a chain reaction. However, when uranium ore is extracted from the ground and refined,
the uranium atoms are approximately in the ratio 99.3 per cent uranium-238 and
only 0.7 per cent uranium-235 (with traces of other uranium isotopes). All the
isotopes of uranium are radioactive, but the halflife of uranium-238 is very long
(4.5 x 10° years), similar to the age of the Earth, whereas uranium-235 has a half-
life of 7.0 x 10° years.

For a chain reaction and power generation, the percentage of uranium-235
has to be increased to about three per cent at the very least, although higher
percentages are preferable. (Nuclear weapons require a much higher percentage.)
This process is called fuel enrichment. Figure 8.18 shows a photograph of
enriched uranium fuel rods.

Uranium-238 nuclei can absorb neutrons without causing fission, so too
much uranium-238 will discourage a chain reaction. Enrichment cannot
be done chemically because isotopes of the same element have identical
chemical properties, so physical processes need to be involved (for example,
using the diffusion of gascous uranium compounds) bur these are dificulc
an The ing uranium is called depleted
umnmm. it has physical properties, especially its high density, that have
made it useful in military engineering but this has been controversial
(because it is radioactive).

B Figure 8.18 Uranium fuel rods

Moderator, control rods and heat exchanger

The neutrons released in nuclear fission have typical energies of about 1 MeV, which means
that they travel very fast. This is usually too fast to initiate another fission reaction. The slower
a neutron travels, the higher the probability it has of it being captured by a uranium nucleus,
Therefore, before a chain reaction can occur the neutrons need to be slowed down to energies
of less than 1&V (they are often then described as thermal neutrons). This process is called
moderating the neutrons and the material used is called a moderator.

In order for the fast neutrons to lose so much of their kinetic energy, they need to collide
many times with the nuclei of atoms. In general, when particles collide there is a higher rate of
transfer of kinetic energy between them if they have approximately the same mass (see Chapter
2). The mass of a neutron is always lighter than the mass of a whole nucleus, but the difference
is less for nuclei with low mass. This is why atoms with nuclei of small mass are preferable for
this process of moderation, but it is also important that the nuclei do not absorb neutrons.
Commonly, graphite (carbon) or water is used as a moderator.

In the pressurized water-cooled reactor shown in Figure 819, the nuclear fission occurs in the
fuel rods in the reactor vessel. As the cold water flows past the hot fuel rods it removes thermal
energy and, at the same time, acts as the moderator, slowing down the neutrons.

The hot water that flows through the reactor vessel is in a sealed system and it never leaves
the concrete containment. Its temperature may be as high as 300°C, but it does not boil because
it is under very high pressure. It is pumped to a heat exchanger in which the thermal energy in
the water is transferred to more water in a separate system (this is an important safety measure).
Steam is generated, which turns the turbines to generate electricity.
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W Figure 819
A pressurized water-
cooled reactor

W Figure 8.20
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The control rods (typically made of boron) are used for adjusting the rate of the fission reactions
by absorbing neutrons, This is done by moving the rods into or out of the system as necessary.
Figure 8.20 represents the use of control rods to produce controlled fission.
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Students are advised to use computer simulations to model the working of nuclear power stations
and other nuclear processes.

17 Calculate the speed of: a 1 MeV neutron; b a 1eV neutron
18 Suggest why isotopes of uranium are so difficult to separate by physical methods.

19 A nudear power station using uranium-235 has an efficiency of 43 per cent and a useful power output of 1GW.
a If the average energy released per fission is 190 MeV, calculate how many fissions occur every second.
b What mass of uranium-235 is needed every day?

20 a Calculate the specific energy of pure uranium-235 (in Jkg™).
b If uranium-235 is only three per cent of the total mass of the fuel, calculate the energy density of the fuel.
 Compare your answer for b with a type of coal that can transfer 29MJkg™".

21 Another possible fission of uranium-235 results in the formation of '38Cs and %§Rb. Write a nuclear
equation for this reaction.

22 & If an individual uses electrical energy at an average rate of 1 kW, what is their annual energy

consumption?

b What mass of uranium-235 atoms has to undergo fission to provide the energy needed for a year?
(Assume 100 per cent efficiency.)
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Safety issues
Nuclear accidents
It is fair to say that the risks of nuclear power are very well understood and, as a result, safety
standards are very high. But, for many people, this is not reassuring enough because no matter
how careful nuclear engineers are, accidents and natural disasters can happen. Safety standards
do vary from country to country, but the consequences of a nuclear accident anywhere could be
really disastrous.
The world's worst nuclear accidents at Chernobyl in Ukraine in 1986 and Fukushima
(see Figure 8.21) in Japan in March 2011 remain as vivid warnings about the possible risks of
nuclear power. The radiation leaks and explosions at Fukushima followed the damage caused by
a tsunami, whereas the ‘meltdown’ at Chernobyl is widely recognized to be the result of
poor design and management at that time. Modern designs and safety procedures have been
vastly improved but may still be insufficient in the face of an extreme natural disaster.
Hundreds of thousands of people had to be evacuated because of these accidents, and the
number of long-term illnesses and deaths caused by them will take many years to be confirmed.
A thermal meltdown is probably the most serious possible consequence of a nuclear accident.
If, for some reason (for example, the loss of coolant or the control rods failing to work properly),
the core of the reactor gets too hot or even melts, the reactor vessel may be badly damaged.
Fires and explosions may happen as extremely hot materials are suddenly exposed to the ait.
Highly concentrated and dangerous radioactive materials may then be released into the ground,
water or air so that they are spread over large distances by geographic and weather conditions.

 Figure 8.21
Fukushima nuclear
reactor after
explosions in the
wake of the tsunami
@o1)

When considering the dangers of nuclear power, it should always be remembered that the uses
of all other kinds of energy resources have their various risks. In particular, coal mining has been
responsible for an extremely high number of serious injuries, long-term health problems and
deaths over the past 200 years.

Nuclear waste

The products of fission reactions are highly radioactive and can therefore be dangerous if
safety standards are not high enough. Anything associated with the reactor must be considered
as a potential health risk, although the biggest dangers are obviously posed by the fuel rods
themselves. Nuclear waste products, such as the fuel rods after they are no longer useful, are
highly radioactive and contain some isotopes with very long halElives, which means that they
will be dangerous for many thousands of years. As an example, ®Tc has a halflife of 210000
years. It should be noted, however, that if a radioisotope has a very long halflife, the activity
from each gram will be very low.
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There is no way to stop a radioactive material from emitting
nuclear radiation, so safety measures have to concentrate
on preventing people from being exposed to the radiation.
Radioacti ib need to be ded by materials that
will absorb the radiation safely. Thick concrete, water and lead
are widely used for this purpose, depending on the circumstances.
Exposure to radiation is also reduced by keeping people as far
away as possible or, if they need to be close, by wearing protective
clothing and limiting the length of time of their exposure.

The disposal of highly dangerous nuclear waste remains a
serious problem that we are leaving for generations to come.
At present, some of this waste is stored deep underground in
very strong and thick containers designed to prevent leakage,
while some is stored above ground where it can be more easily
monitored (see Figure 8.22).

Mining

Uranium is widespread as a trace element in many minerals
around the world, but more than half of the world’s uranium mines
are located in only three countries: Canada (see Figure 8.23),
Australia and Kazakhstan. A lot of rock has to be extracted from
large, open-cast mines to obtain only a small amount of uranium,
which is usually in the form of uranium oxide.

One of the products from the decay of uranium nuclei is the
radioactive gas radon. This makes uranium mines potentially
dangerous places. Because it is a gas, any radon present in the air
can enter the lungs and, once it is inside the body, the radiation
that it emits is far more dangerous than similar radiation sources

outside the body.

B Figure 8.23 McClean Lake uranium mine in
Saskatchewan, Canada

Utilizations Nuclear weapons

The first nuclear bomb was tested in 1945 in the USA. The latest country to develop nuclear
weapons was North Korea in 2013. It is believed that nine different countries have nuclear
weapons; they all claim that these are just for national defence and that the weapons would
never be used except under the extreme circumstances of being attacked by another country.

The destructive power of just a single nuclear bomb was horrifyingly demonstrated at both
Hiroshima and Nagasaki in Japan in 1945. The basic requirement is a critical mass (but not
all together in one piece) of plutonium-239 or highly enriched uranium-235 (entiched to
20 per cent at least, but preferably much more). If the boml s
to be detonated, the two separate halves of the critical mass
have to be brought together by a relatively small conventional
explosion, as shown in Figure 8.24. This then produces an
uncontrolled chain reaction.

The production of enriched ‘weapons-grade’ uranium is
technically extremely difficult and expensive, The alternative,
plutonium-239, is a product of neutron capture by uranium-238
nuclei in a nuclear power station, which can later be recovered
from the fuel rods. This is why there is concern that a few
countries may use their development of a nuclear power
programme to (secretly) develop nuclear weapons.

B Figure 8.24 Sub-critical masses in a nuclear
bomb - a conventional explosion forces the two
sub-critical masses together
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Many people claim that the threat of nuclear weapons becoming available to the ‘wrong’
countries/organizations/people is one of the biggest threats facing the world in the twenty-

first century. However, some people believe that the threat of the use of nuclear weapons has
actually helped prevent major wars, although many others believe that there could never be
any justification for the construction or use of nuclear weapons under any circumstances.
Regretfully, in the modern world we need to be aware of the possibilities of terrorist attacks on
nuclear power stations, or the transportation of nuclear materials, or the use of nuclear or dirty’
bombs by terrorists.

1 It might be agreed that a world without nuclear weapons would be a better place but, once
they had been invented, is it ever going to be possible to remove them all?

2 Research the Nuclear Non-Proliferation Treaty and which countries have not signed it.

Table 8.3 izes the ad: and disad of the use of nuclear capability.
lvantages
« Extremely high energy density. « Dangerous and very long-lasting radioactive waste products.
« No greenhouse gases emitted during routine operation. (Some « Expensive.
scientists think that nuclear power may be the only realistic solution = Efficiency s not high when the whole process i taken into
10 global warming,) account.
« No chemical pollution during operation « Threat of serious accidents.
« Reasonably large amount of nuclear fuels are still available. « Possible target for terrorists.
« Despite a few serious incidents, statistically over the last 50 years, = Linked with nuclear weapons.
nuclear power has overall proven to be a reasonably safe energy Nt a renewable source.

technology.

W Table 8.3 Advantages and disadvantages of nuclear power

W Figure 8.25
Protestors try to stop
the shipment and
storage of nuclear
waste

[,
Lihov-Darrenerg gy »

ToK Link

To what extent should public opinion influence scientific resear

h and development?
The use of nuclear energy inspires a range of emotional responses from scientists and society. How can
accurate scientific risk assessment be undertaken in emotionally charged areas?

There can be few areas in science where knowledge and emotions are so intertwined as in any discussion
about nuclear power. Very few people are undecided; they tend to be strongly for or strongly against the

use of nuclear energy. The perceived worst consequences of a nuclear accident t a particular location are,
no doubt, terrifying, but a realistc risk assessment needs to compare that carefully with the long-term and
more widespread risks associated with using other energy resources, or indeed the other isks of everyday life.

When we try to form an honest opinion about anything, our own previous experiences, prejudices and
‘emotions will influence our thoughts, no matter how hard we try to be objective. There is no doubt that
the shared processes of science try very hard to eliminate such bias, but ‘the knowledge' that we each carry
around in our heads is highly personalized
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Nuclear fusion

Nuclear fusion is the source of the energy in all stars, including the Sun (see Chapter 7). A
typical fusion reaction like that shown in the following equation would transfer about 18 MeV:

24 9H s 4He + 1
2H +3H - {He + In

The two nuclei of hydrogen (known as deuterium and tritium) are both positively charged and
they will only fuse together if they have enough kinetic energy to overcome the repulsive forces
between them. Achieving this high kinetic energy requires temperatures of more than 108K. At
this high temperature electrons move around separately from hydrogen ions (protons) and the
gas is called a plasma.

Nuclear fusion at these temperatures has been
achieved on Earth, but the main problem is continuing
(sustaining) the reactions over any significant length
of time. The hot plasma cannot be allowed to come in
contact with the walls of a container because that would
cause it to cool down and the container would also
become contaminated.

To avoid this problem the plasma is confined
(contained) using a very strong magnetic field, such as in
the Russian designed Tokamak thermonuclear reactor,
which uses a doughnut (torus) shaped field (Figure 8.26).

If energy could be released on a large scale by
nuclear fusion, it would have the advantage of being a
more plentiful fuel supply with fewer radioactive waste
problems, compared to nuclear fission. These advantages
are enormous, but despite years of considerable scientific

W Figure 8.26 Russian Tokamak thermonuclear reactor efforts, the technology needed to sustain nuclear fusion

reactions is still proving too difficult.

23 Al the isotopes of uranium are radioactive and decay into other elements. Explain why there is sill a
significant amount of uranium left on Eart

24 If, after a nuclear accident involving an isotope with a haff-life of 12 years, the radiation level in the
environment was 33 times higher than the normal background count, approximately how much time
would have to pass before people could re-enter the area?

25 a Dangerous nuclear waste is to be stored underground for more than 100000 years. Suggest ways in
which this plan could go wrong.
b Is putting the waste on a rocket and firing it into the Sun a sensible alternative? Explain your answer.

26 a Use Coulomb’s law to calculate the repulsive force between a tritium nucleus and a deuterium nucleus
when they are separated by a distance of 5.0 x 10-'5m.
b Calculate the acceleration with which the deuterium nucleus would start to move away.

27 a Use the internet to gather data on the total number of deaths and serious ilinesses that have been
attributed to the Chernobyl accident since it occurred in 1986,
b You wil probably find that the information from various websites is different. Suggest reasons why
consistent information is difficult to obtain.
© How can you decide which websit you the most reliable

28 Use the intemet to find out about the latest developments in nuclear fusion: what power was
achieved, and for how long? What nuclides were used? Where did it take place? In particular, what
and where is ITER?

29 a What is your personal opinion about the use of nuclear power? In 100 words or fewer explain why you
think that your country should, or should not, operate nuclear power stations.
b Conduct asurvey of the opinions of your fellow students. Are opinions of physics students different
from those of non-physics students?

30 & Under what circumstances (if any) do you think that it would be acceptable for one country to use a
nuclear weapon to bomb another?
b Do you believe that every country has the right to decide for itself whether to build nuclear weapons or
not? if not, who should control any development of the world's nuclear weapons?
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Wind power generators

Radiation from the Sun causes differences in temperature that result in changes in air density.
These changes produce convection currents and differences in air pressure. Wind is air moving
between areas of high pressure and low pressure. For thousands of years the energy transferred
from windmills has been used around the world for work such as grinding crops (see Figure 8.27).
There is an enormous amount of kinetic energy in the winds across the planet, but it has low
energy density’ and it is only in recent years that technological advances have encouraged

the widespread use of large wind-driven electrical generators. It has now become a very rapidly
expanding technology.

W Figure 8.27 Traditional windmills in Greece M Figure 8.28 A wind farm in Denmark

There are many different designs of wind generators (which generate electricity, not wind!) but
we will concentrate on the type most commonly used for large-scale electrical power generation.
They have a horizontal axis of rotation, as shown in Figure 8.28. However, there is an interesting
variety of designs for wind generators with vertical axes, most of which function equally well
whatever the direction of the wind. Figure 8.29 shows an example.

W Figure 8.20 Wind generators with a vertical axis
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The blades of a horizontal axis generator (usually there are three) move in a vertical circle and
are designed to be struck by wind moving parallel to the Earth's surface. The kinetic energy of
the blades is then transferred to make coils spin in electrical generators. The number of blades,
their width and angle to the wind are all carefully chosen to get the maximum amount of power
transferred from the wind. For the same reason, the whole blade mechanism is often able to
rotate in the horizontal plane so that the wind always strikes the blades perpendicularly. The
blades are designed to rotate at a particular speed with winds within a certain range, typically
about 5 to 15 ms™. Figure 8.30 shows the energy transformations involved in wind power.

- kinetic energy of
(Z”':,; Kinetic energy blades of wind electrical
fomSun | differences in ofwind air collides | turbine and electrical ey
with windmill | 9enerator@ils | oo rator
and pressure blades

cause winds

W Figure 8.30 Energy flow diagram for wind generators

Winds flowing close to the ground will lose energy due to friction and by striking obstacles, so
generators are usually located near to coasts or on treeless hills, and the towers supporting the
rotating blades are as tall as possible. Constructing wind generators in shallow water offshore
has obvious advantages, but these are expensive to construct. The largest off.shore wind farms
(already operational and those in construction) are off the shores of the UK, Denmark and
Germany.

Smaller wind generators may be ideal for remote locations, for example on boats or
farmhouses that have no access to mains electricity. The advantages and disadvantages of using
wind power are shown in Table 8.4.

Advantages
« No greenhouse gas emissions. « Expensive to construct.

Disadvantages

Renewable source.

« Low energy density; large area needed (although the land around them can

Free source of energy. still be used for farming).
No pollution during use. « Wind speed (and power output)is unreliable.
Small generators are ideal for remote locations. ~« Emits some noise.
« Best locations are often far away from cities and towns.

« Many people consider that they are ugly and spoil the

W Table 8.4 Advantages and disadvantages of wind power

Calculations involving wind power
An equation for the power of a wind generator can be obtained by considering the loss of kinetic
energy of the wind striking the blades.

e maximum theoretical power, P, available from a wind power generator with cross-sectional
area A (see Figure 8.31) when struck by air of density p moving with a speed v is given by:

1
P=Amd
3 Ap

This equation is given in the Physics data booklet.

It is not surprising that the power is proportional to the area and density, but the fact that
it depends on the wind speed cubed should be noted. A doubling of the wind speed could
theoretically produce eight (23) times the power.

The transfer of kinetic energy of the air to kinetic energy of the blades cannot be 100 per
cent efficient, considering that some of the wind must pass between the blades and that the air
that strikes the blades will not come to rest.
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Deriving an equation for wind power
The volume of air passing the
blades every second, V, is equal
to the speed of the wind, v,
multiplied by the area ‘swept out”
by the rotating blades, A.

V=vA
Because mass = volume x density,
p, the mass, m, passing every
second is given by:

m=vAp
Using the equation for kinetic wind speed v
energy (Ey = 5me?), the kinetic
energy of this moving mass of B Figure 8.31 Cross-section of wind striking the blades of a
air passing the blades every \windturbirie
second is:
1 2

By =7 X vAp v

We know that:

Additi
Perspectives

density of air p

“this length of wind
passes every second

energy transferred

power = SRS
time

So, if all of the wind's kinetic energy is transferred to the wind generator every second (which

would mean that the air behind the generator is not moving), then its maximum theoretical

power, P, is given by:

P

5
74P

1 Find out why most horizontal-axis wind generators have three blades.

31 Explain what it means o say that wind power has a low ‘energy density’.

32 Awind generator has blades of length 18 m and operates with an efficiency of 21 per cent. What power
output would you expect with a 12ms™" wind? (Density of air = 1.3kgm-%)

33 Awind generator has an output of 10kW when the wind speed is 8ms-"
2 What wind speed would be needed for an output of 20kW?
b What power output would you predict for another generator of similar design, but with blades of twice
the length, when the wind speed was 16 ms-1?

34 A small farmhouse needs an average power of 4kW. A wind generator is to be placed on the top of
a tower where the effective average wind speed is 7.5ms~". Calculate the length of blades needed to
generate this power if the system is 24 per cent efficient.

35 Large wind generators can produce 5MW or more of electrical power.
a Make an estimate of the diameter of the circle through which the blades rotate. List the assumptions
you made.
b Atotal output of 20MW s required. Discuss whether it might be better to build four similar generators
or one generator of twice the size.

36 a How many large wind generators (as described in question 35) would be needed to provide 2GW.
(equivalent to a large fossil-fuelled power station)
b If the wind generators have to be at least 300m apart, what is the minimum area of land needed?
¢ Suggest a reason why the generators need to be so far apart.
37 Wind speeds vary considerably and quoting an ‘average’ value may be misleading, especially f a value for
the average speed i used directly to predict an average power, as in question 34. Explain why this would
almost certainly lead to an underestimate of the available power.

38 Draw a Sankey diagram to represent the energy transfers involved with a wind generator.
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 Figure 8.32
Cross-section of a
hydroelectric power
station

 Figure 8.33
The Itaipu
hydroelectric power
station on the Brazil-
Paraguay border

Hydroelectric power
‘When water is free to flow downwards, gravitational potential energy is transferred to kinetic
energy, which can be used to drive turbines and generate electrical energy. Electric power
generated in this way is known as hydroelectric power.

In order for this to be a useful long-term source of electricity, there must be a process (cycle)
continuously involving the transfer of the energy needed to return the water to a higher level.

Water storage in lakes

Wiater is continuously evaporating from the oceans and seas due to the transfer of thermal
energy from the Sun. The water vapour rises due to convection currents, forms clouds and later
the water falls as rain (or snow), which can be collected and stored at high altitude in lakes, or in
artificial reservoirs behind dams.

‘When the water is allowed to fall downwards, often nearly vertically, electrical energy can
be generated by turbines at the bottom of the fall (see Figure 8.32). It is also possible to generate
smaller amounts of electrical power directly from fast-flowing rivers. Some of the most powerful
power stations in the world are hydroelectric, for example the Itaipu hydroelectric power station
on the Brazil-Paraguay border (Figure 8.33), but there are also a very large number of smallscale
schemes providing electric power for small communities in remote locations. Approximately
20 per cent of the world's electricity is generated by hydroelectric power stations and it is the
world’s most widely used source of renewable energy (for electricity production).

transformer

reservoir
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Pumped storage

In hilly locations, hydroelectric power offers a large-scale solution to the problem of storing
excess energy from an electricity power station. Electrical power stations are designed to be
operated at a particular power output at which they have their maximum efficiency but at night,
when most people are asleep, there is normally less demand for electrical energy (see Figure
8.34). Some electricity companies try to encourage people to use electricity at night by offering
cheaper rates, If power stations are operated at a lower power at night, their efficiency is reduced
and a higher proportion of energy is wasted as thermal energy transferred into the surroundings.
It is better to keep a power station running at approximately the same power 24-hours a day by
storing the excess energy generated at night and transferring it back into the system during the
day at time when the energy can be sold at a higher price. The most common way of doing this
is to use the excess power to pump water up to  lake at a greater height during the night and
then release it to generate extra power the next day.

W Figure 834 Typical 3
daily variation in 2
energy consumption 5
from a large power =
station insummerand &
winter
24
14
o T T T T T T
0000 0400 0800 1200 1600 2000 2400
Time of day
Theenergytransformations thiattake place ina hydrodleckci power stitionare dhiown fiy
Figite 8.35. Tides, catsed by the gravitational attaction of the Moon; caiise sies tfsea level
twice a day. The water can be trapped behind dams and released later when the sea level falls.
evaporation of water leads to rainfall that is stored in lakes
solar
radiation + pump storage
ravitational Kinetic
g potential | | e:‘e",;"; |, | eneroyor | | electical consumer
energy of turbines energy
water water and coils
e
potential
energy of
Earth/Moon/Sun

W Figure 8.35 Energy flow diagram for hydroelectric power stations
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The ad

of using |

droels

ic power are shown in Table 8.5.

Advantages

Disadvantages

Renewable source of energy.

No greenhouse gas emissions (although there will probably

be some increase in the release of methane from the enlarged
lakes)

Relatively high efficiency.

Free source of energy.

No significant pollution during operation

Darms may also be used to control river flow, improve irrigation
and prevent flooding.

Newly created lakes can be a recreational resource and provide a
new habitat for some plants and animals.

Can be the ideal energy resource for remote, hilly locations

The environment will be affected and the natural habitat of
many plants and animals may be destroyed.

Newly built dams will form lakes that may cover land that was
previously villages, towns, farmand etc

Can only be used in certain locations (mountainous/hilly places).
Large-scale projects can be very expensive to construct,
although maintenance is more reasonable

The natural flow of rivers may be interrupted, which can have
many undesirable consequences

Hydroelectric power stations may be a long way from centres of
population, so the power may need to be transmitted over long
distances.

If a dam bursts it can cause damage and loss of life.

B Table8.5 d dis of

ic power

Calculations involving hydroelectric schemes

The loss of gravitational energy when a mass, m, of water falls a distance, Ah, can be determined from:

AE, = mgAh

The average theoretical power output during time At will be

AE,
&

Because they do not rely on the transfer of thermal energy, hydroelectric power stations will
be much more efficient than fuel-burning power stations. Typically, the larger the power station,

the more efficient it will be.

Worked example

~

Energy transferred from falling water in one hour:

AE,= mghh

AE,= 242000 x 9.81 x 82.4 = 196 x 108)

BE, 196 x 108
At
Output power = input power x efficiency = 5.43 x 10* x 0.92(

Maximum theoretical power =

What s the average output power from a small hycroelectric power station operating at 92.0 per cent efficiency
if 242000kg of water passes throughts turbines every hour, having fallen a vertical distance of 82.4m?

.43 x 10'W.

3600
=500 x 104W

39 Calculate the maximum theoretical power available from a hydroelectric power station in which 2.0m? of
water falls a vertical distance of 112m every second. Assume that the density of water is 1000kgm-.

40 What s the total gravitational potential energy available from a lake of area 5.8km? and average depth
of 33m which supplies a hydroelectric power station that is 74m below the bottom of the lake? Think
carefully about what height you should use in the calculation.

41 Water flows from a lake through a certain hydroelectric power station at an average annual rate of 4.3m?s~"
a If the water in the lake comes from the rainfall over an area of 138 k2, what is the average rainfall (in

cmy-") over that area?

b What assumption did you have to make? s it reasonable?

42 Afamily wants to install a small hydroelectric generator to provide their own electrical needs, which
they estimate to be an average of 3.0kW. The generator's efficiency is 85 per cent. If their home is at an
altitude of 1420m and they want to use water falling from a smal lake at an aktitude of 1479 m, what
average mass of water must pass through the generator every second?

43 Make a list of the desirable features of a possible location for a new hydroelectric power station.

44 Suggest some ‘undesirable consequences' that may occur if the natural flow of a large river i interrupted

by one or more darms.

45 In a pumped storage system, water is pumped up to a lake/reservoir using electrical energy and then later
allowed to fall back to generate electricity again. O course some energy is wasted in this process. Explain
why this process can still be a good idea.
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Solar power
The intensity of solar radiation falling on a surface can be calculated using:
o _power
intensity
area
B
=y

This equation s included in the Physics data booklet.

The intensity of the Sun’s radiation arriving at the Earth is approximately 1400 W m2.
Although this figure can vary by approximately seven per cent, it is known as the solar
constant. It is the power passing through each square metre perpendicular to the Sun’s ‘rays’
as they reach the outer limits of the atmosphere, as shown in Figure 8.36. (This power is across
all wavelengths of the Sur's emission spectrum, although about half is in the visible part of the

spectrum.)
This is an enormous amount of energy incident on
, the Earth, although some of the energy from the Sun is
& absorbed, reflected and scattered (reflected randomly)
(almost) 3 __ atmosphere in the atmosphere. For example, on a clear day with the
paraliel oy zZ Sun directly overhead, a figure for the intensity on the
from the Sun

Earth's surface is sometimes quoted to be about 1kW m™2.

A more useful value, averaged over 24 hours and

7 over the whole planer, is about 230W m%. Of course,
the energy transferred by radiation from the Sun is

1AW P Earth essential for all life on Earth and it is important to

through each remember that it is, or has been, the indirect origin of

square metre the majority of the energy resources discussed in this
topic. However, surprisingly little use has been made of
(not to scale) the direct transfer of solar energy to other energy forms.
Solar radiation can be used directly in two different
ways: in solar heating panels the radiant (solar) energy
is transferred to raise the internal energy of water; in photovoltaic
/ cells (also called photo cells o solar cells) the solar energy is
transferred directly to electrical energy. Groups of photovoltaic
cells are commonly called solar panels, but this can cause
confusion with solar heating panels.

B Figure 8.36 Solar radiation arriving at the Earth

Photovoltaic cells
When radiation falls on the semi-conducting material of a
photovoltaic cell, free electrons are released within the material
and a potential difference is produced across it.

‘When used in a circuit, both the current and the potential

. e difference from a single cell tends to be low and there isalso
significant internal resistance. So, individually, they are only
sources of small amounts of electrical power (see Figure 8.37). A
B Figure 8.37 Photovoltaic cells large number can be connected together to provide much greater

power. Figure 8.38 shows the energy transformation that occurs in
a photovoltaic cell.
Photovoltaic cells are probably the world's fastest growing

renewable energy technology. Costs are falling quickly and
a el rienciasurerhing Mistsdlarcallopemtentim in Hper
phatafisicral cent efficiency, although the best are about 25 per cent, with

M Figure 8.38 Energy flow for a photovoltaiccell  future hopes aiming at over 40 per cent. Because of their potential
convenience and low cost, a lot of research is going into the design
of thinilm photovoltaic cells.
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Photovoltaic cells are used (rogether with rechargeable
batteries) for low-power devices such as calculators and for
isolated single devices (such as emergency phones), but improving
technology and lower costs now mean that they are also being
used widely to provide supplementary electric power to homes and
offices. Figure 8.39 shows a typical example. Solar power stations
are also being built to provide 100MW (or more) of power to
electric grid systems around the world.

AT 2 Solar heating panels
W Figure 8.39 Germany has made significant In a solar heating panel the radiation from the Sun is absorbed
investments in photovoltaic power by black-painted copper pipes through which water flows

(Figure 8:40). The hot water is then pumped through a heat
exchanger in which thermal energy is transferred from the hot water to a larger amount of water
stored in an insulated tank. When the water in the tank is hot enough it can be used in the
home for washing etc. Homes with solar heating panels will usually also have some other means
of heating water for the times when the water is not hot enough. Figure 841 shows the energy
transfer in a solar heating panel.

solar
b7
radiation

y 7 black painted copper pipes
in a solar heating panel

—> hot water to taps

|— insulated tank and
heat exchanger

~— cold water

M Figure 8.40 A solar heating system

solar heating panel

W Figure 8.41 Energy flow for a solar heating panel

Solar heating panels are mostly used for individual
homes and they are typically placed on a roof.
They are used widely in many countries, most
usefully where there is a hot and/or a sunny
climate (Figure 8.42). Many governments
encourage their use, or even require that all new
homes have solar heating panels.

B Figure 8.42 Solar heating panels on
homes in Turkey
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Variations in radiation intensity reaching the Earth’ surface

The intensity of the radiation reaching a particular place on the Earth’s surface depends on:
® the weather/climate

®  the geographical latitude of the location

time of day/night

the angle of the surface to the horizontal at that location.

Figure 8.43 illustrates that if the same radiated solar power falls on areas A and B, the inensity
(powerfarea) will be less at A because the area is larger. This diagram could be representing
places at different latitudes on the Earth or, for a given location, it could be representing
variations in intensity at different times of the day or at different times of the year.

To reduce the effect of these variations, photovolraic cells or solar heating panels are not
usually placed horizontally on the ground but are positioned so that they receive radiation
perpendicularly at a carefully chosen (average) time of the day and year. A more expensive
option is to provide the machinery necessary for the devices to move and keep aligned.

It is important to realize that if a panel were positioned so that it received the maximum
radiation at midday in winter, the received power would still be less than that received at
midday in summer. This is because the radiation has to pass through a greater length of the
Earth's atmosphere. This can be seen by comparing the lengths P and Q in Figure 8.44.

solar radiation

equal incident power

solar radiation

atmosphere ——

iP

(not to scale)
B Figure 8.43 The received intensity of solar radiation varies with the W Figure 8.44 Effect of the atmosphere on received
angle of incidence intensity of radiation at different times of year

The advantages and disadvantages of using solar radiation are summarized in Table 8.6.

Advantages Disadvantages

« Renewable source of energy. « Variation of output with time of day/night, weather, time of year etc.

« Free source of energy. (meaning that incividual systems need supplementary power/batteries).
« Pollution-free during use. « Photovoltaic cels and solar heating panels are expensive to

* Low maintenance costs. construct and install (but they are becoming significantly cheaper).
* Typical 20+ years' lifetime. « Photovoltaic cels have some pollution issues during construction

and end-of-use recycling.
« Low energy density — large areas needed for photovoltaic power
stations.

M Table 8.6 Advantages and disadvantages of solar power
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46 a Calculate the total amount of energy radiated from the Sun that falls on the Earth's upper atmosphere
in one year. (Assume that the distance from the centre of the Earth to the fimit of the atmosphere
i56.5 x 108m)

b Compare your answer with the world's total annualenergy consurmption, estimated to be
approximately 5 x 1

47 Figures 8.36 and 8.44 are not drawn to scale. The radius of the Earth is 6.4 x 105m and the height of the
atmosphere is often assumed to be about 100km. Use a compass to draw a scale diagram of the Earth
surrounded by its atmosphere.

48 Make two copies of Figure 8.43 and label them (2) variation of intensity with time of the day, and (b)
variation of intensity with time of the year. On each diagram indicate the position of the Earth's axis and
the north pole. On (b also label the direction of rotation

49 Suggest two reasons why the value of the solar constant varies (by up to seven per cent).

50 Explain the ways in which the design of  solar heating system (with black-painted copper pipes) as shown
in Figure 8.40 tries to maximize the amount of thermal energy transferred to the water in the tank.

51 & Draw an electric circuit that would enable you to investigate how light intensity affects the potential
difference across a photovoltaic cell and the current through it
b How could you use the data to determine the internal resistance of the cell?

52 A photovoltaic cell of area 1.8cm? s placed where it receives radiation at a rate of 700Wm2.
a What electrical power is produced ifits efficiency is 18 per cent?
b If the voltage across it is 0.74Y, calculate the current through the cell
 How many cells would be needed for a power output of 50W?
d What would be the total area of the cells?

53 a Use the internet to get an up-to-date estimate of the world's total electrical power consumption.
b Use estimates of the average radiated power received on the Earth's surface, and typical areas and
efficiencies of photovoltaic cells, to calculate an approximate value for the area of cels that would be
needed to supply all of the world's electrical power needs.

54 Imagine that a solar heating panel is being placed in a fixed position on the roof of a home in your town/
city. Discuss which would be the best direction for it to face.

55 A solar heating panel of area 3.4m? is put in a position such that on one day it received an average
intensity of 640Wm-2 during 12 hours of daylight.
& What is the total energy incident on the panel during that day?
b The system is designed to transfer this energy to a 0.73 m? tank of water, and at the start of the day the
femperature of the wate n the tank was 2°C. What i the maximum possble temperatureof the water
at the end of the day? (Assume that the density nfwa(er \5 1000kgm=3 and

that the specific heat capacity of water is 4200 Jkg~" 7
© What assumption did you make? &
a Make a copy of Figure 8.45, which shows how the total energy received per %
day by a fixed solar panel (or solar cell) s predicted to vary durmg theyearat §
a location with a latitude of 30° in the northern hemisphel 8
b Add lines to your graph to show the energy/day that il b predicted for
the same panel f it was 2 5 2
i atalatitude of 60°N 2 B =
ii at a latitude of zero, on the equator g
il at a latitude of 30°S. S e
© Give two reasons why the total energy received per day decreases with
increasing latitude. = Figure 8.45

Geothermal energy

At a number of locations around the world, naturally occurring hot water has been used for
thousands of years for bathing and for heating rooms. In recent years, attention has turned to
extracting more of this geothermal energy, with the aim of reducing the adverse effects of using
fossil fuels.

Since its formation, the core of the Earth has been extremely hot. It has remained hot partly
due to energy released in the decay of radioactive materials. Some of this internal energy is
continuously transferred as thermal energy to rocks close to the surface of the Earth.
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A volcano is a dramatic example of this, and the use of
geothermal energy is mostly (but not exclusively) to be
und in countries known for their volcanic activity.

Currently, geothermal power provides much less
than one per cent of the total world’s needs, but
three countries each generate more than 25 per cent
of their electrical power using geothermal energy:

Iceland (Figure 8.46), the Philippines and El Salvador.

In some locations the energy is directly and
conveniently available in the form of hot water, but
in other places water has to be pumped down to

hot rocks a long way beneath the surface. The most
common and efficient use of geothermal energy is

3 - achieved with the direct use of hot water for heating,
B Figure 8.46 Iceland gets about 30 per cent of its energy needs  but where temperatures are high enough electricity
from geothermal power can be generared.

1 Where are the nearest ‘hot springs)/spas to where you live? How hot is the water and what is
it used for?

2 Use the internet to find out as much information as you can about any one particular
geothermal power station from around the world. Prepare a presentation for the rest of
your group. (Answer questions such as: Why is it at that location? Did engineers have
to dig into the Earth's crust or was the energy accessible close to the surface? Is the
internal energy mostly in rocks or water? How is the energy transferred for use? Is there
any pollution? What is the useful power output? What is the efficiency?). Make sure
that you are using the terms ‘thermal energy’ and ‘internal energy’ correctly. Try not to
use the word ‘heat’.

Energy research

The world’s current dependency on non-renewable fossil fuels cannot continue indefinitely.
It has become a matter of great urgency that new sources of energy are developed, especially
because the world's population is increasing and many people in developing countries

are hoping for improved standards of living, At the same time, climate change and other
environmental issues are of very great concern, and it is vital that energy sources do not
make those problems worse.

These problems are now generally well known and accepted around the world, but they
should never be underestimated or forgotten because of overfamiliarization. A great deal of
scientific and technological research is being carried out in many different countries by scientists
and engineers collaborating from almost all branches of science. But obviously this is not just a
matter of science and technology — individuals and societies must accept responsibility and make
changes, led by politicians and governments.

The introduction of new technologies is also driven by economics. Companies, large and
small, are usually happy to invest in research if they anticipate making profits later. This is a
rapidly changing business situation; a new idea may seem uneconomical when first conceived but
become profitable when introduced on a large scale.

These are some of the continuing areas of development:
discovery of new reserves of fossil fuels
development of new technologies (e.g. fracking) to extract fossil fuels that were previously
uneconomical
imaginative new ideas and technologies for renewable energy sources
providing education and information to people around the world (including the need for
population control)




360 8 Energy production

Fod
Sa

more efficient use of energy by individuals, homes and organizations
continuing nuclear fusion research
increasing use of nuclear (fission) power, if this can be acceptable to the public.

The following list contains some of the many questions that might be asked about different
types of power station.
I the energy source renewable?
Can it provide large amounts of power to large numbers of people?
Are there any greenhouse gases emitted?
Is the source of energy free or expensivel
Is it expensive or difficult to transfer the energy source to the power station?
Does the source have a high energy density?
Is the supply of energy reasonably constant and predictable?
Is the process energy efficient?
Is there any pollution during operation?
Is there any significant pollution during construction or disposal?
Are there any other adverse effects on the environment or people?
Is it difficult or expensive to construct and install?
Is the equipment expensive to maintain?
How long before the equipment needs replacing?
Are there plenty of suitable locations for power stations of this type?
Are the probable locations of power stations close to towns and cities?

8.2 Thermal ene rgy transfer - for simplified modelling purposes
the Earth can be treated as a black-body radiator and the atmosphere treated as a
grey body
Everything emits electromagnetic waves, most commonly in the infrared part of the
spectrum. The hotter and bigger an object is, the more radiation is emits. The Sun, of course,
is both very big and very hot, so it emits a very large amount of energy (3.84 x 10%W).
Most of the energy that we use on Earth came originally from the Sun in the form of
electromagnetic waves. In this section we will consider the energy arriving at the Earth
from the Sun, the energy absorbed, the energy reflected and the effect all of this has on the
average temperature of the planet.

But first we will summarize the three principal means of thermal energy (heat) transfer and
then describe how thermal radiation can be quantified.

M Conduction, convection and thermal radiation

Thermal conduction

If a substance contains parts at different temperatures, the hottest part contains particles
with the highest random kinetic energy. Thermal conduction is the process by which this
energy spreads out and is transferred from particle to particle, by
‘collisions’, to a cooler part of the substance (or another substance).
See Figure 847.

Conduction can occur in solids, liquids and gases, but the
process is quicker when particles have strong forces between them
and are close together. Therefore conduction in solids is usually
better than in liquids, and conduction in liquids is better than
conduction in gases. The water trapped in the wetsuit of the
windsurfer shown in Figure 848 is a poor thermal conductor and so
keeps him warm.

Metals are good conductors of heat because the energy is also

W Figure 8.47 Thermal energy being conducted

along a metal rod

transferred by their free electrons. Most non-metals are poor
conductors of heat (they are good insulators).
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W Figure 8.48 Wetsuits
provide thermal
insulation because
trapped water is a poor
conductor

LEITRGRLELEN The usefulness of analogies

Electrical conduction and thermal conduction have many similarities. In Chapter 5 we
saw how a potential difference is needed to conduct a flow of charge through an electrical
resistance. Simply by analogy, we may suggest (correctly) that a temperature difference
is needed to conduct a flow of thermal energy through a thermal resistance. Thermal
resistivity can be considered analogous to electrical resistivity. Similar equations can be
used to represent both kinds of conduction, and even the flow of water along pipes.

In Chapters 5 and 6 we saw another powerful analogy — how gravitational and electrical
forces berween points were represented by similar equations.

Thermal convection

When a liquid is heated the molecules have greater random kinetic energy and they will

move further apart from each other. We say that the liquid expands. Similarly, a gas may

expand when it is heated, but only if it is not in a container that prevents expansion.

When part of a fluid (gas or liquid) is heated, the molecules will move further apart and this

will result in a localized decrease in density. The warmer part of the fluid will then rise and flow

above the cooler part of the fluid, which has a higher density. This movement of thermal energy
and fluid is called thermal convection. It is common for convection
to produce a circulation of a gas or liquid. Convection currents in air

/ - and water are very important in the study of weather patterns and

climate. Figure 849 shows a simple example: during the day the land

heats up quicker than the sea because it has a lower specific heat
— codleric capacity; thermal energy is transferred to the air, which then rises.
i g faling There are many important examples of convection currents.
These include ocean currents and the movement of molten rocks
under the Earth’s surface.

Thermal radiation

The various interactions of the particles contained within all
S ®| | matter results in the emission of electromagnetic radiation.
This occurs for all matter at all temperatures above absolute zero
(0K). The radiation (most commonly infrared) is called thermal
radiation. Figure 8.50 shows a simple laboratory experiment
designed to compare how the surfaces of identical containers affect cooling. Figure 8.51
show another experiment o compare how the surfaces of identical containers affect their
rises in temperature.

Experiments like these should show that dark surfaces are good at emitting thermal radiation
and good at absorbing thermal radiation. Similarly, white surfaces are poor emitters and absorbe
they are good reflectors of radiation. Although simple in principle, in practice both of these basic
experiments may produce unconvincing results.

M Figure 8.49 Convection currents near the beach
during the day
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thermometers thermometers
cold
water
hot
water
white container black container white container black container

electric heater

B Figure 8.50 Comparing thermal radiation losses 8 Figure 8.51 Comparing thermal radiation gains

Thermal energy transfers between everyday objects often involve conduction, convection and
radiation at the same time. Conduction is best through solids, convection only occurs in fluids
and radiation can occur across a vacuum. Thermal radiation becomes much more significant at
higher temperatures,

W Black-body radiation

The concept of a black body is central to an understanding of thermal radiation.

A perfect black body is an idealized object that absorbs all the electromagnetic radiation that
onit.

Because it does not reflect light, it will appear black (unless it is so hot, that it emits visible light).

Any good absorber of radiation is also a good emitter of radiation. The radiation emitted
from a ‘perfect’ emitter is called black-body radiation. Remember that, if the object is hot
enough to emit visible light, it will not appear black.

An object cannot emit all of its energy over all frequencies in an instant, so we can
define (perfect) black-body radiation by using graphs that show the intensity distribution
for the different frequencies emitted. Figure 8.52 compares the radiation emitted from black
bodies at different temperatures.

W Figure 8.52 visible spectrum
Spectra of black-body
radiation at different
temperatures.

Intensity

0 500 1000 1500 2000
Wavelength/nm

—
increasing frequency

As any object gets hotter it emits more radiation at all frequencies, so that the graph is shifted
upwards for higher temperatures. However, it is very important to realize that the distribution of
frequencies/wavelengths also changes, with bigger increases occurring at lower wavelengths. The
peak wavelength moves to a lower value (higher frequency).
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The vertical axis on the graph represents the intensity (power emitted per unit area) from a
surface over a small range of wavelengths. The area under the graph is an indication of the total
power emitted per unit area.

The surface temperature of the Sun is about 5800K and the Earth's average surface
temperature is approximately 288K (too low to be shown clearly on the scale used in
Figure 8.52). If we assume that they both behave approximately like perfect black bodies, we
can compare the radiation emitted from the Sun and from the Earth. The solar radiation
arriving at the Earth from the Sun is approximately 50 per cent visible light and 50 per
cent infrared, with small amounts of ultraviolet and other radiations. The radiation going
away from the Earth is much lower in intensity and it is all in the infrared part of the
electromagnetic spectrum. As we will see later in this chapter, it is because of this difference
in the spectra of the incoming and outgoing radiations that the greenhouse gases in the
Earth's atmosphere will absorb a much bigger proportion of the radiation emitted from the
Earth than of the radiation arriving from the Sun.

Calculating radiated power emitted

The total power radiated from any surface depends on only three variables:

® surface area, A

W surface temperature, T

® nature of the surface.

Note that the power emitted depends on the nature of the surface, but not the substance itself.

Emitted power varies considerably with changes in temperature and this is shown by the
Stefan-Boltzmann law. This states that for a perfect black body, the total power emitted per
unit area is proportional to the fourth power of the (absolute) temperature:

power oy

e L
The power, P, emitted from a perfect black body is given by the equation:

P = oAT*

Here o isa constant. It is called the Stefan-Boltzmann constant and has the value
5,67 % 105W m2K*, (This value is given in the Physics data booklet)

The term grey body is sometimes used to describe objects that are not perfect black bodies;
this equation can be easily adapted for use with any such bodies by using the concept of the
v, e, of a surface.

Emissivity is a number between zero and one: a body with an emissivity of 1 represents a
perfect black body emitting the maximum power; an emissivity of 0.5 represents a surface that
emits 50 per cent of the maximum power.

Emissivity is defined as the power radiated by a surface divided by the power radiated from a
black body of the same surface area and temperature. Emissivity is a ratio and therefore does not
have a unit.

emiss

ower radiated by a surface
power radiated from a black body of the same temperature and area

emissivity =

Datk surfaces have high emissivity, which means that they radiate heat well, but they also absorb

heat well. Light surfaces have a low emissivity, which means that they radiate heat poorly, but

they also absorb heat poorly. The average emissivity of the Earth (and its atmosphere) is 0.61.
The Stefan-Boltzmann law for the power emitted from any sutface then becomes:

P = coAT*

This equation is given in the Physics data booklet.
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Worked example

3 The power of our Sun is 3.8 x 1026W and its surface temperature is 5780K. Assuming that it behaves
like a perfect black body, calculate the radius of the Sun.

P=eAT*
3.8 x10% =1 x (5.67 x 10~ x (4nr?) x 5780*
2o 38x10%
795 x 108
r=69x108m

Wien’s displacement law

The variation in the wavelength at which the maximum power is emitted by a black body

(see Figure 8.52) can be represented mathematically by the following equation (known as Wien's
displacement law):

290 x 102
P e e )

This equation is given in the Physics data booklet. (Remember that the temperature must be in
kelvins.)
This is an empirical law, determined by investigation.

Worked example

4 The surface temperature of the Sun is 5780K.
a At what wavelength is the emitted radiation maximized?
b What assumption did you make?
< Inwhat part of the visible spectrum is this wavelength?

290x 102
2 Ay (Metres) =Ry
_ 290x10%

5780
Apax=5.02 x 107m

no

That the Sun is a perfect black body (this is almost true).
Green

57 Describe simple laboratory experiments that demonstrate the flow of thermal energy by a conduction, and
b convection.

58 Suggest reasons why the experiments shown in Figure 8.50 and Figure 8.51 'may produce unconvincing
results’.

59 Give an everyday example of:
a adark surface being good at absorbing thermal energy
b adark surface being good at emitting thermal energy
¢ awhite or shiny surface being good at reflecting thermal energy
d awhite or shiny surface being poor at emitting thermal energy.

60 Asstar has a radius of 8.3 x 107m and a surface temperature of 7500°C.
a Calculate the power it emits
b What assumption did you make?
«© What is the intensity at a distance of 2.4 x 10'2m from the star?

2

a Estimate an average surface area for a naked adult human body.

b If skin has an emissivity of 0.95, calculate the power radiated away from a naked body with a skin
temperature of 33°C.

¢ Inwhat other ways wil the body lose heat?

d Your answers may suggest that a naked body would lose heat very quickly. Explain why this s probably
not true.
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62 & Ifthe temperature of an object increases from 285K to 312K, what is the percentage increase in its
emitted radiation?
b An object i at 20°C. To what temperature would it have to be heated to double the power of the
radiation emitted?

63 When the current through an incandescent light bulb is turned on, the temperature of the filament will
rise until the thermal energy is radiated away at a rate equal to the electrical power provided. Calculate the
operating temperature of & 40W light bulb if the filament has a surface area of 1.2 x 10-Sm?. (Assume it
behaves as a perfect black body)

64 A tungsten-halogen bulb operates at a temperature of 3500K.
a At what wavelength is the emitted radiation maximized?
b Suggest how the light from a tungsten-halogen bulb will appear different from the light from an
incandescent light bulb operating at 2800K.

| utilizations | Usmg emitted thermal radiation to determine temperatures

If an object is hot enough to emit visible light its temperature can be estimated from its
colour. For example, when steel is heated to the temperature at which it just gives out
visible (red) light, it is about 600°C. When its temperature is raised further it will emit
orange light as well, and then yellow. An overall effect of yellow light is produced at a
temperature of about 1000°C. The emission of radiation across all of the visible spectrum
produces white light at about 1300°C.

The surface temperature of stars, including our Sun, can be determined from detailed
analysis of the radiation they emi. If the wavelength of maximum intensity is determined,
then Wein's law can be used to determine the temperature. This is explained in more detail
in Option D: Astrophysics.

o

w

Infrared cameras can be used to produce images in some similar ways to visible light
cameras. Because all objects emit infrared, they have the advantage of being able to produce
images from objects even if there is no visible light. (Any colour(s) in the images are added
arcficially) The qualiy of the images s not as good a with light because longer wavelengehs
= are used. If the power radiated by any point on
an object can be determined then, in principle,
its temperature can be estimated by using P =
e0AT*, although an assumption would need to be
made about emissivity. In this way it is possible to
produce thermagraphs, which have a wide variety of
uses such as scanning at airports (Figure 8.53).

1 Use the internet to make a list of at least five
different uses for infrared thermography.

2 Research how infrared cameras detect different
intensities of radiation.

3 Suggest the advantages and disadvantages of
using infrared thermometers to measure human
body temperatures.

W Figure 8.53 Thermal scanner at
Incheon airport, South Korea
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M Radiation from the Sun

The solar constant

If we assume that thermal radiation from the Sun spreads out equally in all directions without
absorption, then at a distance r from the Sun, the same power is passing through an area 4nr?
(the surface area of an imaginary sphere), as shown in Figure 8.54.

W Figure 8.54
The Sun's radiation
spreading out

power P

—— imaginary sphere
of surface area dnr?

planet @

(not to scale)

Because:

Intensity follows an inverse square law with distance from the source (as discussed in Chapter 4).
This equation is not given in the Physics data booklet.

Worked example

5 Calculate the intensity of the Sun’s radiation arriving at:
a the Earth
b Mercury.

a Earth is an average distance of 150 x 105km from the Sun, so:

p
!= G = Txmx (150 x 107
1=136x 103Wm=
b Mercury is an average distance of 58 x 105km from the Sun, so:
3
i~ A x i x (58 x 1097

1291 x100°Wm=

The result for Earth calculated in Worked example 5 was used earlier in this chapter when
discussing solar power. It is called the solar constant, S, and it represents the average intensity
falling on an area above the Barth's atmosphere that is perpendicular to the direction in which
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the radiation is travelling. It has been measured on orbiting satellites to have an average value of
1361 W 2. The value given in the Physics data booklet is:

solar constant, § = 136 x 10°W m=

There are slight variations in the solar constant due to periodic change in the power output from
the Sun, and differences in the distance from the Earth to the Sun at different times of the year.

Albedo and emissivity
On average about 30 per cent of the radiation from the Sun that is incident on the Earth and
its atmosphere is directly reflected back, or scattered, into space, but there are considerable
variations from place to place and at different times of the day and year.

The ratio of the total scattered or reflected power to the total incident power is known as the
albedo.

T toral s.cm:.tered power
total incident power
This equation is given in the Physics data booklet.

Albedo is sometimes given the symbol a. An albedo of 1 would mean that all radiation was
scattered or reflected. An albedo of zero would mean that all the radiation was absorbed and
none scattered or reflected. White and bright surfaces (such as snow, ice and clouds) have a high
albedo because they reflect a lot of the incident radiation. They will also have a low emissivity.
Darker surfaces (such as water), which have higher emissivity, will have a lower albedo because
they absorb more of the incident radiation (Figure 8.55).

Good emitters of radiation (high emissivity) are also good absorbers of radiation. A surface
that absorbs radiation well, and so reflects poorly (low albedo), will also have a high
emissivity,

Albedo also varies with the angle of incidence (which changes with inclination of the surface,
season, latitude and time of the day). The Earth's average albedo is approximately 030 (30 per
cent), as mentioned above.

W Figure 8.55 Snow
has high albedo but
water has low albedo
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® Figure 8.56 Earth
receiving and emitting
radiation

65 Use the solar constant and the radius of the Earth (6.37 x 108m) to show that the total radiated energy
arriving at the Earth from the Sun is 1.74 x 10'7J every second.

66 The tota radited povier ariving from a sun at a planet s .82 x 107W. The orbit of the planet around
the sun has a radius of 1.23 x 107
a Calculate the intensity of the radiation arfving at the planet (perpendicular to the direction of the
radiation).
b If the average albedo of the planet is 0.22, calculate the average intenstty of radiation radiated away
from the planet in all directions,
67 One of the planets in our solar system receives solar radiation with an intensity of about 15Wm-2
Calculate its distance from the Sun and hence find out which planet it is.
68 A small light bulb is the only lamp in an otherwise dark room. It emits visible radiation with a power of
SW. What is the intensity received at a book 90cm from the bulb?
69 Suggest possible reasons why the average albedo at a particular piace is
a different in winter than in summer
b different at different times of the same day.
70 Two planets are orbiting a distant star. Planet A is 100 million kilometres from the star and receives an
intensity of 860Wm-2 What i the intensity received t planet B f it is 120 milion kilometres from the star?

M The greenhouse effect

The Eath receives an.average of aboit’ LI4%/107] of radiated efiery froth the Sii vty
second (Figure 8.56). If the Earth reflects or radiates energy back into space at the same rate,
then it will be in thermal equilibrium and its average temperature will remain constant. If the
Earth reflects or radiates less energy than it receives it will get hotrer. If it reflects o radiates
more than it receives, it will become cooler.

radiation
radiated away
from the Earth

— atmosphere

174x10"W

radiation arriving

at the Earth from
the Sun

(not to scale)

The greenhouse effect is the name that has been given to the natural effect a planet’s
atmosphere has in increasing the temperature of the planet to a value higher than it would be
without an atmosphere.

The Earth has had a beneficial greenhouse effect for as long as it has had an atmosphere;
if the Earth did not have an atmosphere it would be about 30°C cooler and without life. The
Moon and the Earth are approximately the same distance from the Sun, but the surface of the
Earth is hotter because the Earth has an atmosphere.

However, most scientists now believe that the greenhouse effect has become enhanced
(increased). It is believed that this is mainly because human activity has changed the composition
of the atmosphere. The enhanced greenhouse effect is discussed later in this chapter.
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If the Earth did not have an atmosphere, the average intensity of radiation received from the
Sun over the whole of the Earthis surface (over an extended period of time) could be calculated
as follows:
total power received by Earth from the Sun 1361 x mrg?

total surface area of the Earth T

whete 1 is the radius of the Earth, 6.37 x 105m.

1=340Wm>

But the Earth does have an atmosphere. Of the 340 W m incident on the Earth and its atmosphere,
107 W2 is immedately reflected back into space (about 77 W m? from the atmosphere and

30W m2 from the Earth’s surface). These values give the albedo of the Earth as 107/340 =~ 30 per
cent, which agrees with the figure quored earlier for the average albedo of the Earth.

This leaves a global average of 233 W m2 absorbed by the Earth and its atmosphere. Figure
8,57 shows what happens to this energy: 66 W m2 is absorbed by the atmosphere and 167 W m=
is absorbed by the Farth's surface. (Although actual values are quoted here, figures may vary
slightly depending on the sources of information used; these do not need to be learnt.)

For the Earth to remain in thermal equilibrium it is necessary for the incident 233 Wm™ to
be matched by an equal intensity radiated back into space.

Radiation is the only way that thermal energy can travel away from the Earth through space.
(But thermal energy is transferred from the Earthis surface to the atmosphere by a number of
other processes as well, involving conduction, convection and evaporation.)

The atmosphere absorbs a much higher percentage of this outgoing radiant energy than it
does incoming radiant energy from the Sun. This is because the Earth is much cooler than the
Sun and the radiation it emits is mostly at lower wavelengths (all infrared, rather than visible).
See Figure 852, The (greenhouse) gases in the atmosphere absorb some of these infrared
wavelengths, but do not absorh so much of the incoming radiation.

The energy absorbed by the atmosphere is also transferred away as radiated energy, which is
emitted in all directions, some of which goes directly into space. However, most of the energy
is transferred back down to the Earth'’s suxface (by radlatlon and other processes) and so the
process continues, and thermal equilit is established at a certain (On average
this is about 15°C at present on the Earthis surface.) Figure 8.57 attempts to simplify and
summarize these complex processes.

B Figure 857 Energy

il radiation from Sun radiated from the radiated directly
which is absorbed by atmosphere into into Space from
Earth’s atmosphere the Earth’s surface space (193 Wm2) the Earth’s surface
or atmosphere (@0 W)
(233Wm-) energy transferred from the
ground to the atmosphere
(451 Wm)

atmosphere
radiation from the

Sun absorbed by
Ihe atmiosphiere l energy transferred

o
(66 Wm) from the atmosphere
tothe ground (324 Wm)

energy transferred
) away from the
Earth's Earth's surface

suec (491 Wm?)

radiation from the Sun
absorbed by the Earth's
surface (167 Wm2)
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W Figure 8.58 A few
possible molecular
vibrations in carbon
dioxide

Greenhouse gases

The Earth's atmosphere has been formed over millions of years by naturally occurring

volcanic and biological processes and from collisions with comets and asteroids. The air in the

atmosphere contains approximately (by volume) 78 per cent nitrogen, 21 per cent oxygen and

09 per cent argon. There are also naturally occurring traces of many other gases, including

carbon dioxide and water vapour. Some of these trace gases are called greenhouse gases

because they play a very important part in controlling the temperature of the Earth and the

greenhouse effect. Greenhouse gases absorb (and then re-emit) infrared radiation. Nitrogen,

axygen and argon have no greenhouse effect (because they have non-polar molecules).
There are many greenhouse gases but the four most important, in decreasing order of

their contribution to the greenhouse effect, are:

B water vapour

® carbon dioxide

= methane

B nitrous oxide (dinitrogen monoxide).

The relative importance of these gases in causing the greenhouse effect depends on their
relative abundance in the atmosphere as well as their ability to absorb infrared radiation.
Each of the gases has natural as well as man-made origins.

‘Water vapour is by far the most abundant of the greenhouse gases. Of the other gases,
carbon dioxide contributes between 15 and 20 per cent of the overall greenhouse effect.

Methane and nitrous oxide absorb infrared radiation more strongly than carbon dioxide
but their concentrations in the atmosphere are very much lower.

Molecules of greenhouse gases absorb infrared radiation because the atoms in their
molecule are not at rest — they oscillate with simple harmonic motion, like masses
connected by springs. Figure 8.58 shows a much simplified example of possible modes of
vibration of a carbon dioxide molecule.

If the atoms in a molecule oscillate at the same frequency as the radiation passing through
the greenhouse gas, then energy can be absorbed (an example of an effect known as resonance),
raising the molecule to a higher vibrational energy level. The energy is quickly released again but
the released energy is emitted in random directions.

The behaviour of the greenhouse gases is also an important topic in chemistry.

Summary of the greenhouse effect

B Some of the radiant infrared energy emitted by the Earths surface (and atmosphere) is
absorbed by molecules of ‘greenhouse’ gases in the atmosphere.

All gas molecules oscillate. Molecules of greenhouse gases oscillate at the same frequencies as
infrared radiation. This is why they absorb energy.

® Greenhouse gas molecules also absotb some of the energy arriving from the Sun, but they
absorb a lower percentage from the Sun because the distribution of wavelengths is different —
because the Sun is much hotter than the Earth.

The molecules re-radiate the energy at the same wavelengths, but in random directions, so
that some of the energy that was previously moving away from the Earth is redirected back
towards the planet’s surface.

W Energy balance in the Earth surface-atmosphere system
A planet, like the Earth, is in thermal equilibrium if the total incoming power equals the total
outgoing power. A planet can only receive or emit energy by radiation, so:

incoming radiated power (from the Sun) = outgoing radiated power (from the Earth)

solar constant X cross-sectional area of Earth x (1 - albedo) = ecAT*
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For the Earth and its atmosphere, as we have seen, the solar constant is 1361 W m™, the average
albedo is 0.30 and the average emissivity is 061, so that:

1361 X gt X (1= 030) = 061 X (5,67 x 10) x 4rrg? x T*

This calculation confirms an average surface temperature of about 288K (200K).
Although this calculation uses a much simplified model of the Earthis energy balance, it can
be used to predict the effect of changing emissivity andjor albedo.

71 Recalculate a temperature for the Earth (for the calculation above) assuming that the albedo rose by ten
per cent and the emissivity decreased by ten per cent.
72 The planet Uranus is an average distance of 2.9 x 10"2m from the Sun.
a Calculate the solar constant for this planet.
b Estimate its surface temperature assuming it has values for albedo and emissivity that are the same as
for the Earth
© Research the true value of the surface temperature of Uranus.

73 Suppose that a new planet is discovered orbiting a distant star at an average radius of 2.7 x 102m.
a If the power emitted by the staris 1.3 x 1028W, estimate the surface temperature of the star. State the
assumptions you made.
b Do you think there could be life on this planet?

74 Explain why a planet of radius 2r would have approximately the same temperature as a planet of radius
atthe same distance from a star (assume equal albedos and emissivities).

M Global warming and climate change

The Earth has changed temperature in the past, but increases in the past 100 years appear to be
relatively sudden. Figure 8.59 shows data representing global average temperatures over the last
130 years. Although there has been some doubt over the accuracy of some of this information
(especially the older data), scientists generally agree that the planet is getting warmer, that the
average temperature rose by about 0.7°C (£0.2°C) in the hundred years between 1905 and 2005,
and that the rise in temperature in the twenty-first century will be greater. From 2004 to 2013
there was no significant change in the (already high) global average temperature, but the time
scale is too short to draw any firm conclusions from these data.

B Figure 8.50 Changes
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Almost all scientists now agree that the cause
of the rises in global temperatures is an enhanced
greenhouse effect due to the increasing concentration
of gases (especially carbon dioxide)
caused by human activities. This reduces the intensity
of the radiation emitted from the Earth. The
Intergovernmental Panel on Climate Change (IPCC)
concluded that rises in global temperature were ‘very
likely du to the observed increase in anthropogenic
1 house gas ions’. (Anth
IR i by s This missasthie the

increased combustion of fossil fuels has released extra

p é& carbon dioxide into the atmosphere and is probably the
‘most important cause of the current global warming.
W Figure 8.60 The Maldives are a low-lying country threatened The two main consequences of global warming are
b Vi sl climate change and rising sea levels, but there are many

other interconnected factors as well, including:

B Snow and ice have a high albedo; global warming will result in less snow and ice covering
the Earth's surface, therefore lowering the Earth's average albedo and increasing the
absorption of solar radiation in those places.

If the temperatures of the oceans increase, less carbon dioxide will be dissolved in the water
(the solubility of carbon dioxide reduces as the temperature rises) meaning that more gas is
released into the atmosphere to further increase the greenhouse effect.

Changing land-use has an effect on the concentration of greenhouse gases, especially
carbon dioxide. Trees and other plants remove catbon dioxide from the air in the
process of photosynthesis. This is an example of carbon fixation — the removal of
carbon dioxide from the air and the formation of solid catbon compounds. Any
widespread changes of land-use (particularly deforestation) may lead to an increase in
the atmospheric concentration of carbon dioxide. Changes of land use may also lead to
changes in albedo and, if the land is cleared by burning, more carbon dioxide will be
released in the process.

Evidence linking global warming to the levels of greenhouse gases

Ice extracted from deep below the Antarctic surface, at the Russian base at Vostok, has
been studied in great detail (isotopic analysis) for evidence of atmospheric carbon dioxide
concentrations. These concentrations have been linked to global temperatures going back
hundreds of thousands of years.

H Figure 8.61
Are hurricanes
(typhoons) getting
worse because of
global warming?
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W Figure 8.62

There is a correlation
between average
global temperatures
and the amount of
carbon dioxide in the
atmosphere (ppmv =
parts per million by
volume)

The results are presented in Figure 8.62 and it seems clear that there is a definite correlation
between average global temperatures and the amount of carbon dioxide in the atmosphere.
This, in itself, does not prove that changing levels of carbon dioxide caused the changes in
temperature.
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More recently, and over a much shorter time scale, significant increases in the concentrations
of greenhouse gases in the atmosphere have occurred at a time of global warming, as indicated
approximately in Figure 8.63.
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W Figure8.63 The i of over recent years (ppb = parts per billion)
ToK Link

Corrslation and cause
The correlation (link) between increasing concentrations of greenhouse gases and rising global
temperatures is well established and accepted by (almost) everybody. However, that does not mean that we
can be sure that global warming s caused by the release of more greenhouse gases. Obviously, controlled
experiments to test such a theory cannot be carried out and we must rely on limited statistical evidence,
computer modelling and scientific reasoning. In such cases, 100 per cent certainty is never possible and
individuals and societies must make informed judgements based on the best possible scientific evidence.
Of course, some people will always choose to disagree with, or ignore, the opinions of the majority.
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Nature of Science

Nature of Science

Simple and complex modelling of the behaviour of gaseous systems

The kinetic theory of gases is a relatively simple mathematical model that accurately predicts
the hehaviour of most gases that are confined in limited spaces. The Earth's atmosphere is also a
gaseous system, but its size and complexity defy detailed mathematical modelling,

Weather forecasting has always been a difficult science and accurately predicting next week’s
weather is often impossible, although modern advances in the collection of vast quantities of
accurate data and the use of powerful computers are making this more reliable. But reliably
predicting the long-term climate changes that will probably be produced by global warming (of
an uncertain amount) is a task that is a much bigger challenge for the very best scientists and
computer programmers.

It should be clear that the world’s climate is controlled by a large number of interconnected
variables, any or all of which are subject to considerable uncertainty. Complex computer
modelling of the world’s future climate has been based on a vast amount of current and past
data. Such research continues to be carried out around the world, but the predictions are all
subject to significant uncertainty, and there is no worldwide agreement on the results: the
situation is simply too complex and not fully understood.

Computer simulations of energy exchanges and climate models are available and can be
useful educational resources although, inevitably, they greatly simplify the situation.

ToK Link

The future can never be predicted with certainty

The debate about global werming illustrates the difficulties that arise when scientists cannot always agree
on the interpretation of the dta, especially because the solution would involve large-scale action through
international government co-operation. When scientists disagree, how do we decide between competing
theories?

There can never be certainty, or agreement, in predicting events as complex as the future climate, yet
governments and organizations need to make vital long-term decisions that affect us ll. But shoud they
plan for the worst that might happen, because to do otherwise would be irresponsible, or should they look
for some level of consensus among most scientists?

Using computers to expand human knowledge

Trying to predict the future, or to answer the question ‘what would happen if
a common and enjoyable human activity, but it seems that our predictions are usually much
more likely to be wrong than right. This is partly because, in all but the simplest of examples,
there are just too many variables and unknown factors. Of course, the delightful inconsistencies
of human nature play an important part when we are dealing with people’s behaviour, but
accurately predicting events governed mostly by the laws of physics, such as next week’s weather,

. has always been

can also be extremely difficult.

When a situation can be represented by equations and numbets, mathematical modelling is a
powerful tool to help understanding. But even in the simplest situations, there are nearly always
simplifications and assumptions that result in uncertainty in predictions. When dealing with
complex situations — such as predicting next month's weather, the value of a financial stock next
year or the climate in 50 years’ time — even the most able people in the world will struggle with
the complexity and amount of data. The rapid increase in computing power in recent years has
changed this.

Modern computers have computing power and memory far in advance of human beings.
They are able to handle masses of data and make enormous numbers of calculations that would
never be possible without them. They are ideal for making predictions about the future climate,
but that does not necessarily mean that the predictions will turn out to be correct. Computer
predictions are limited by the input data provided to them and, more particularly, by the specific
tasks that human beings have asked them to peform. To check the accuracy of predictions,
computer models can be used to model known complex situations from the past to see if they are
able to predict what actually happened next. But predicting the past is always much easier than
predicting the future.
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75 Use data from Figure 8.63 to estimate by what percentage the concentrations in the atmosphere of the
three greenhouse gases has increased between the years 1980 and 2010.

76 a Estimate the amount of energy needed to raise the average temperature of the world’s oceans by 1°C.
b How long would it take the Sun to radiate that amount of energy to Earth;

77 & The specific latent heat of vaporization of water is 2.26 x 108Jkg~". Explain what this means.

b Use this figure to calculate the thermal energy that must have been supplied to a 500000kg cloud to
evaporate it from water on the surface of an ocean.

¢ Ifthe cloud is Skm above the ocean, compare your answer in b to the gravitational potential energy
that has also been gained by the water in the clou

d Assuming thatthe thermal energy for evaporation was supplied by radiation from the Sun at an average
rate of 25Wm-2 over an area of 10km2, how long would it have taken for the water in the cloud to
evaporate from the ocean (give your answer to the nearest hour)?

78 Use the internet to find out about the West Antarctic lce Sheet and why some scientists are worried about it.
79 Research into the origins and uses of the gas SF, which is possibly the most potent of all greenhouse gases.
80 Research into:

a the precise reasons why increasing global temperatures result in rising sea levels

b how much average sea levels have changed in the last:

i 100 years
ii 10 years

A great deal has been done in recent years to combat the effects of global warming, but is it
enough? Because climate change has been a major issue around the world for many years, it may
have hecome too familiar and accepted, with the result that many people are perhaps no longer
taking the consequences seriously enough.

However, many scientists are convinced that we need to take greater action now. In April
2014 a UN report from the Intergovernmental Panel on Climate Change (IPCC) was blunt,
describing the effects of climate change as ‘severe, pervasive and irreversible’. The amount of
carbon dioxide in the armosphere was reconfirmed as the dominant factor driving climate
change, and perhaps the single most important recommendation (in detailed reports) was
to switch from carbon based fuels to renewable sources of energy (and maybe nuclear power)
‘sooner rather than later’, The overall economic costs of delaying and having to cope with the
consequences of climate change in the future were predicted to be greater than the economic
costs of widespread action in the near future. Such dramatic changes will not occur without
the intervention and leadership of , and ingful international toa
much greater extent that has been evident in recent years.

Despite the apparent inevitability of increased global warming and climate change, the 2014
report offered some encouragement, saying that solving the problems offered challenges that
could be met and opportunities for a different kind of future,

Additional Reducing global warming
Perspectives Reducing global warming has become a major worldwide issue and many people claim that this is

the biggest problem facing the modern world. It receives an enormous amount of media attention
and considerable efforts are being made at all levels of society to try to solve the problems.

However, the increasing demand for energy in the developing nations and a world population that
is still ising mean that the overall demand for electrical energy (and the need to burn fossil fuels)
is still rising. Many people would also claim that there is a fundamental conflict between the need
to reduce energy demands and modern lifestyles in consumerdriven developed countries.

‘While it is true that most informed scientists believe firmly in the enhanced greenhouse effect,
100 per cent proof is impossible, so there is still an element of doubt and there are a significant
number of people who prefer to believe, for a variety of reasons, that the problem has been
exaggerated (or even that the scientists are wrong). From the vast amount of information and
disinformation that is available on this subject, individuals and organizations are able to select
whatever data they want in order to promote their own views or interests.
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Possible solutlons

E izations and individuals to reduce their energy needs, It is never easy to
make people change their habits and any government that tried to introduce large price rises
or new laws in order to reduce energy consumption would be very unpopular. Some people
claim that there should be trends in society (especially in the developed countries) towards
the use of smaller and fewer cars, and better, more energy-efficient public transport, travelling
less (to work and for leisure), reduced use of heating or air-conditioning and generally a life
of sufficiency rather than consumerism and excess. Reducing a person’s or an organization's
need for the energy transferred from burning fossil fuels has become known as reducing their
carbon footprint.
Developing and greatly increasing the use of renewable energy resources and nuclear power.
Setting and enforcing strict limits and controls on greenhouse gas emissions, such as those
imposed by international agreements (such as the Kyoto Protocol). Countries (or large
organizations) would then have no choice but to stick to the agreed toral limits, although
it may not be fair or sensible to set the same limits on different countries. To encourage
enterprise and flexibility within these limits, carbon trading (also known as ‘cap and trade’)
can be introduced. This is when one country or organization can exceed its limit by buying
the right to extra emissions from another country or organization. People and organizations
can be encouraged to become carbon neutral, so that any of their actions that result in
the emission of greenhouse gases are balanced by other actions that are beneficial to the
environment, for example planting trees.
Using the latest technology to ensure that power stations are as efficient as possible. This
may mean closing older power stations and using natural gas as the fuel wherever possible.
Using natural gas is more efficient and creates lower emissions than coal or fuel oil. As
discussed, a large and unavoidable percentage of the input energy to a power station is
transferred to thermal energy, which is often just spread into the surroundings. In combined
heat and power systems (CHP) some of that thermal energy is transferred using hot water
to keep local homes and offices warm. Helsinki, in Finland, is a very good example of the
widespread use of this idea (Figure 8.64).
Encouraging the use of electric and hybrid vehicles. Vehicles that are powered by petrol
(gasoline) are convenient and powerful, but they are very inefficient and emit greenhouse
gases into the atmosphere. Electric vehicles have considerable advantages: they are quiet,
efficient and emit no pollution or greenhouse
‘ gases while they are being driven. However,
i there are also disadvantages:
= — The energy that they use is stored in a
. battery, and even the very best batteries have
a much lower energy density than petrol/
gasoline. This means that, even with a large
battery, it is not possible to store enough
energy for long journeys, and a large battery
also adds considerable mass to the car.
~ Electric vehicles are usually less powerful,
and have less acceleration, than gasoline-
driven vehicles.
— It takes hours to recharge the batteries.
~ The electrical energy used to charge the
battery had to be generated in a power
station (probably burning a fossil fuel), and

B Figure 8.64 Homes in the local community can be heated by thermal then transferred to the place where the
energy from this power station in Helsinki vehicle was charged.
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The overall energy efficiency and
greenhouse emissions of electric vehicles
may be only slightly better than using
gasoline engines, especially when the
manufacture of the vehicles and batteries are
also considered.

Hybrid vehicles (Figure 8.65) have been
developed to overcome the disadvantages
of both electric and gasoline-powered
vehicles, at the same time as combining
their advantages. In a hybrid vehicle, an
electric motor provides the power efficiently
for driving at slower speeds and an internal
combustion engine is used, at its greatest
efficiency, when a higher power is needed
for faster speeds or accelerations, The use of

™ Figure 8.65 A hybrid vehicle a regenerative braking systems means that

1

o

PO

when brakes are used to reduce the speed of
a vehicle, kinetic energy is transferred to chemical energy in the battery using a generator
(rather than thermal energy in the brakes, tyres and road). The whole system is computer-
controlled and the vehicle has a smaller mass than a gasoline-powered vehicle.
Carbon capture and storage. ‘Carbon capture’ is the term used for the removal of carbon
dioxide from the gases released when fossil fuels are burned at power stations. Various
methods are available and effective, but they considerably reduce the efficiency of the power
station, 5o that more fuel has to be burned to produce the same outpur power, This would
mean a sharp rise in electricity prices. Once the carbon dioxide has been removed it has to
be permanently stored (also known as sequestering). There are several possibilities, including
storage asa gas and storage in the form of carbonates. Increasing the area of the Farth
covered by trees and other plants (and stopping deforestation) captures carbon in the plant
material and is an appealing way of increasing the amount of carbon dioxide removed from
the atmosphere by photosynthesis.

a Do you think that most of the people you know are happy to change their habits in an
effort to reduce global warming?

b Ifyes, explain how. If not, explain why not.
Hybrid cars are significantly more expensive to buy than conventional gasoline-powered
cars, so not so many are sold, Explain why some people are still happy to pay the extra
money for hybrid vehicles.

Use the internet to research the latest information on carbon sequestering.

Find a suitable site on the internet that will enable you to calculate the carbon footprint of
your own lifestyle.
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B Examination questions — a selection

Paper 1 IB questions and IB style questions

Q1 Which of the following does not affect the rate at which electromagnetic radiation is transferred away from

Q

Q

Q!

(]

©

2l

a hot object kept at a constant temperature?
A the material from which it is made

B surface temperature

C surface area

D emissivity of the surface

Which parts of a nuclear reactor are responsible for ensuring that the rate of the reaction is kept constant?
A heat exchanger and control rods

B fuel rods and heat exchanger

C fuel rods and moderator

D moderator and control rods

Two black bodies X and Y are at different temperatures. The temperature of body Y is higher than that of
body X. Which of the following shows the black-body spectra for the two bodies?

Intensity

Intensity

Wavelength
© B Organization

The output power from a wind generator is 64kW when the wind speed is 8ms". If the wind speed falls to

4ms™", which of the following is the best estimate for the reduced power output?

A 32kwW

B 16kwW

C 8kw

D 4kw

Plutonium-239 is produced in nuclear power stations that use uranium as their fuel. Which of the following
statements about this process is correct?

A The plutonium is fissile and can be used as a nuclear fuel.

B The plutonium is produced by nuclear fission.

C The plutonium is created in the moderator.

D Plutonium does not undergo radioactive decay.
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Ql

&

A planet with a surface temperature of 30°C radiates power at a rate P per square metre. Another planet
has a similar surface area and its temperature is 90°C. Which of the following is the best estimate of the
power radiated per square metre from the second planet?

A 12pP

B 2P

C 3P

D 9pr

Q

<

Which of the following is the correct meaning of the enrichment of uranium?
A increasing the percentage of uranium-237 in the fuel

B increasing the percentage of uranium-235 in the fuel

C increasing the density of the fuel

D increasing the percentage of plutonium in the fuel

Q

3

Which of the following is not considered to be an advantage of using hydroelectric power generated from
water stored in lakes?

A The source of energy is renewable.

B It does not emit significant amounts of greenhouse gases.

C The power generation is more efficient than in fossil-fuelled power stations.

D There is a negligible effect on the environment.

Q

©

If global warming results in less snow and ice on the Earth’s surface, how will this affect the Earth’s albedo
and energy absorption?

A The albedo and the rate of energy absorption will both increase.

B The albedo and the rate of energy absorption will both decrease.

C The albedo will decrease and the rate of energy absorption will increase.

D The albedo will increase and the rate of energy absorption will decrease.

Q10 Which of the following is not a possible way to reduce the rate of global warming?
A replacing coal-fired power stations with the use of natural gas
B increasing the use of nuclear power
C using hybrid vehicles
D operating power stations at lower temperatures

Paper 2 IB questions and IB style questions

Q1 a State two examples of fossil fuels. 2
b Explain why fossil fuels are said to be non-renewable. 2
¢ A Sankey diagram for the generation of electrical energy using fossil fuel as the primary energy

source is shown.

A
Hosses
Use the Sankey diagram to estimate the efficiency of production of electrical energy and explain
your answer. )
d Despite the fact that fossil fuels are non-renewable and contribute to atmospheric pollution
there is widespread use of such fuels. Suggest three reasons for this widespread use. 3)

© 1B Organization
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Q2 a The graph shows part of the absorption spectrum of nitrogen oxide (N,0) in which the intensity
of absorbed radiation A is plotted against frequency f.

Absorbed intensity,
Aarbitrary u

3 4 s
Frequency, /102 Hz

i State the region of the electromagnetic spectrum to which the resonant (peak) frequency

of nitrogen oxide belongs. (1)
i Using your answer to a i, explain why nitrogen oxide is classified as a greenhouse gas. @
Define emissivity and albedo. 3)
The diagram shows a simple energy balance climate model in which the atmosphere and the surface
of the Earth are two bodies each at a constant temperature. The surface of the Earth receives both
solar radiation and radiation emitted from the atmosphere. Assume that the Earth’s surface behaves
as a black body.

no

344 W2

atmospheric radiation solar radiation

288K
Earth’s surface

The following data are available for this model:

average temperature of the atmosphere of the Earth = 242K
emissivity, e of the atmosphere of Earth = 0.720

average albedo, a of the atmosphere of the Earth = 0.280
solar intensity at top of atmosphere = 344\Wm=

average temperature of the surface of the Earth = 288K

Use the data to show that the

i power radiated per unit area of the atmosphere is 140 Wm=2 ()
ii solar power absorbed per unit area at the surface of the Earth is 248 Wm-2. (1
It is hypothesised that, if the production of greenhouse gases were to stay at its present level,
then the temperature of the Earth’s atmosphere would eventually rise by 6.0K. Calculate the
power per unit area that would then be:

i radiated by the atmosphere (1)
i absorbed by the Earth’s surface. (1
e Estimate, using your answer to d ii, the increase in temperature of the Earth’s surface. 3)

© B Organization

o



Wave phenomena

ESSENTIAL IDEAS

® The solution of the harmonic oscillator can be framed around the variation of kinetic
and potential energy in the system.

& Single-slit diffraction occurs when a wave is incident on aslit of approximately the same
size as the wavelength.

= Interference patterns from multiple slits and thin films produce accurately repeatable
patterns.

= Resolution places an absolute limit on the extent to which an optical or other system can
separate images of objects.

= The Doppler effect describes the of quency shift when

relative motion occurs.

9.1 Simple harmonic mMotion - the solution of the harmonic

oscillator can be framed around the variation of kinetic and potential energy in the system

Simple harmonic motion (SHM) was introduced in Chapter 4. We will now look at this very

important concept in more mathematical detail, starting by re-examining two basic oscillators,

and then explaining that SHM and circular motion have many mathematical similarities.
Equations for the periods of two common simple harmonic
oscillators

The period, T, of a simple pendulum depends only its length, I (and the value of the gravitational
field strength, g):

This equation is given in the Physics data booklet.
The period, T, of a mass oscillating on the end of a spring depends on the magnitude of the
‘mass, m, and the force constant, k, of the spring:

T=2mj;

This equation is given in the Physics data booklet.

Both equations are idealized and make simplifying assumptions about the oscillating system
involved, However, careful laboratory investigations, and the drawing of appropriate graphs
to represent the results, confirm that these equations can make accurate predictions of time
periods.

It is possible to investigate a wide variety of simple oscillating systems in a laboratory. Many
of them have some similarities with one of the two systems referred to above. For example, there
are many different kinds of pendulum, including those that twist (torsion pendulums). The results
can be represented graphically and assessed to see if the period of the system and the variables

that control i are d by any simple mathematical rel A tuning fork is a simple
mechanical oscillator, which has one dominant frequency, and the waveform produced can be
inspected using a microph d to an oscill

There are also many computer simulations of various kinds of SHM that enable quick
manipulation of the variables in order to observe their effect on the period.
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Worked example

1 a Using the results from an investigation of a simple pendulum, what graph would you draw to get a
straight line through the origin?
b How could a value for the acceleration due to gravity (gravitational field strength) be determined from
the graph?

Comparing this to the equation for a straight line, y = mx + c, a graph of T against 7 (or T2 against
should result n a straight line that extends to the origin.

b g can be found from the gradient of the graph (= 277\G).

a Asimple pendulum completed 20 oscillations in 30.9s. What was its length?
b Sketch the pendulum and clearly label the length calculated in &.

2 a A200g mass was fixed on the end of a long spring and it increased its length by 5.4cm. What is the
force constant of the spring?
b If the mass is displaced a small distance from its equilibrium position and undergoes SHM, calculate the
frequency of oscilations
¢ Suggest a possible reason why oscillations with a larger amplitude may not be simple harmornic.

3 a Using the results from an investigation of the oscillations of a mass-spring system (varying the mass),
what graph would you draw to get a straight fine through the origin?
b How could a value for the force constant of the spring be determined from the graph?

Oscillations and circular motion
There is a close connection between oscillations and circular motion. Indeed, viewed from the
side, motion in a circle has the same pattern of movement as a simple oscillation.
Figure 9.1 shows a particle moving in a circle at
peic oG A constant speed. Point P is the projection of the particle’s
circle at constant speed  position onto the diameter of the circle.

As the particle moves in a circle, point P oscillates
backwards and forwards along the diameter with the same
frequency as the particle’s circular motion, and with an
amplitude equal to the radius, -, of the circle.

One complete oscillation of point P can be considered

B Figure 9.1 Comparing motion in a circle to an oscillation

as equivalent to the particle moving through an angle of 21
radians (or 360°).

If a graph of the perpendicular displacement from the
diameter, x, against time is plotted for point B, it will look
exactly like an SHM graph (Figure 9.2) with the amplitude,
xo, being equal to .

The concept of angular velocity, @ was introduced
in Chapter 6 as a key quantity in the mathematical
description of motion in a circle. Angular velocity is also
used widely in the description of SHM. Remember that,
although the terms period, frequency and angular velocity
are all used to describe oscillations, they are just different
ways of representing the same information:

P oscillates along
the diameter

0-Zoof
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&

Using a slow-motion video replay of the movement of a bird’s wings, it was calculated that they were
waving up and down at a frequency of 22 Hz. What was the time period of the oscillation and its angular
velocity?

A car engine was measured at 4300 rpm (revolutions per minute). What was its angular velocity?

5
6 The Earth spins once on its axis in 23 hours and 56 minutes.

2 Whatis its angular velocity?

b Through what total angle willt rotate in 1 day (24 hours) 3 hours and 24 minutes?
7 An object s oscillating with an angular velocity of 48.1 rads~. What isits period?

The defining equation of SHM

We saw in Chapter 4 that simple harmonic motion (SHM) is defined as an oscillation in which.

the acceleration, a, of a body is ional o its di

1 x, from its equilibrium position

and in the opposite direction:

@ —x

We can rewrite the equation as:

a = —constant X x

The constant must involve frequency because the magnitude of the acceleration is bigger if the
frequency is higher. The constant can be shown to be @2. So, the defining equation of SHM can
be written as:

~olx

This equation is given in the Physics data booklet. It allows us to calculate the instantaneous
acceleration of an oscillator of known frequency at any given displacement, as shown in Worked

example 2.

Worked example

2 Amass oscillates between two springs with a frequency of 1.4Hz.

a Whatis its angular velocity?
b Whats its acceleration when

i its displacement is 1.0cm

i its displacement is 4.0cm

i it passes through its equilibrium position?

a 0=2nf=2n(1.4) = 8 8rads™!

& Apendulum has a period of 2.34s. How far must it be displaced to make its acceleration 1.00ms=27

9 During SHM a mass moves with an acceleration of 3.4ms-2when its displacement is 4.0 cm. Calculate:

a its angular velocity
b its period.

10 A mass oscillating on a spring performs exactly 20 oscillations in 15.85,

a What i its acceleration when it is displaced 62.3mm from ts equilibrium position?
b What assumption did you make?
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™ Figure 9.2
Displacement-time
graph for SHM,
represented by a
sine wave; timing
was started when
the particle had zero
displacement

o Figure 9.3
Comparing
displacement,
velocity and
acceleration for SHM,
with timing starting
at displacement x = 0

Lifer

Solutions to the SHM equation (a = —@?x)
There are still many things about an oscillator that we cannot determine directly from the
equation defining SHM, a = -@x. For example, what are the values of displacement and
velocity at any given time? To answer such questions we need either accurate graphs or other
mathematical ‘solutions’ to the SHM equation. (Here, ‘solutions’ means either graphs or
equations that will present the same information in more useful forms)

Graphical solutions

Figure 9.2 shows the waveform of an SHM starting with zero displacement at time t = 0. A
detailed graph like this could be used to find the displacement at any time.

Displacement, x
&

o period, T

]
The velocity at a particular time, or displacement, can be found from the gradient of the
displacement—time graph at that point (velocity, v = change in displacement/change in time).

Similarly, the acceleration at a given time, or displacement, is determined from the gradient
of the velocity graph (acceleration, a = Av/Ar).

So, in theory, the data from the displacement-time graph can be processed to calculate
values for velocity and acceleration, and the corresponding graphs can be drawn, as shown in
Figure 9.3, Algebraic solutions using trigonometric equations for the lines are usually easier. The
equations shown in Figure 9.3 are explained in the next section.

£§
%
22 X V= wXg cos wt
€8
g5 v X=xpsinot
55
a8
Time
% acceleration
X

The displacement and acceleration graphs are 7 out of phase with each other and 7/2 out of
phase with the velocity graph.

Iteration

Graphs like those shown in Figure 9.3 can be produced using the laws of basic mechanics
(Chaprer 2) from first principles, but it can be a lengthy process. Given the mass, its position
and the force involved at any moment it is possible to calculate what will happen in the next
interval of time, assuming that the force does not change. But, of course, as the mass moves
during the oscillation, the force on it does change. However, if the time interval is chosen to be
small enough, the calculation can still be accurate. The results from each calculation are then
used as the input data for the next calculation, and so on. This is called an iterative process. It
can produce very accurate results if the time intervals are very small and a very large number of
repeated calculations are performed. Ideal for a computer!
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Algebraic solutions
The displacement-time graph shown in Figure 9.2 has a simple sinusoidal shape and it can be
described mathematically by an equation using a sine:

x = x,5in6

where 6 is the angular displacement at time t.
Because, by definition, 8 = o, this equation for displacement can be expressed much more
usefully in terms of t and @ (or T, or f):

x = xysin @x
The velocity graph, which starts with maximum velocity, v, at t = 0, can be represented by the
following cosine equation:
v = yycos ot

But we know from Chapter 6 that, in general for circular motion/oscillations, speed v = ar,
so that:

vy = 0%,
Then the equation for v can more usefully (not needing knowledge of v,) be rewritten as:

@xycos ot

v

The two equations for x and v highlighted above are given in the Physics data booklet. They show
how displacement and velocity vary with time for SHM with zero displacement at the start of
the timing (x = 0 when ¢ = 0). We can say that they are solutions to the SHM equation a = —@x.

‘We could choose to start timing the SHM when the particle is at its maximum displacement
from the equilibrium position during the oscillation, that is, x = x, when t = 0. The graphs
shown in Figure 9.3 would then appear as shown in Figure 94.

W Figure 9.4 SHM
with the particle

at its maximum
displacement at the

or acceleration
&

Displacement, velocity

Yo
start of timing, that X=X coswt
is, x = X, when t =0
Time
n
acceleration
%

These equations are given in the Physics data booklet.
It can also be shown that the velocity at any known displacement can be calculated from the
following equation:

20—
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This equation is also listed in the Physics data booklet.
This equation confirms that the maximum velocity, vg, will occur when the particle is
moving through its equilibrium position (at zero displacement, x = 0), so that:

= oy,

This equation is not given in the Physics data booklet.

Worked example

An oscillating mass is set in motion with SHM. It is at its maximum displacement of 12cm when a timer is
started, and its period of oscilation is 2.45. Calculate:

a the displacement after 335

b its maximum speed

c its speed after 5.65

d its speed when its displacement is 8.8cm.

w

a x=xcosatand =2, with x,=012m, T=2.4s and ¢ =335

X=012 x cos(2 x3.3) =012 x~0.704 = 0.084m

b vp=ar,=(Z2)x012=031ms

© v=-ysinotwith v,=031ms- and t=5.65

. e e
v=0.31 x sin| 75 % 5.% =0.27ms

d v=20V =2 with x= 0.088m
on
=i 122 0. =0 -1
V=3 x (OT2- 00882 =021 ms

1 A mass is oscillating between two springs with a frequency of 1.5 Hz and amplitude of 3.7cm. It has
a speed of 34cms as it passes through its equilibrium position and a timer is started. What are its
displacement and velocity 1.85 later?

12 An object of mass 459 undergoes SHM with a frequency of 12Hz and an amplitude of 3.1 mm.
& What is its maximurn speed and kinetic energy?
b What is the object's displacement 120ms after it i released from its maximurn displacement?

13 A mass is oscillating with SHM and has an amplitude of 3.84 cm. Its displacement is 2.76.cm at 0.0217s
after itis released from its maximum displacement. Calculate a possible value for its frequency.

14 Asimple harmonic oscillator has a time period of 0.84s and its speed is 0.53 ms™ as it passes through its
mean (equilibrium) position
a What is its speed exactly 2.0s later?
b If the amplitude of the oscillation is 8.9 cm, what was the displacement after 2.05?

15 The water level in a harbour rises and falls with the tides, with 12h 32 min for a complete cycle. The high
tide level is 8.20m above the low tide level, which occurred at 4.10am. If the tides rise and fall with SHM,
what will be the level of the water at 6.00am?

16 What does the area under a velocity-time graph of an oscilation represent?

Energy changes during SHM
All mechanical oscillations involve a continual interchange between kinetic energy and some
form of potential energy. For example, the potential energy involved in a pendulum swinging is
gravitational, whereas for a mass oscillating horizontally between springs the potential energy is
stored in the form of elastic strain energy in the spring:

total energy, E. = kinetic energy, Ey + potential energy, E
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We know that kinetic energy, By = Y4mu?. Combining this with the equation for v given
earlier leads to the following equation, which shows how KE varies with displacement
during SHM:

Ey = Vhmal(x? - x7)

This equation s given in the Physics data booklet.

This relationship is represented graphically Eneray
in Figure 9.5. Also included on the same graph total eneray
are the lines for total energy and for potential
energy (= total energy - kinetic energy).

The total energy is equal to the maximum
value of KE, which is the value of KE with zero
displacement and zero potential energy. That is:

kinetic
energy

potential
E; = Vimakx? SR,

This equation s given in the Physics data bookler.
The potential energy can be determined from
total energy less the kinetic energy:

] 0

X
Displacement, x
B Figure 9.5 Variation of energies of a simple
Ep = Yma?x? harmonic oscillator with displacement

This equation (which is not in the Physics data booklet) confirms what we saw in Chapter 4
(page 161): the energy of an oscillation is proportional to its amplitude squared. For example, if
pendulum A swings with three times the amplitude of an identical pendulum B, then pendulum
A has nine (3?) times the potential energy of pendulum B.

In this chapter we have been concerned with the interchange between kinetic energy and
some form of potential energy for mechanical oscillators, but the usefulness of SHM theory
reaches further. For example, an understanding of oscillations in electric circuits is an essential
aspect of learning about radio and phone communication.

Worked example

4 Amass of 1250g oscillates with a period of 0.56s and an amplitude of 32cm.
a Whatis its total energy?
b What s its potential energy when its displacement s 12cm?
© Whatis its kinetic energy when displaced 12cm?
d Whats its kinetic energy when it has a displacement of 4.3 cm?

a Er=Vam@x?

2
=05 %125 x (e x 0322
=81

b E,=Vama?x?
=05x1.25x( =1z
=113)

¢ E=Epr b

81=113+

E=7.0]

d Eg= Vimad(x2 - x2)
2
=05x1.25x % x (0.322-0.043)
=791
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17 Alarge pendulum of mass 2.6kg has a length, , of 4.63m
a Determine its period, T:
b Explain why 2 pendulum of twice the mass has the same period (if it has the same length).
 The motion of a pendulum is a close approximation to SHM. Explain why the equation for the time
period of an oscillator (ike the pendulum) does not include the amplitude.
d What is the angular velocity of this pendulum?
& What is the oscillator's total energy if it has an amplitude of 1.2m?
£ What is its speed as it passes through the eqilibrium position?
18 A 435g mass i oscillating horizontally between two springs with a frequency of 0.849Hz. If its total
energy is 4.281, what are its amplitude and its maximum speed?
19 An oscillator of mass 786 has a total energy of 2.4).
a Calculate its period f it is moving with an amplitude of 23cm,
b What is its speed when it has a displacement of 10cm?
20 Real oscillators spread energy into the surroundings. Sketch a graph to show how the potential and kinetic
energies might change with time over several oscillations of a real oscillator.

LENFICRGBYGlL Il Analysis of more complicated oscillations

The analysis of oscillations, of many and various kinds, plays a very important part in physics
and technology. This chapter has been mainly concerned with an understanding of the basic
SHM of oscillators moving with constant frequency and amplitude: oscillations that can be
represented by single sine and cosine functions. SHM is the starting point for the study of all
oscillations, but most real-life oscillators are not so simple and their waveforms are much more

complex.
However, mathematics has a solution: any complicated, but periodic, waveform can
be reproduced by the addition (superposition) of an appropriate number of simple trigonometric
wave functions (sine and cosine waves). This is known as Fourier analysis. We have already met
this concept briefly in Chapter 4: sounds played on musical instruments are the addition of a
series of mathematically related harmonics, Computer programs can be used to add trigonometric
wave functions together and show the results graphically or, conversely, a complicated waveform
can be analysed into component mathematical functions. Combining simple trigonometric
functions to make a more complicated waveform is called Fourier synthesis.

9.2 Sin g le-slit diffraction - single-slit diffraction occurs when a

wave is incident on a slit of approximately the same size as the wavelength

Single-slit diffraction was discussed briefly in Chapter 4. Figure 9.6 shows how a laser can be
28} used to produce a singleslit diffraction pattern on a screen.

W Figure 9.6
Diffraction of light

through a single slit diffraction screen

pattern

single
slit

bright and
dark fringes

laser



9.2 Single-slit diffraction 3

Figure 9.7a shows a diffraction pattern for a
beam of monochromatic light passing through a
narrow vertical slit. This is the type of aperture
(opening) usually used to produce simple
diffraction patterns. The diffraction pattern
consists of a series of bands (fringes) of light
and dark. The central band is brighter and about
twice the width of the others. If an adjustable slit
is used, the pattern can be observed getting
broader as the slit width is reduced.

Figure 9.8 shows the diffraction pattern
produced when monochromatic light passes
through a small circular aperture.

By comparing Figures 97a and 9.8, we can
see that the shape of the pattern depends on the
shape of the aperture. The light used to produce
these patterns was monochromatic, which means
that it has only one wavelength (and frequency),
or a very narrow range of wavelengths, Light
from most sources is not monochromatic and
will consist of different wavelengths. These
will not produce such a simple pattern because
different wavelengths are sent to different places
on the screen. The diffraction pattern produced
by white light passing through a vertical narrow
slit will have a mostly white central band, but
the other bands will show various coloured
effects. The lower image in Figure 9.7b shows W Figure 9.8 Monochromatic light diffracted by a
the pattern produced by white light passing very small circular aperture
through a slit of the same width as used to
produce Figure 97a.

W Figure 9.7 Diffraction of a monochromatic light
and b white light by a narrow vertical slit

The nature of single-slit diffraction
It i o prodins thiése diffractio b teins for lights the waves taiist fravel-away froti the
apeitiive i some dirsetions; b it 1n others: The simple diffraction theory coversd i Chiterd
does mioeexplairy this, Figure 905 shows thie diffracted waves comingaway Tonya gap of sbour the
same wiidthyas the wavelength (as discussed in Chapter 4). The gap acks effectively like point
wosce sprading waves Torward equally it ll disectiaris, This canrios be tised to help fo xplairi s
diffraction of light hecause the wavelengths of light are so much smaller than the width of even a
very small hole. For example, a hole of diameter
0.5 mm is 1000 times wider than the wavelength
of green light (approximately 5 x 10-7m).

T produce a diffraction patiern for light;
such as that shown in Figure 9.7a, we must
A6eln 2 heor thar exg it why witves spra
iy ot e gap, ik liowe i igre 99b ke
the gap isminch bigger s the vaelenigth,

Diffraction: patterns can be explatned
Ijasstiing that ach point ort @ waveliohE
passinig thirouglrtherslic st FE BOIRLRATEY
of secondary waves. (This idea was first
suggested in 1678 by the Dutch physicist
Chrisbiar Hlifgesis, whiei K propossd thit agwp=i basp>i
light waves propagate forwards because all B Figure 9.9 Diffraction of waves by different
the points on any wavefront act as sources of  sized apertures
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secondary waves.) What happens after the wave has passed through the slit depends
on how these secondary waves interfere with each other.

Figure 9.10 shows a direction, 6, in which secondary waves travel away from a slit of
width, b. If 6 is zero, all the secondary waves will interfere constructively in this direction
(straight through the slit) because there is no path difference between them. (Of course,
in theory, waves travelling parallel to each other in the same direction cannot meet and
interfere, so we will assume that the waves’directions are very nearly parallel)

Consider what happens for angles increasingly larger than zero. The path
difference, as shown in Figure 9.10, equals bsin 8 and this increases as the angle 6
increases. There will be an angle at which the waves from the two edges of the slic
interfere constructively because the path difference has increased to become one
wavelength, 1.

But if secondary waves from the edges of the slit interfere constructively, what
about interference between all the other secondary waves? Consider Figure 9.11 in
which the slit has been divided into a number of point sources of secondary waves.
 Figure 910 Path differences  (Ten points have been chosen, but it could be many more.)
and interference If the angle, 6, is such that secondary waves from points

1 and 10 would interfere constructively because the path
difference is one wavelength, then secondary waves from 1 and
pairs of waves travelling 6 must have a path difference of half a wavelength and interfere
;Z(Zﬂéﬁsfgj;ﬁ;“;g;y destructively. Similarly, waves from points 2 and 7, points 3
and 8, points 4 and 9 and points 5 and 10 must all interfere
destructively. In this way waves from all points can be ‘paired
off with others, so that the first minimum of the diffraction
pattern occurs at such an angle that waves from the edges of the
slit would otherwise interfere constructively.
The first minimum of the diffraction pattern occurs when
the path difference between secondary waves from the edge of
the slit is equal to one wavelength. That is, if bsin 6 = 4.
For the diffraction of light through a narrow slit, the angle
6 /is usually small and approximately equal to sin 8 if the angle
is expressed in radians (valid for angles less than about 10°).

path difference = b sin 6

W Figure 9.11 Secondary waves that will interfere
destructively can be ‘paired off'

The angle for the first minimum of a single slit diffraction pattern is 6 = —f

This equation is given in the Physics data booklet.

ToK Link
Comparing sci
Are explanations in science different from explanations in other areas of knowledge such as history?

nce with other areas of knowledge

For example, would it be possible in principle to develop a mathematical model to describe the political
and/or econormic situation in Europe before the start of World War 17 And could such a model be used
1o predict what happened? Is there something fundamentally different between knowledge in physics
and history, or is any historical stuation just too complicated, or dependent on human personalities, for
mathematical analysis?

Relative intensity—angle graph for single-slit diffraction

Similar reasoning to that discussed above can be used to show that further diffraction minima
occur at angles 2/b, 3A/b, 44/b etc. Figure 9.12 shows a graphical interpretation of these figures
and approximately how it corresponds to a drawing of a single-slit diffraction pattern.
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W Figure 912
Variation of intensity
with angle for single-
st diffraction

as seen on a screen

Relative

intensity

1st minimum

o=%

T

\ ool

b

31 Angle
=%

Worked example

a At what angle is the first minimum of the diffraction pattern formed?

maximum?

af=—
663 x 102

730 10°
=9.08 x 102 radians

b See Figure 913.

width of central maximum

| centreof
{ first minimum

slit to screen distance
half width of central maximum = (9.08 x 10-%) x 2.83 = 0.0257m

width of central maximum = 0.0257 x 2 = 0.0514m

5 Monochromatic light of wavelength 663nm is shone through a gap of width 0.0730mm.

b If the pattem is observed on a screen that is 2.83 m from the sit, what s the width of the central

as seen on
the screen

slit to I =
screen Lok
distance N
b
Vi
i
\if
i
i
— (not to scale)
i
i
W Figure 913
0=sin6
half width of central maximum
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Nature of Science

21 Electromagnetic radiation of wavelength 2.37 x 10-7m passes through a narrow siit of width 470 x 10-5m.
a In what part of the electromagnetic spectrum is this radiation?
b Suggest how it could be detected.
¢ Calculate the angle of the first minimurm of the diffraction pattern

22 What is the wavelength of light that has a first diffraction minimum at an angle of 0.0038 radians when it
passes through a sit of width 0.15 mm?

23 When light of wavelength 6.2 x 107 m was diffracted through a narrow sit, the central maximum had a
width of 2.8cm on a screen that was 1.92m from the siit. What was the width of the siit?

24 & Sketch and label a relative intensity against angle graph for the diffraction of red light of wavelength

6.4 x 107 m through a slit of width 0.082mm. Include at least five peaks of intensity.

b Add to your graph a sketch to show how monochromatic biue light would be affected by the same sit.

The importance of diffraction
The diffraction of light is evidence confirming the wave nature of light, and when it was
discovered that electrons could be diffracted, their wave nature was also understood for the first
time (Chapter 12). Other electromagnetic radiations will be diffracted significantly by objects
and gaps that have a size comparable to their wavelengths. For example, the diffraction of X-rays
by atoms, ions and molecules can be used to provide detailed information about solids with
regular structure. The diffraction of radio waves used in communication is also of considerable
importance when choosing which wavelength to use in order to get information efficiently from
the transmitter to the receiver.

Waves travelling from place to place can have their direction changed by diffraction,
but diffraction can also be important when waves are emitted or received, They can then
be considered to be passing through an aperture, and the ratio A/b will be important when
considering how the waves spread away from a source, or what direction they appear to come
from when they are received.

The fundamental difference between diffraction and interference can be confusing. Diffraction
i the spreading of waves around obstacles and corners, and though gaps, but when we refer toa
diffraction pattern, it is the result of interference between wavefronts caused by diffraction.

Changing theories of diffraction

The first detailed observations of the diffraction patterns produced in the shadows by light
passing through apertures were made more than 350 years ago. At that time the phenomenon
defied any simple explanation in terms of light ‘particles, and the wave nature of light was not
understood. After the wave theory of light became established, a theory of diffraction could

be developed that involved the adding together of waveforms artiving at the same point from
different places within the aperture. (Depending on the context of the discussion, the addition
of waveforms can be variously described as superposition, interference or Fourier synthesis.) The
more recent photon theory of light (Chapter 7) returns to a ‘particle’ explanation, but particles
involving ‘probability waves' (Chapter 12).

9.3 Interference - interference patterns from multiple slits and thin films
produce accurately repeatable patterns

The interference of waves was introduced in Chapter 4, where it was explained that the
necessary condition for interference is that the sources are coherent. The important principles
will be repeated here quickly. Students are recommended to make use of some of the many
computer simulations available on interference.

Consider Figure 9.14, which shows two coherent sources, S, and S, and the waves they
have emitted.

The solid blue lines represent the crests of waves and the troughs of the waves will be midway
between them. At a point like P, two crests are coming together, but at the same point a short time
later, two troughs will come together. The waves arriving at points like P will always arrive in phase
and, using the principle of superposition, we can determine that constructive interference occurs.
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ST At points like Q, the two sets of waves will always be exactly out of
destructive interference phase and destructive interference occurs at all times. At other places,
the interference will not be perfectly constructive or perfectly destructive.
In this way travelling waves of any kind from coherent sources can set up
stationary interference patterns.

Predicting where constructive interference occurs
To derive an equation that predicts exactly where the interference will be
constructive (or destructive) we need to consider path differences.

In Figure 9.15, rays are used to represent the directions of wave travel
and it is clear that the waves arriving at a point P from S, have travelled
further than the waves arriving from S,. We say that there is a path difference
between the waves (S,P - $,P).

Constructive interference occurs if the path difference between the waves
is zero, or one wavelength, or two wavelengths, or three wavelengths etc.

The condition for constructive interference is that the path difference = ni
(wheren is an integer: 1, 2, 3, 4,5 efc).

The condition for destructive interference is that the path difference
equals an odd number of half wavelengths. Path difference = (n + %)A.

B Figure 9.14 Two sets of coherent These equations for path difference are given in the Physics data booklet

waves crossing each other to produce an (for Chapter 4).

interference pattern

Interference of light waves

Light waves are not usually coherent, so the interference of light is not

5, a phenomenon of which we are usually aware. Light from a laser (which
is both monochromatic and coherent) is the ideal source for producing
interference patterns, but interference can also be produced without lasers.

Rather than use two separate sources, light from a single source is split

into two parts using two narrow slits, which must be close together. The

s, 5 i ;
waves passing through each slit then act like separate coherent sources as

MUFigurm @it Path diffirance the waves spread away from the slits because of diffraction (Figure 9.16).
In general, we know that for diffraction to be significant, the size of the gap
needs to be ble to the size of the wavelength, so the gaps must be
very narrow (because the wavelength of light is so small).

B Figure 9.16 Using
two slits to produce an
interference pattern

diffracted light
from siit

A

light source
.

L)

double slit
diffracted light
from sit B

interference pattem
will be seen where
‘waves overlap
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The original source of light should be as bright as possible and as small as possible (that is
why a slit is also placed in front of the source). Ideally the light should be monochromatic, but
a white light source can also be used, perhaps with a filter across the slit to reduce the range of
wavelengths,

Young's double-slit experiment
With an arrangement such as that shown in Figure 4.86 (page 187) intetference patterns like
those shown in Figure 9.17a can be seen. This experiment is similar in principle to that first
performed by Thomas Young in the early nineteenth century. Measurements taken from the
experiment can be used to determine a value for the wavelength of light used.

If we want to predict the exact locations of constructive and destructive interference we must
link path differences to the dimensions of the apparatus. Consider Figure 9.18, which shows two
identical, very narrow slits separated by a distance d (between the centres of the slits).

I path difference = d'sin 6

B Figure 917 Double-slit interference patterns of a B Figure 9.18 Explaining path
monochromatic light and b white light difference = dsing

Note that d is significantly greater than the individual widths of the two slits. The arrowed lines
represent rays showing the direction of waves leaving both slits at an angle 6 to the normal.
Suppose that these waves meet and interfere constructively at a distant point. Of course, if the
rays are petfectly parallel they cannot meet, so we must assume that because the point is a long
way away (compared with the slit separation) the rays are very nearly parallel.

From the triangle in Figure 9.18 we can see that the path difference between the rays is dsin @
and we know that this must equal nA because the interference is constructive:

nA=dsin@

This equation is given in the Physics data booklet. Note that the angle 8 s usually small in
double-slit experiments, so that sin 8 = 6 in radians.

Destructive interference will occur at angles such that (n +/4)4 = dsin 6.

Figure 9.19 links these equations to a sketch of how the intensity varies across the centre of
a fringe pattern. For small angles, the horizontal axis could also represent the distance along
the screen (as an alternative to sin 8 or 0 in radians). (This equation and graph can be easily
confused with similar work on single-slit diffraction, covered earlier in this chapter.)

In an actual experiment we cannot usually measure angles directly, so measurements are
taken from the screen on which the interference pattern is observed. In Figure 9.20 s represents
the distance between the centres of adjacent interference maxima (or minima). s can be
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Intensity

(almost) equally
spaced fringes
2

. A
2 4 0 i 2 snf(or6)
d

i =3
d d d
sitto screen distance, D
B Figure 9.19 Variation of intensity with (not to scale)
angle for double-sit interference W Figure 9.20 Separation and numbering of fringes seen on a screen

considered to have a constant value along the screen, assuming that the angle 8 is small enough
for sin 8 to be approximately equal to @.and tan 6.
From nA = dsin 6, we see that:

1A= dsin6,
24=dsin®,
34= dsiné,

etc.
For small angles:
sin6, = tanf; = 6, =75

an be rewritten in the form used in Chapter 4:

So that 14 = d

6 When monochromatic light of wavelength 5.9 x 107 m was directed through two narrow sits at  screen
2.4m away, a series of light and dark fringes was seen. If the distance between the centres of adjacent
bright fringes (and adjacent dark fringes) was 1.1 cm, what was separation of the sits?

AD
=
so11x102-E9%107x24
= S
d=13x10"4m

Modulation of two-slit interference pattern by one-slit diffraction effect

The analysis of a two-slit interference pattern presented above has, for the purpose of
simplification, ignored one important factor ~ the light emerging from each slit is itself diffracted
into a pattern, as described earlier in this chapter. If the diffraction of light emerging from each
of two identical slits has a minimum intensity at a certain angle, then there will be a minimum
at that angle in the interference pattern, even if the two-slit equation predicts a maximum.
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 Figure 9.21
M

The overall effect can be summarized by saying that the single-slit diffraction pattern
modulates the two-slit interference pattern. This is shown in Figure 9.21, in which the double-slit
intensity graph is drawn underneath an envelope shape of the single-slit pattern. Remember that
the angles at which minima occur for a single slit are predicted by n/b, whereas the maxima of

a two-slit pattern are predicted by nA/d. Note also that the separation of the centres of slits, d,
must always be less than the width of each slit, b.

double-slit interference single-slit diffraction envelope

Intensity

pattern, peaks at %

as seen sin @ (or 6)

on screen * " PRI vver e

Most two-siit interference descriptions can be made without reference to the one-slit modulation effect. To
what level can scientists ignore parts of a model for simplicity and clarity?

When introducing the theory for two-sit interference in a book like this, it is much easier to discuss
interference between light from the separate slits and to ignore the effects of the diffraction pattern from
each slit. After the basic theory is explained and understood, any further complications can be discussed.
This i typical of the educational process in science, in which it is common to be told that ‘knowledge’
gained from earlier lessons has been simplified and is not the whole truth.

25 & Light of wavelength 450nm passes through two siits that are 0.10mm apart. Calculate the angle to the
first maximunm.
b Sketch a graph of the intensity variation across the interference pattern.
< How far apart wil the fringes be on a screen placed 3.0m from the slits?

26 Give reasons why it is dificult to observe the interference of light from a household light bulb using
double sits.

27 The angular separation between the centres of the first and the fourth bright fringes in an interference
pattern is 1.23 x 10rad. If the wavelength used was 633nm, calculate the separation of the two siits
that produced the pattern,

28 A Young's double-slit experiment was set up to determine the wavelength of the light used. The sits were
0.14mm apart and the bright fringes on a screen 1.8m away were measured to be 6.15mm apart
2 What was the result of the experiment?
b Explain what would happen to the separation of the fringes if the experiment was repeated in water
(refractive index = 1.3),

29 In a school experiment to demonsirate interference, two slits each of width 3cm are placed in front of a
source of microwaves. The distance between the slts is 12cm.
a Suggest why the slit widths were chosen to be 3cm.
b Some distance away, a microwave detector is moved along a line that is parallel to a line joining the
slits. The detector moves 24.cm between two adjacent maxima. Estimate the approximate distance
between the detector and the slits.

30 The interference pattern produced by double slits with monochromatic light s observed on a screen. What
will happen to the pattern if each of the following changes is made (separately)?
a Light of a longer wavelength is used.
b The sit to screen distance is increased.
¢ The sl are made closer together.
d White light is used.
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31 A plane is flying at aftitude directly between two radio towers emitting coherent electromagnetic waves of
frequency 6.0MHz. I the strength of the signal detected on the plane rises to a maximum every 0.096s,
what s the speed of the plane?

32 Monochromatic light of wavelength 5.8 x 10-7m passes through two parallel slts of width 0.032mm, the
centres of which are 0.27mm apart. Show, with appropriate calculations, why the eighth and ninth fringes
either side of the centre of the pattern will not be clearly visible.

Multiple-slit and diffraction grating interference patterns
2 slits.

Multiple slits
As we have seen, a pattern of interference fringes can be formed using a beam of light
incident on just two slits. If the number of slits (of the same width and separation)

sas is increased, the observed diffractionfinterference pattern will have an increasing
intensity, but the maxima will still occur at the same angles because the wavelength
and slit separation have not changed. However, the most important feature to note is
that, if more slits are involved, the maxima become much sharper and more accurately
located at those particular angles. This is shown in Figure 922, which compares the
10 slits patterns seen using monochromatic light for two, five and ten slits.

Diffraction gratings
If the light incident normally on slits is not monochromatic but contains a range of

iy different wavelengths, the maxima of the different wavelengchs will occurat slghtly

Perfarence pattern changes different angles, so that the light will be dispersed. The different maxima will overlap if a

bt et small number of slits is used, but the maxima can be separated (resolved) by using a large
number of slits. A very large number of slits close together, which is used for dispersing
light into different wavelengths, is called a diffraction grating (see Figure 923). The
resolution provided by diffraction gratings is called its resolvance, and this is discussed in
Section 94.

The slits on a diffraction grating are usually called lines’. A typical grating may have

600 lines in every millimetre, which gives a spacing, d, of about 1.7 x 10-6m. This is
approximately three average wavelengths of visible light and it is therefore much smaller
than the double-slit separations that were discussed earlier. This means that diffraction

nes/m™ gratings typically deviate light through much larger angles than a pair of slits.
300 I % 5 3 % R .
Diffraction gratings are widely used for analysing light and offer an alternative
to glass prisms, which use the refraction (rather than diffraction) of light to produce
M Figure 9.23 Diffraction dispersion. A typical application would be the investigation of emission and absorption
grating spectra, as discussed in Chaprer 7.

A simple spectroscope for observing spectra can be made from a lightproof tube with a
diffraction grating at one end and a narrow slit at the other (Figure 9.24).

W Figure 9.24
Observing spectra with
a spectroscope
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00

 Figure 9.25 Action
of a diffraction
grating to produce
different orders

diffraction S
grating

Using a diffraction grating to measure wavelength
The equation used for predicting the angles of constructive intetference with two slits of
separation d can also be applied to multiple slits and gratings with separation of lines equal to d:

nA =dsin @

Figure 9.25 shows how a diffraction grating is used to produce an interference pattern (of
monochromatic light). In many practical arrangements, a converging lens is used to focus the
light on the screen, but that is not shown here. The first maximum out from the middle of the
pattern is called the first diffraction order, the second is called the second diffraction order and
soon.

parallel beam of
monochromatic light

diffraction

grating
2 second order screen
constructive
interference
observed here
= 1 first order diffraction grating %
of spacing d

centre of pattern

n=0zeroth order

B Figure 9.27 Measurements needed to determine wavelength

Figure 9.26 shows sets of adjacent rays emerging in
different directions. All waves transmitted along the
normal will interfere constructively because there is no
path difference between them. This is called the zeroth
2 order, n = 0.

W Figure 9.26 Different orders in different directions At angle 8, the rays again interfere constructively

because there is a path difference of one wavelength
between adjacent rays (n = 1). This is called the first order.
The second order occurs at an angle 8, when there s a path difference of two wavelengths
between rays from adjacent rays (n = 2). Gratings are usually designed using small slit separations
to spread the light out as much as possible, and our attention is normally concentrated on the
lower orders. Higher orders are not usually needed.
To determine a wavelength using a diffraction grating, measurements are taken from a
screen placed a known distance away so that sin @ can be calculated (Figure 9.27). Because
diffraction gratings are usually used to produce large angular separations we cannot make the
ion sin 6 ~ 6 without introd asignificant error.
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Worked exal

7 Monochromatic ight passes through a diffraction grating with 400 lines mm-' and forms an interference
pattern on a screen 2.25m away.
a If the distance between the central maximum and the first order is 57.2.cm, what is the wavelength of
the light?
b If a second beam of monochromatic light of wavelength 6.87 x 10~"m also passes through the grating,
how far apart are the first orders on the screen?

a Considering Figure 9.27, tan 6, = 0.572/2.25 = 0.254, 50 that 6, = 14.3 and sin , = 0.246.

ni=dsine

1xA=dsing
%xﬂldﬁ

A=616x107m

(Using the sin6 = tan & approximation produces an answer of 6.36 x 107m.)

b 1 xA=dsing,

-7~ (1.0 x 107
687 x107 = 00X csine,

sing=0275

50 6= 16.0° and tan6 = 0.286

tané = distance between the central maximum and the first order divided by the it to screen
distance.

Distance between the central maximum and the first order = 0.286 x 2.25 =
separation of the orders on the screen = (64.3  57.2) = 7.1 cm.

643m. So the

Using a diffraction grating to analyse spectra containing different wavelengths

The main reason why diffraction gratings are so useful is because they produce very sharp

and intense maxima. Figure 9.28 compares the relative intensities produced by double slits
(using monochromatic light) with a diffraction grating of the same spacing. Compare this with
Figure 9.22, which showed the visual effect of increasing the number of slits.

 Figure 9.28 Relative

Comparing the intensity

maxima produced i
by doublesslits and st gl
a diffraction grating 2nd order st grating
using monochromatic order n= order n

light

pattern due
10 two slts

sin6

If light is incident on a larger number of slits, more waves from different slits will arrive at any
particular point on the screen. But, unless the angle is perfect for constructive interference (as
represented by the equation n2 = dsin ), there will be enough waves arriving at that point out
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W Figure 9.29 High
resolution produced
by diffraction
gratings

® Figure 9.30 White
light passing through
adiffraction grating

of phase to result in overall destructive interference. In practice, light striking a grating will
usually be incident on well over 1000 slits, so that the peaks become very much sharper and
‘more intense than those shown in Figure 9.28.

Relative
intensity

from diffraction
grating

from double slits

Il

sin6

Diffraction gratings analyse spectra by separating (resolving) the maxima of different
wavelengths. This is shown in Figure 9.29, which compares the intensities of the first-order
spectra from double slits and a diffraction grating (for a spectrum containing only red and
Blue light).

If white light is incident on a grating, a series of continuous spectra is produced, as shown in
Figure 930. Because the wavelength of red light is less than twice the wavelength of violet light,
the first-order and the second-order visible spectra cannot overlap, although higher orders do.

If the emission or absorption spectrum of a substance is being observed, a good-quality grating
will be able to resolve the wavelengths into the different ‘lines’ of a line spectrum, like those
shown in Figure 7.2 (page 283).

The diffraction gratings discussed so far have all been transmission gratings, but similar
principles can be applied to light refllcted off a series of very close lines. Reflection gratings
can be useful when examining radiation that would otherwise be absorbed in the material of
a transmission grating, for example ultraviolet. The manufacture of optical data storage discs
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(for example, DVDs) produces a regularity of structure that results in them acting as reflection
gratings. The colours seen in reflections from their surfaces are a result of this ‘diffraction
grating effect’

33 Light of wavelength 460nm is incident normally on a diffraction grating with 200 fines per millmetre.
Calculate the angle to the normal of the third-order maximurn.

34 A diffraction grating s used with monochromatic light of wavelength 6.3 x 10"m and a screen a
perpendicular distance of 3.75 m away. How many lines per millimetre are there on the diffraction grating
if it produces a second-order maximum 38cm from the centre of the pattern?

35 Monochromatic light of wavelength 530nm i incident normally on a grating with 750 lines mm-". The
interference pattern is seen on a screen that is 1.8m from the grating. What is the distance between the
first and second orders seen on the screen?

36 a Ateacher is using a diffraction grating of 300 fines mm! to show a class a white light spectrum. She
wants the first-order spectrum to be 10cm wide. Estimate the distance that she will need between the
grating and the screen.

b A prism can also be used to produce a spectrum. Explain why red light is refracted less than biue light in
a prism, but diffracted more by a diffraction grating.

37 Light of wavelength 5.9 x 10-7m is incident on a grating with 6.0 x 105 lines per metre. How many orders
will be produced?

38 When using white light, explain why red light in the second-order spectrum overlaps with blue light in the
third-order spectrum.

39 A second-order maximum of blue light of wavelength 460nm is sent to a certain point on a screen using a
diffraction grating. At the same point the third-order maximurn of a different wavelength is detected.
a What is the wavelength of the second radiation?
b Inwhat section of the electromagnetic spectrum is this radiation?
¢ Suggest how it could be detected

40 The theory developed in this section has all been for light incident normally on a diffraction grating.
Suggest what the effect would be on an observed pattern if the grating was twisted so that the light was
incident obliquely.

41 Suggest two reasons why an optical diffraction grating would not be of much use with X-rays.

42 Sketch a relative intensity against sin@ graph for monochromatic light of wavelength 680 nm incident
normally on a diffraction grating with 400 lines per mm.

43 Adiffraction grating produced two first-order maxima for different wavelengths at angles of 7.46° and
7,59° to the normal through the grating. This angular separation was not enough to see the two fines
separately. What i the angular separation of the same ines in the second order?

44 & Make a sketch of the variation of relative intensity with sin for red light as it passes through a
diffraction grating that produces two orders.
b Add to your sketch the variation in intensity of blue light passing through the same grating
© Make a separate sketch showing the relative intensities of the same red and blue light fter it passes
through ten slits (with the same spacing as the grating)
d Use your sketches to help explain why diffraction gratings are so useful for analysing light.

Thin-film interference

We know that coherent light waves are needed to produce any

interference pattern, and another way of providing these is by the

use of thin films. (The word ‘film’ is used here to mean a thin layer.)

Figure 931 shows waves represented by the simplification of light rays

thinfim  being reflected off the top and bottom surfaces of a thin film of a

material, which, for example, might be water or oil.

“ If the film is thin enough, the rays A and B will be coherent (because
they came from the same wavefront) and they will produce interference

effects, depending on their path difference. If the film is not very thin the

waves will lose their coherence and no interference pattern will be seen.

air

W Figure 9.31 Waves reflected off two surfaces
of a thin film
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phase change of
for reflected wave

Equations for interference for normal incidence on a
parallel film
Figure 0.32 shows the reflection of waves (represented by rays), initially in
air, which are reflected normally from both surfaces of a parallel-sided film of
- thickness d. The rays are drawn at a slight angle to the perpendicular only
0 to show them clearly. We know that the usual condition for constructive

P thin film ~ interference is that the path difference is a whole number of wavelengths, but

whenever reflections are involved, we also need to consider if there are any

B Figure 9.32 There is a phase change phase changes.
when passing from air into the film There will be a phase change of 4/2 (r radians) at Q, when the light

travelling in air reflects off a medium with a higher refractive index, n. This
was discussed briefly in Chapter 4. We will assume that the medium on the other side of the
thin film has a lower refractive index than the film, so that there will not be a phase change at
E,at the second boundary: This assumption is valid for the two most common examples of thin
film fe and ai

Seriee ot the Iote bt oo path difference of A/2 (because of the phase change), the
condition for constructive interference changes from path difference = mA to path difference =
(m + %)A. (The symbol m is used here to represent an integer so as to avoid confusion with n,
which is used for refractive index.)

Light will have a shorter wavelength in the film. For example, water has a refractive index
of 1.3, which means that the speed of light in water is ¢/1.33 and the wavelength is reduced to
M1.33. Therefore, the wavelength used in the equation must be divided by the refractive index
and the conditions for interference become as follows:

Constructive interference:
2dn = (m + A
Destructive interference:
2dn =
These equations, which apply only to normal incidence on certain parallel films, are given in
the Physics data booklet.

Examples of thin-film interference
Determining the thickness of a film

Oil films and soap bubbles are typically very thin, comparable to the wavelength of light. Their
thickness may be determined from observation of their i effects. Because they ate so
thin, we may assume that m in the equations above has a value of one, and hence the thickness,
d, of the film can be estimated from a knowledge of the wavelength and refractive index.

Worked example

8

An ol film appeared blue when observed normally. Estimate  possible value for ts thickness if the
refractive index of the oil was 1.57.
For constructive interference:
2dn=(m+ ¥4
with m=0and 2= 47 x 107m,
2xdx 157 =05 x 47 x 107)
d=75x10-8m
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ITEETIEE Quantifying oil spills
Tk enereyintense Hestrles of medien Tife deuand o continuosis wipply of crade ofl (ses
Chapter 8). The extraction of crude oil from the under the ocean floor, its transfer to land
and its movement around the planet in large oil tankers and through pipes has
7 caused a number of serious accidents. These accidents cause considerable pollution
o (he seiis und the Slirs and nisalythar L ive o snd around thee, Bigue 075
shows % pengiin cavered widh oif from apill off the coast of Tauanga iw New

\ Zealand in 2011.
>

Oil is less dense than water and therefore it floats on the surface of the sea. An oil
spill can be difficult to contain because the oil tends to spread out very thinly on the
surface of water (1o an extent that varies with the type of oil). The phrase ol slick is
sometimes used for a smooth layer of oil that has spread over a large area and has not
been broken up by the action of the waves.

An oil spill of about 1000 litres that has spread to cover a square kilometre

would be about 10~ mm thick and be noticeable by the coloured interference
patterns it produced. An oil film about one tenth of this thickness would have a
shiny appearance. A thicker spill would appear much darker, without colours. It is
often possible to estimate the volume of an oil spill from its area and appearance.

)

B Figure 9.33 Effects of anoil  Obviously the severity of the possible pollution following an oil spill depends on the

spill on marine life quantity of oil released into the environment and its location, but there are many
other factors involved, including the type of oil and the prevailing weather, currents
and waves. The temperature of the water may also be an important factor.

1 Research the various methods that can be used to contain and clean up a large oil spill on
the surface of the sea.

Anti-reflection coatings

Consider a glass surface with a thin film of transparent material (‘coated’) on top of it, as
shown in Figure 9.34. The material of the film has a refractive index lower than glass. The
incident light is monochromatic, with a wavelength A, and it is incident normally, although
in the diagram it has been shown at a slight angle in order for the separate rays to be
distinguished.

 Figure 9.34
Reflections from
anon-reflective
coating

light incident normally

these rays interfere destructively

non-reflective
coating

glass n=16
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W Figure 9.35 Stealth aircraft

™ Figure 9.36
Observing a thin film
at different angles

o3

1203

Because both reflections occur when the light is entering a medium with a higher refractive
index, we do not need to consider the effect of any phase changes involved. The minimum
condition for destructive interference is:

path difference = 2d = 132,

where A_is the wavelength in the coating (not air), or

A,
=2

dmg
An anti-reflection coating needs to have a thickness of one quarter of a wavelength (measured
in the coating, not air).

Alernatively, because A, = 4/n, where 4 is the wavelength in air:

A

=
If light is not reflected, then more useful light energy will be transmitted through the glass.
Coating lenses is a way of ensuring that the maximum possible light intensity is transmitted
through all kinds of optical instruments (including eye glasses), as well as solar cells and solar
pane]s The process of putting a non-reflective coating on lenses is called blooming.

The thickness of a single layer will result in
perfectly destructive interference for only one particular
wavelength, but other wavelengths will also undergo
destructive interference to some extent. By using multiple
coatings of different thickness or refractive index, it is
possible to effectively reduce reflections over all visible
wavelengths, These effects also depend on the angle of
incidence, but most of the time lenses are used with light
that is incident approximately normally.

Non-reflecting coatings are also used on military
aircraft to help them avoid detection by radar. Radar
uses a range of possible wavelengths, typically a few
centimetres. Figure 9.35 shows a Stealth aircraft, which
uses a wide variety of techniques to avoid detection.

Interference at oblique angles

We will now broaden our discussion to include the possibility of observing thin-films from
different angles. Figure 936 could represent, for example, reflections off an oil film floating
on water.

Y /4

thin film

If the thin film is of constant thickness, the pairs of reflections from each of the three incident
rays in the diagram will not have the same path differences and this means that constructive
interference occurs for different wavelengths at different angles. The eye will see different
colours depending on which part of the ail film it is looking at.

Figure 937 shows the typical appearance of an oil film on water. There is usually no regularity
in the patterns observed because the thickness of the oil film is not constant. Similar effects
are seen in soap bubbles (Figure 9.38), but their appearances change rapidly as the water moves
towards the bottom of the bubble because of gravity and because the water evaporates quickly.
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W Figure 9.37 Very thin oil film on water B Figure 9.38 Interference effects in soap bubbles

The coloured effects seen in some bird feathers and insect wings, called iridescence (Figure 939),
puzzled early scientists. We now know that this is an interference effect caused by the structures
of the surfaces.

 Figure 9.39
Iridescence in
peacock feathers

LEWTERIRLEN Wl Curiosity and serendipity
The beauty of iridescence is easily appreciated by everyone, and it is therefore perhaps
not surprising that it stimulated the search for an explanation and the subsequent
development of thin-film theory. The natural curiosity of human beings is a significant
driving force in science, and many scientists see beauty and inspiration in unexplained
phenomena of all kinds. But there are many examples of scientific investigations that led
to surprising results.

Serendipity is the term used to describe something fortunate happening when you are not

expecting it. The first laboratory production of thin filims was serendipitous when Joseph
Fraunhofer observed the effect of treating a glass surface with nitric acid.
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B Figure 9.40 An eye
receiving light from
two separate objects

45 An ol film is observed using normal incidence of light of wavelength 624nm. If the oil has a refractive
index of 1.42, what is the minimum thickness that will produce constructive interference?

46 Atransparent plastic film of refractive index 1.51 is observed using monochromatic visible light at normal
incidence. If destructive interference occurs when the film is 4.58 x 10-7m thick, calculate possible values
for the wavelength.

47 The blooming on a lens is 8.3 x 10-5mm thick. What is its approximate refractive index i it is designed to
be non-reflective for blue light?

48 Find out the various means by which a military aircraft might avoid detection.

49 The equation 2dn = mA can be used to determine thicknesses of a thin film that will result in destructive
interference. Give two separate examples of thin-films observation for which it would not be appropriate
0 use this equation.

9.4 Resolution -resolution places an absolute limit on the extent to which
an optical or other system can separate images of objects

The importance of the size of a diffracting aperture
If you stand on a beach and look down at the sand, you probably will not be able to see the
separate grains of sand. Similarly, if you look at a tree that is a long way away, you will not be
able to see the separate leaves. In scientific terms, we say that you cannot resolve the detail.

If you assume that a person has good eyesight, the ability of their eyes to resolve detail
depends largely on the amount of diffraction of light as it enters the eye through the pupil
(aperture) and the separation of the light receptors on the retina of the eye. The larger the
aperture, the less the diffraction and, therefore, the better the resolution. You can check this by
looking at the world through a very small hole made in a piece of paper held in front of your eye
(increasing the diffraction of light as it enters your eye).

When discussing resolution, in order to improve understanding, we usually simplify the
situation by only considering waves of a single wavelength coming from two identical poin
sources of light.

The resolution of simple monochromatic two-source systems
Figure 940 shows an eye looking at two distant identical point objects, O and Oy; @ is called the
angular separation of the objects. (This is sometimes called the angle subtended at the eye.)

diffracted images /¢
on retina

objects

When the light from each of the objects enters the eye it will be diffracted and two single-slit
diffraction patterns (similar to that shown in Figure 9.12) will be received by the light receptors
on the retina at the back of the eye. So, point objects do not form point images. (Note that the
light rays are not shown being refracted by the eye in this example because they are passing
through the optical centre of the lens)

The ability of this eye to resolve two separate images depends on how much the two
diffraction patterns overlap (assuming that the receptors in the retina are close enough
together). Similar comments apply to any equipment designed to form images, such as telescopes,
microscopes and cameras.

Consider Figure 941, which shows intensities from two identical sources that might be
received by the eye or other image-forming system. In Figure 9.41a the two sources can easily be
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resolved because their diffraction patterns do not overlap. In Figure 941c the sources are so close
together that their diffraction patterns merge together and the eye cannot detect any fall in the
resultant intensity between them; the images are not resolved. The resultant waveform is not
shown, but can be determined using the principle of superposition.

Figure 9.41b represents the situation in which the sources can just be resolved because,
although the images are close, there is a detectable fall in resultant intensity between them.

M Figure 9.41 a Two sources easily resolved
Intensities received

by the eye as a result

of two diffraction

patterns.

Relative intensity

Angle

b Two sources just resolved

drop in intensity

:7-\?'

< Two sources not resolved

&

The Rayleigh criterion
Figure 9.42a shows two point sources viewed through circular apertures.
Rayleigh'’s criterion (similar to the Dawes limit) states that two point sources can just be
resolved if the first minimum of the diffraction pattern of one occurs at the same angle as the
central maximum of the other (Figures 9.41b and 9.42b).

A b Rayleigh's criterion is a useful guide, but not a law of physics, and
there may be factors other than diffraction that can affect resolution, so
it can be regarded as a limit to resolution. The criterion can be expressed
mathematically as follows.

B Figure 9.42 Images of two point The images of two sources may just be resolved through a narrow slit, of
sources observed through circular width b, if they have an angular separation of = A/b.
apertures that are a easily resolvable If they subtend a larger angle they will be resolvable, but if they subtend a

and b just resolvable smaller angle then they cannot be resolved.
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Nature of Science

When we consider eyes, telescopes and microscapes it is clear that light waves are usually
received and detected through circular apertures, rather than slits. The resolution of a circular
aperture of diameter b will not be as good as with a slit of constant width b, so the criterion is
adjusted, as follows:

The images of two sources can just be resolved through a circular aperture if they have an
angular separation of 6 = 1.2

This equation is given in the Physics data booklet. Although this equation relates to two identical
sources and a single wavelength, A, /b can be taken as a good guide to the resolution of all
images through any aperture of width b. The lower the value of 2,/b, the better the resolution.

This equation shows clearly that the resolution of images provided by a certain kind of
equipment — a telescope for example — can be improved by using a wider aperture or shorter
wavelengths (if that is possible).

Improved technology

Redesigning equipment and/or using higher-quality components can improve resolution (if it
is not already as good as suggested by the criterion) and it may also improve other aspects of
images. Technological advances such as these are characteristc of cientific development and
they provide ities for further di and are obvious
examples of areas of study that are greatly mfluenced by the cun'en( state of technology.

Tok Link

The limits of technology are constantly advancing

The resolution limits set by Dawes and Reyleigh are capable of being surpassed by the construction of
high- quallty telescopes. Are we capable of breaking other limits of scientific knowledge with our advancing
technol

These limits to resolution are based on certain simplifying assumptions about the sources, the radiation and
the receiver. They are very useful guidelines, but not perfect.

Worked example

9 Two small point sources of light separated by 1.1 cm are placed 3.6m away from an observer who has a
pupil diameter of 1.9mm. Can they be seen as separate when the average wavelength of the light used
was 5.0 x 107 m?

They will be resolvable if their angular separation is greater than or equal to 1.224/b.

A_122x50x107 _ o
1225 =~ 52— = 3.2 x 10 radians

_1ax102 _
35

angular separation of source: 3.1 x 103 radians

The angular separation is much larger than 1.224/b, so they are easily resolvable.

Other examples of resolution

Radio telescopes

Stars emit many other kinds of electromagnetic
radiation apart from light and infrared.

Radio telescopes, like the one shown in Figure
943, detect wavelengths much longer than
visible light and, therefore, would have very
poor resolution if they were not made with
wide diameters.

 Figure 9.43 The Jodrell Bank radio
telescope in England, UK



9.4 Resolution 409

Worked exal

10 a The Jodrell Bank radio telescope in the UK has a diameter of 76m. When used with radio waves of
wavelength 21 cm, is it capable of resolving two stars that are 2.7 x 10''m apart if they are both
1.23 x 10%m from Earth?
b Compare the ability of this radio telescope to resolve with that of a typical human eye.
1222 122 XT0F 3 4463 ragians
“b 76 g
27 x 101
310
The angular separation is much smaller than 1.224/b, 5o they cannot be resolved — they will appear
like a single star.

angular separation of sources =2.2 % 10-5 radians

o

Using the data from Worked example 9 as an example, a human eye can resolve two objects if
their angular separation is about 3 x 10-* radians or miore, but the radio telescope in this question
requires the objects to be a least 3.4 x 10~ radians apart. This angle is about ten times bigger. The
eye has a much better resolution than a radio telescope mainly because it uses waves of a much
smaller wavelength. The resolution of radio telescopes can be improved by making them even
larger, but there are constructional limits to how big they can be made

Utilizations More about radio telescopes

Despite their poor resolution (compared with the human eye), radio telescopes collect a lot
of information about the universe that is not available from visible light radiation. Light
waves from distant stars are affected when they pass through the Earth’s atmosphere and this
will decrease the possible resolution. This is why optical telescopes are often constructed on
‘mountain tops or put on orbiting satellites. Radio telescopes do not have this problem.

Hydrogen is the most common element in the universe and its atoms emit electromagnetic
waves with wavelength 21 cm, in the part of the electromagnetic spectrum known as radio
waves. Many other similar wavelengths (from a few centimetres to many metres) are received
on Earth from space, and radio telescopes are designed to detect these waves.

In a dish telescope, such as that shown in Figure 943, the radio waves reflect off a parabolic
reflector and are focused on a central receiver (like a reflecting optical telescope). As we have
seen, the resolution of a radio telescope will be disappointing unless its dish has a wide
aperture. Of course, having a wide aperture also means that the telescope is able to detect
fainter and more distant objects because more energy is received from them when using a
larger dish.

There are many different designs of radio telescope, but the largest with a single dish is that
built at Arecibo in Puerto Rico (diameter 305 m), which uses a natural hollow in the ground
to help provide support. However, a radio telescope is being built
in China with a diameter of 500m, which is due to be operational
in 2016.

In radio interferometry, signals received from individual telescopes
grouped together in a regular pattern (an array, as in Figure 9.44)
are combined to produce a superposition (interference) pattern
that has a much narrower spacing than the diffraction pattern of
each individual telescope. This greatly improves the resolution of
the system.

1 Find out what you can about China’s FAST telescope.

 Figure 9.44 An array of linked radio telescopes
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Electronic displays

Digital pictures are composed of a very large number of tiny picture elements (pixels) and
information about the display is usually given in a form such as 1366 x 768, meaning that there
are 1366 pixels in each horizontal row and 768 in each vertical row, making a total of 1040088
pixels, or approximately one megapixel (1 MPx).

If the screen size is 41 cm by 23 cm, then the centres of pixels are an average distance of
0.03 cm apart in their rows and columns. The spaces between the pixels are much smallest.
(Confusingly, the number of pixels is often also called the ‘resolution’ of the display)

When we look at a screen, we do not want to see individual pixels, so the angular separation
as seen by a viewer must be smaller than 1.22A/b. Using 4.0 x 107 m as a value for the shortest
wavelength produced by the screen, we can calculate a rough guide to the minimum distance at
which a viewer (with a pupil of size of 2 mm) would need to be positioned so that they could not
resolve individual pixels:

122x40% 107 _ pixel separation
2x103 ~ minimum distance between viewer and screen

Using a pixel separation of 0.03 mm gives a minimum viewing distance of about 10cm from the
screen. Television screens designed to be viewed from longer distance can have their picture
elements further apart.

Digital cameras

The quality of the lens and the sizes of the lens and aperture are the most important factors

in determining the quality of the images produced by a camera, But for a digital camera the
distance between the receprors (CCDS) on the image sensor must be small enough to resolve
the detail provided by the lens. The ‘resolutions’ of digital cameras are also described in terms
of the numbers of (light-receiving) pixels. The settings used on the camera, the way in which
the data are processed and the ‘resolution’ of the display used will all affect the amount of detail
resolvable in the final image.

Optical storage of data

Information is stored using tiny bumps (called lands’) on a plastic disc (CD or DVD). The
information is ‘read’ by light from a laser that reflects off the reflective coating on the lands and/
or the ‘pits’ between them.

The closer the lands (and pits) are located to each other, the greater the amount of
information that can be stored on the disc. But, if the lands are too close together, the
diffracting laser beam will not be able to resolve the difference between them. A laser with a
shorter wavelength will diffract less and enable more data to be stored on the same sized disc.

On a typical CD (which stores 700MB of information), the pits are about 8 x 10-6m
in length and they are read by light from a laser of wavelength 7.8 x 107 m. DVDs store
information in the same way, but they have an improved data capacity: the pits and lands can
be closer together because a laser light of shorter wavelength (6.5 x 107m) is used. A single-layer
DVD can store about seven times as much information as a CD.

The development of blue lasers, with their smaller wavelengths (4.05 x 107m), has led to
Blu-ray technology and greatly increased data storage capacity on discs of the same size. This
enables the storage and playback of high-definition (HD) video.

Satellites

Satellites have an ever-increasing range of uses including communications, television, mapping,
navigation, spying, observing the climate, weather and land use, and astronomical research. In
earlier years the launch and use of satellites was controlled by the military and governments, but
the use of satellites for commercial interests is becoming much more important and widespread.
This requires international consultation and agreements about satellite launches, locations of
satellite orbits and the selective use of microwave frequencies.
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Communication between satellites and Earth stations requires waves that are unaffected
by passing through the here. Typically, are used with a wavelength of a
few centimetres. Parabolic dish reflectors behind the transmitting aerials can produce highly
directional beams if diffraction can be limited by having a large enough dish aperture.
Receiving aerials are similarly designed with reflectors that are used to focus the incoming
microwaves onto an aerial. They need to be large enough to collect a signal of sufficient power.
Currently there are more than 1000 operational satellites in orbit around the Earth and it is
estimated that in the coming years over 100 new satellites will be launched every year. With so
many transmissions taking place, it is very important that receiving aerials are able to resolve
the signal that they wish to detect from others nearby.

Worked example

1 Atransmitting aerial has a diameter of 5.0m and transmits a microwave beam of frequency 4.8 GHz.
What s the approximate cross-sectional area of the central diffraction beam at a distance of 300km
from the aerial (typical distance between Earth and a low orbit satellite)?

v _30x10°

= 2
= FgaTgr=63x102m

wavelength

Angle between first diffraction minimurm and centre of the diffraction pattern:
=00126

A_B.

2% s

Radius of beam at a distance of 300km:
r=0.0125 x 3 x 105= 3780m

area of beam =2 = 4.5 x 107m? (44km?)

Resolution of diffraction gratings
The use of diffraction gratings was discussed earlier in this chapter as a method of analysing
light. This can be considered as another form of resolution — separating wavelengths, rather
than separating sources.
The ability of a grating to separate wavelengths is called its resolvance (or resolving power), R.
It is defined as:

A
R-17

‘Where A% is the smallest difference between two resolvable wavelengths, 4 (either value can be
taken). This equation is given in the Physics data booklet. Because it is a ratio, resolvance has no unit.

Worked example

12 What is the resolvance of a diffraction grating that can just separate wavelengths of 589.00nm and
589.50nm?

A _58959
R=G7="055 = 10x 10

However, we are more likely to determine the resolvance of a diffraction grating from the
number of lines mm~! and the width of the light beam that is incident on i, as follows:

R=mN

Where N is the total number of slits illuminated and m is the diffraction order (the resolution is
better for higher orders). This equation is also given in the Physics data booklet. Note that, for a
given grating, increasing the width of the incident beam increases the resolvance (improves the
resolution).
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Worked example

13 A parallel light beam of width 5mm falls on a diffraction grating with 80 lines mm™'. What s the
resolvance in the second-order spectrum?

R=mN
R=2x(5 x80) =800

50 a Why might you expect a camera that has a lens with a wider diameter to produce better pictures?
b Suggest a reason why bigger lenses might produce poorer images.

51 Why do astronomers sometimes prefer to take photographs with blue filters?

52 The pupils in our eyes dilate (get bigger) when the light intensity decreases. Discuss if this means that
people can see better at night.

53 Acaris driving towards an observer from a long way away at night. If the headlights are 1.8m apart,
estimate the maximum distance away at which the observer will see two distinct headiights. (Assume that
the average wavelength of light is 5.2 x 10~7m and the pupil diameter is 4.2mm.)

54 A camera on a satellite orbiting at a height of 230km above the Earth is required to take photographs that
resolve objects that are 1.0m apart. Assuming a wavelength of 5.5 x 10~7m, what minimum diameter lens
would be needed?

55 a A radio telescope with a dish of diameter 64m is used to detect radiation of wavelength 1.4m. How far

away from the Earth are two stars separated by a distance of 3.8 x 10'2m that can just be resolved?
b What assumption(s) did you make?

56 Could an optical telescope with a (objective) lens of diameter 12cm be used to read the writing on an
advertising sign that is 5.4km away if the letters are an average of 8.5 cm apart? Explain your answer.

57 The Moon is 3.8 x 10°m from the Earth. Estimate the smallest distance
between two features on the Moon's surface that can just be observed
from the Earth by the human eye.

58 Use Figure 9,45 to measure the resolution of your own eyes.

59 a What is the second-order resolvance of a diffraction grating that has
lines separated by 3.3 x 10-6m for an incident beam of width 1 mm?
b Would this grating be able to resolve wavelengths of 6.22 x 107m and
6.23x 107m?
 How could the resolution be improved using the same grating? u Figure 9.45

95D op (ﬁi er effect - the Doppler effect describes the phenomenon of
wavelengthlfrequency shift when relative motion occurs

The Doppler effect for sound waves
When we hear a sound we can usually assume that the frequency (pitch) that is heard by our
ears is the same as the frequency that was emitted by the source. But if the source of the sound
is moving towards us (or away from us) we will hear a sound with a different frequency. This is
usually only noticeable if the movement is fast; the most common example is the sound heard
from a car or train that moves quickly past us.

This change of frequency that is detected when there is relative motion between a source and
a receiver of waves is called the Doppler effect, named after the Austrian physicist Christian
Doppler, who first proposed it in 1842. The Doppler effect can occur with any kind of wave.

Figure 946 shows a way in which the Doppler effect can be demonstrated with sound.
A small source of sound (of a single frequency) is spun around in a circle. When the source
is moving towards the listener a higher frequency is heard; when it is moving away, a lower
frequency is heard.
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W Figure 9.46
Demonstrating the
Doppler effect with
sound waves

ToK Link

Applying our own direct experience is important in understanding phenomena we cannot
observe directly

How important is sense perception in explaining scientific ideas such as the Doppler effect?

The Doppler effect can occur with any kind of wave, but it seems so much easier to understand after we,
have heard the effect with sound waves. In a similar way, the interference and diffraction of, for example,
radio waves, is much easier to understand if we have observed similar effects with light and sound.

The easiest way to explain the Doppler effect is by considering wavefronts (Figure 9.47).
Figure 947a shows the common situation in which a stationary source, S, emits waves that travel
towards a stationary detector, D. Figure 9.47b shows a detector moving towards a stationary
source and Figure 947c shows a source moving directly towards a stationary detector. Similar
diagrams can be drawn to represent the situations where the source and detector are moving
apart. The Doppler effect can be better understood by observing computer simulations of
moving sources and observers.

The detector in Figure 947b will meet more wavefronts in a given time than if it
remained in the same place, so that the received frequency, f, is higher than the emitted
frequency, f. In Figure 9.47c the distance between the wavefronts between the source and
the observer (the received wavelength) is reduced, which again means that the received
frequency will be higher than the emitted frequency. (Frequency = v/A and the wave speed,
v, is constant. The speed of sound through air does not vary with the motion of the source

or detector.)
W Figure 9.47 a Source and detector b Detector moving towards ¢ Source moving towards
Wavefront diagrams both stationary stationary source stationary detector
o demonstrate the
Doppler effect

® detector, D D D
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® Figure 9.48
Creating a shock
wave in air

B Figure 9.49 Plane breaking the sound barrier

Shock waves: breaking the sound barrier

As an object, like a plane, flies faster and faster, the sound waves that it makes get closer and
closer together in front of it. When a plane reaches the speed of sound, at about 1200kmh?,
the waves superpose to create a ‘shock wave!. This is shown in Figure 948.

shock wave

@ @

subsonic Mach 1 supersonic

When a plane reaches the speed of sound it is said to be travelling at ‘Mach 1" (named after
the Austrian physicist, Ernst Mach). Faster speeds are described as ‘supersonic’ and twice the
speed of sound is called Mach 2 etc. As Figure 949 shows, the shock wave travels away from
the side of the plane and can be heard on the ground as a ‘sonic boont’ Similarly, ‘bow waves’
can often be seen spreading from the front (bow) of a boat because boats usually travel faster
than the water waves they create. The energy transferred by such waves can cause a lot of
damage to the land at the edges of rivers (river banks).

For many years some engineers doubted if the sound barrier
could ever be broken. The first confirmed supersonic flight
(with a pilot) was in 1947. Now it is common for military
aircraft to travel faster than Mach 1, but Concorde and
Tupolev 144 were the only supersonic passenger aitcraft in
regular service.

It is possible to use a whip to break the sound barrier. If the whip
gets thinner towands its end then the speed of a wave along it can
increase until the tip is travelling faster than sound (in air). The
sound it produces is often described as a whip ‘cracking’.

1 Inaworld in which time is so important for so many people,
suggest reasons why there are no longer supersonic aircraft in
commercial operation.

Equations for the Doppler effect with sound

Figure 9.50a shows waves of frequency f and wavelength A travelling at a speed v between a
stationary source S and a stationary observer O. (The term observer can be used with any kind
of waves, not just light.) In the time, t, that it takes the first wavefront emitted from the source
to reach the observer, the wave has travelled a distance vt. The number of waves between the
source and observer is ft. The wavelength, A, equals the total distance divided by the number of
waves = vt/ft = off, as we would expect.
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W Figure 9.50
aWaves between a
stationary source and
astationary observer
b Waves between a
moving source and a
stationary observer

Figure 9.50b represents exactly the same waves emitted in the same time from a source moving
towards a stationary observer with a speed u_. In time, t, the source has moved from S, to S,.
The number of waves is the same as in Figure 9.50a, but because the source has moved forwards
adistance, ut, the waves between the source and the observer are now compressed within the
length vr —u .

This means that the observed (received) wavelength, X, equals the total distance divided by
the number of waves:
vi-ut v

v=

The observed (received) frequency, f,is given by:

If the source is moving away from the observer, the equation becomes:

of

vt

f

In general, we can write:

v

el

This is the equation for the Doppler effect from a moving source detected by a stationary ohserver
and it is given in the Physics data booklet.

In a similar situation, the equation for the frequency detected by a moving observer from a
stationary source

This equation is also given in the Physics data booklet.

If the source of the sound and the observer are getting closer together, along a line
directly between them, a higherfrequency sound (than that emitted) will be detected by the
observer and that frequency will be constant, although it will increase in intensity. Similarly,
if the source and the observer are moving apart, the observed sound will have a lower,
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constant frequency (than that emitted) and it will decrease in intensity. The frequency must
change quickly at the moment the source and detector move past each other. (If the motion
is not directly between the source and the observer, or both the source and the observer are
moving, the principles are the same, but the mathematics is more complicated and it is not
included in this course.)

Worked examples

14 a A source of sound emitting a frequency of 480 Hz is moving directly towards a stationary observer at
50ms-. Ifits a hot day and the speed of sound is 350ms-", what frequency is received?
b What frequency would be heard on a cold day when the speed of sound was 330ms™1?
 Explain why the speed of sound is less on a colder day.

v

& ey
7 (350 x 480)
="@s0=50) - 002
(330 x 480)
b (337*5 =566Hz

¢ Sound is transferred though air by moving air molecules. On a colder day the molecules will have a
fower average speed.

15 What frequency will be received by an observer moving at 24ms- directly away from a stationary source
of sound waves of frequency 980 Hz? (Take the speed of sound to be 342ms-")
e
ri=r(he]

(B2 - 9101

=980 x

60 An observer receives sound of frequency 436 Hz from a train moving at 18ms-" directly towards him.
What was the emitted frequency? (Take the speed of sound to be 342ms-1)

61 An observer is moving directly towards a source of sound emitted at 256.0Hz, with a speed of 26.0ms~"
If the received sound has a frequency of 275.7 Hz, what was the speed of sound?

62 A car emitting a sound of 190Hz is moving directly away from an observer who detects a sound of
frequency 174Hz. What was the speed of the car? (Take the speed of sound to be 342ms-)

63 Atrain is moving at constant speed along a track, as shown in Figure 9.51, and is emitting a sound of
constant frequency.

B

observer s
H irain

= Figure 9.51
 Suggest how the sound heard by an observer at point P will change as the train moves from A to B.
b Describe the sound heard by someone sitting on the train during the same time

64 The source of sound shown in Figure 9.46 is rotating at 4.2 revolutions per second in a circle of radius
1.3m. If the emitted sound has a frequency of 287 Hz, what is the difference between the highest and
lowest frequencies that are heard? (Take the speed of sound to be 340ms-")
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Nature of Science

The Doppler effect with electromagnetic waves
The Doppler effect also occurs with electromagnetic waves, but the situation is made more
complicated because the received speed of electromagnetic waves is unaffected by the speed of the
observer. The equations given earlier cannot be used with electromagnetic waves.

However, the following equation for the change (shift) in frequency, Af, or wavelength, A4,
can be used if the relative speed between source and observer, v, is very much slower than the
speed of the electromagnetic waves, ¢ (v << c).

M _M v

T %@
This equation is given in the Physics data booklet.

Because the speed of electromagnetic waves is so high (c = 3.00 x 108ms™ in vacuum or air)
this equation can nearly always be used with accuracy.

Worked example

16 A plane travelling at a speed of 250ms-" transmits a radio signal at a frequency of 130 MHz. What
change of frequency will be detected by the irport iti travelling directly towards?

250 C
So0%ios 13 % 108=108Hz

‘The airport will eceive a frequency 108 Hz higher than 1.3 x 108Hz. This is a very small increase,
requiring good-quality electronic circuits to be detected.

Clearly the shift n frequencies of light is not something we will observe in everyday life. t becomes
more significant for very fast-moving objects like stars.

Using the Doppler effect to determine speed

Using the Doppler effect requires a high level of technology

The Doppler effect may not seem to be so important when first studied, but it has a surprising
number of interesting and useful applications, mostly in the determination of speeds, as outlined
below. The mathematical link between speed and change of frequency is straightforward
enough, but s use to determine speeds accurately depends on  high level of technology and
sophisticated measuring instruments.

In order to measure the (average)
velocity of a moving object we can observe
the position of the object on two separate
occasions over a known time interval. One
way of doing this, especially if the object
is inaccessible, like a plane for example, is
to send waves towards it and then detect
the waves when they are reflected back
to the transmitter. From these data, the
direction from the transmitter to the
plane can be determined and the distance
between the transmitter and the plane can
be calculated from the time delay between
the sent and the received signals. If this process is repeated, the velocity of the plane can be
determined. Microwaves are used in this example of a simple primary radar system.

W Figure 9.52 Air traffic control uses the Doppler effect
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B Figure 9.54
Measuring blood
flow rate using the
Doppler effect

The Doppler effect, however, provides a better way of
determining the speed of a moving object, like a plane, using the
same kind of waves. This is used in air traffic control at airports
around the world (see Figure 9.52). Some animals, like bats (see
Figure 9.53) and dolphins, use the same principles but with sound
or ultrasonic waves.

If waves of a known speed, v, and frequency, f, are directed
towards a moving object and reflected back, the object will
effectively be acting like a moving source of waves. The Doppler
equations can be used to determine the speed of the object if the
received frequency, {7, can be measured.

The measurement of the speeds of cars, as well as planes and
other vehicles, is a common example of the use of the Doppler

effect. In many countries the police reflect electromagnetic B Figure 9.53 These bats in
radiation off cars in order to determine their speeds. Microwaves Malaysia use the Doppler
and infrared radiation are commonly used for this purpose. The effect to navigate

speed of athletes or balls in sports can also be determined using the
Doppler effect. The measurement of the rate of blood flow in an artery is another interesting
example, which is shown in Figure 9.54.

blood flow

transducer

blood cell
gel

the transducer
measures v cos 6

pulses sy

Pulses of ultrasonic waves are sent into the body from the transducer and are reflected back
from blood cells flowing in an artery. The received waves have a different frequency because of
the Doppler effect and the change of frequency can be used to calculate the speed of the blood.
This information can be used by doctors to diagnose many medical problems. Because the
waves usually cannot be directed along the line of blood flow, the calculated speed will be the
component (vcos 6).

There are also some very important applications of the Doppler effect used in astronomy.
The decrease in frequency of radiation received from distant galaxies is known as the ‘red shift,
and it provides very important information about the nature and age of the universe. This is
discussed in more detail in the astronomy option. See also question 68.

‘Weather ing is another i i lication (weather radar). The location
and velocity of, for example, rain can be determined using the Doppler effect with waves of
wavelength in the order of 10cm.

65 a What change of frequency will be received back from a car moving directly away at 135kmh-" if the
radiation used in the ‘speed gun’ has a frequency of 24GHz?
b Suggest reasons why uftrasonic waves are not usually used in speed guns.

66 An airport radar system using microwaves of frequency 98.2MHz sends out a pulse of waves that is
reflected off a plane flying directly away. If the reflected signal s received back  the airport 8.43 x 1055
Iater, at a frequency 85.2 Hz lower than was emitted, what was the speed of the plane and how far
away was it?

67 I the television broadcast of some sports, for example, baseball, tennis and cricket, viewers can see
a replay of the trajectory (path) of a moving ball. Use the intemet to find out how this is done. (s the
Doppler effect used?)

68 Astar emits radiation of frequency 1.42 x 10%Hz. When received on Earth the frequency is 1.38 x 10°Hz.
What is the speed of the star? Is it moving towards the Earth, or away from the Earth?
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B Examination questions — a selection

Paper 1 IB questions and IB style questions

Q1 A moving source of sound passes a stationary observer with a speed v. If the speed of sound in air is ¢, what
will the speed of the waves be as they pass the observer?
Ac Bc-v Cc+v Dv-c

Q2 The equation 6 = A/6 is used to describe diffraction at a single slit. In this equation:
A b is the width of the fringes seen on the screen
B b is the path difference between waves arriving at adjacent fringes
C 6 is the angular width of the central maximum
D 6 is half the angular width of the central maximum.

Q3 A source S, moving at constant speed, emits a sound of constant frequency. The source passes by a
stationary observer O, as shown below.

«0

Which of the following shows the variation with time t of the frequency f observed at O as the source S
approaches and passes by the observer?

b
T

f

© 1B Organization
Q

£4

Which of the following is not (on its own) a possible way to increase the resolution of an
optical telescope?

A Increase the diameter of the lenses.

B Use a blue filter.

C Use more powerful lenses to produce a bigger magnification.

D Use better quality lenses.

Q5 A particle performs simple harmonic oscillations. Which of the following quantities will be unaffected by a
reduction in the amplitude of oscillations?

the total energy

the maximum speed

the maximum acceleration

the period. © IB Organization

oNnw>»
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Q6 A simple pendulum is preforming SHM. Which of the following statements about its period is correct?
A If it was taken to the moon it would have the same period.
B If its length was doubled, its period would increase by a factor of /2.
C If its mass was doubled, its period would be halved.
D Its period will gradually increase as energy is dissipated.

Q7 The spectrum of light received from distant galaxies is observed to have a red-shift. This is explained by the
fact that:
A galaxies are moving away from each other
B galaxies are rotating
C the Earth is spinning
D the galaxies have very high temperatures.

Q8 Sound waves from two separate loudspeakers meet at a point. Which of the following is necessary for any
kind of interference effect to be heard?
A The waves must arrive at the point in phase.
B The waves must have equal amplitude.
C The waves must have travelled the same distance from their sources.
D The waves must have a constant phase difference.

Q9 AO0.5 kg mass is oscillating with a frequency of 2Hz and amplitude of 5cm.

a Assuming the motion is simple harmonic, its total energy is approximately:

A 1072) B 10-") c 10') D 10%)
b The maximum velocity of the oscillator is approximately:
A 10"'ms™" B 10°ms~! € 10'ms™ D 102ms™!

Q10 Monochromatic, coherent light is incident normally on a double slit. The width of each slit is small compared
with their separation. After passing through the slits the light is brought to a focus on a screen. Which of
the following diagrams best shows the variation with distance x along the screen of the intensity / of the
light?

A A W

© 1B Organization

Q11 The diagram below shows an arrangement for a two-slit interference experiment. Coherent light of
frequency f is incident on two narrow parallel slits S, and S, and an interference pattern is observed on a
screen a large distance away. The speed of light is c. The centre bright fringe is at M and the next bright
fringe is at N.

(not to scale)
The distance S,N-S,N is equal to:
&, < oL i
A gf B ¥ € %¢ B &

© 1B Organization
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Q12 Which one of the following changes would result in an increase of the fringe separation in the previous
question?
A Decrease the frequency of the incident light.
B Decrease the distance between the slits and the screen.
C Increase the separation of the slits.
D Increase the intensity of the incident light on the slits. © IB Organization

Paper 2 IB questions and IB style questions
Q1 The diagram shows a source of sound, S, which is moving in the direction shown with a constant velocity.
The sound emitted by S is received at stationary points P and Q.
. —
Q S 3
a Make a copy of the diagram and show a series of wavefronts that have been emitted by S. (2)
b Use your drawing to explain the differences in the sounds that are heard at points P and Q. (3)
¢ i Whatis the name of this effect?

ii Give one example of this effect in everyday life. (
© IB Organization

Q2 Radio telescopes can be used to locate distant galaxies. The ability of such telescopes to resolve the images
of galaxies is increased by using two telescopes separated by a large distance D. The telescopes behave as a
single radio telescope with a dish diameter equal to D.

The images of two distant galaxies G, and G, are just resolved by the two telescopes.

a State the phenomenon that limits the ability of radio telescopes to resolve images. (1)
b State the Rayleigh criterion for the images of G, and G, to be just resolved. [0
¢ Determine, using the following data, the separation d of G, and G,. 1

effective distance of G, and G, from Earth = 2.2 x 10%m
separation D = 4.0 x 103m
wavelength of radio waves received from G, and G, = 0.14m © 1B Organization

Q3 a Plane wavefronts of monochromatic light of wavelength 4 are incident on a narrow slit. After passing
through the slit they are incident on a screen placed a large distance from the slit.

P

Screen

slit

The width of the slit is b and the point X is at the centre of the slit. The point M on the screen is the
position of the first minimum of the diffraction pattern formed on the screen. The path difference
between light from the top edge of the slit and light from the bottom edge of the slit is /.

Use the diagram to explain why the distance / is equal to A. (3)
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The wavefronts in a are from monochromatic point source S,. Diagram 1 is a sketch of how the intensity
of the diffraction pattern formed by the single slit varies with the angle 6. The units on the vertical axis are
arbitrary.

10
6ldegrees
Diagram 1
Another identical point source S, is placed close to S,, as shown in diagram 2.

Sie

Diagram 2

The diffraction patterns formed by each source are just resolved. Make a copy of diagram 1 and

sketch the intensity distribution of the light from source S,. )

Outline how the Rayleigh criterion affects the design of radio telescopes. (2)

The dish of the Arecibo radio telescope has a diameter of 300m. Two distant radio sources

are 2.0 x 10'2m apart. The sources are 3.0 x 10'®m from Earth and they emit radio waves of

wavelength 21 cm. Determine whether the radio telescope can resolve these sources. 3)
© 18 Organization

o

an

Q4 a A particle of mass m that is attached to a light spring is executing simple harmonic motion in
a horizontal direction. State the condition relating to the net force acting on the particle that is
necessary for it to execute simple harmonic motion. )

b The graph shows how the kinetic energy E, of the particle in a varies with the displacement x of
the particle from equilibrium.
i Make a copy of the diagram and add a sketch graph 5 I
to show how the potential energy of the H 24
particle varies with the displacement x. () asasasanes HEHNCHH

i The mass of the particle is 0.30kg. Use data from
the graph to show that the frequency f of oscillation ans
of the particle is 2.0Hz. ) Earibes

© 1B Organization
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Fields

& Electric charges and masses each influence the space around them and that influence can
be represented through the concept of fields.

= Similar approaches can be taken in analysing electrical and gravitational potential
problems.

10.1 Describin g fields - efectric charges and masses each influence the

space around them and that influence can be represented through the concept of fields

Wie have met the concept of fields before in this course, particularly in Chapters 5 and 6. In this
chapter we will quickly review ideas about forces in gravitational and electric fields, as well as
the concept of field strength. Then we will develop those ideas to include more about energy in
fields, and introduce the important idea of potential. Section 10.2 contains more details about
the mathematical modelling of fields, especially radial fields.

Physicists use field theory to help explain forces that act ‘at a distance’ across a space. In
this chapter we will deal only with gravitational and electric fields. As explained in Chapters
5 and 6, the forces between point masses and the forces between point charges have many
mathematical similarities, so that a good understanding of gravitational fields should be of
benefit when studying electric fields.

LEITTERESIELIEI A paradigm shift in the understanding of forces
Although we are all used to the force of gravity, the fact that some kinds of forces (like gravity)
can act across empty space is conceptually very difficult once we start to think in depth about it.
That difficulty is made worse when it seems that the forces act instantaneously, regardless of the
distance. Classical physics could not offer an explanation and a completely new model (a paradigm
shift) was needed to explain ‘at a distance’ interactions between charges or between masses.

The concept of exchange particles was introduced in Chapter 7, but hete we are more
concerned with describing and using fields, rather than explaining the true nature of the
interactions. We will begin with a revision of ideas covered in earlier chapters.

B Gravitational fields

W A gravitational field exists where a mass experiences a gravirational force.

B Gravitational forces between two masses, M and m, separated by a distance r are described
by Newton's law of gravitation: F = GMm/+? (an inverse square law). G is the universal
gravitation constant.

Gravitational forces can only be attractive.

Gravitational field strength = gravitational forcefmass: g = F/m (unit Nkg™).
Gravitational field is a vector quantity, pointing in the direction of the force.

Gravitational fields can be represented on paper by the use of field lines.

Gravitational fields tend to dominate in the macroscopic world.

B Electrostatic fields

An electric field exists where a charge experiences an electric force. If the force is constant,
then we can describe the field as electrostatic.

Electric forces between two charges, ¢, and g, separated by a distance r are described by
Coulombs law: F = kq,q,/r? (an inverse square law). k is Coulombs constant.

Electric forces can be attractive (between opposite charges), or repulsive (between like charges).

An electric field is a vector quantity, pointing in the direction of the force on a positive charge.
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B Magnitude of electric field strength = electric force/charge. E = E . (Unit N C-1)
B Electric fields can be represented on paper by the use o field lines.

B Electric fields tend to dominate in the microscopic world.

Gravitational fields and the lunar cycle

‘We can see the Moon because it reflects light from the Sun. As the Moon orbits the Earth

its appearance (phase) changes because, depending on the relative positions of the Sun, Earth
and Moon, the light from the Sun falls on a changing proportion of the side of the Moon that
is facing the Earth. When we can see a complete circular moon, or ‘full moon’, the whole of
the side that is facing the Earth is illuminated; this occurs every 20.53 days. In fact, the Moon
orbits the Earth every 27.32 days, but the repeating lunar cycle is longer because it depends on
the relative positions of the Sun, Earth and Moon, and
not just the rotation of the Moon.

The regular phases of the Moon have long been the basis
for calendars and the timing of annual events, festivals
and holidays.

Gravitational attraction keeps the Moon in otbit around
the Earth and this same force (of the order of 10°N)
also affects the Earth. The most noticeable effect is the
tides in the Earth’s oceans. As the Earth spins on its axis,
water in the oceans is pulled closer to the Moon causing
a high tide. At the same time, a high tide also occurs

on the opposite side of the Earth, resulting in high tides
(and low tides) about twice every day in any particular
location. Boats that are in the water at high tide can
become stranded when the water level goes down at low

B Figure 10.1 Boats stranded at low tide in Vietnam tide (Figure 10.1).

The Sun also affects the tides. When the Earth, Sun and Moon are in an approximate straight
line (at a new moon or full moon), the gravitational effects are greatest and the tides highest.

Draw a diagram to illustrate the different phases of the Moon.

9

Name three different events in three different cultures or religions that occur at a particular
time depending on the phase of the Moon. Explain how the exact date of one of these
events is decided each year.

w

Do you believe that a full moon can have an effect on human or animal behaviour? Give a
scientific reason for your answer.

-

Calculate the gravitational attraction between the Moon and the Earth.

B Potential energy in fields

When masses (or charges) move with, or against, forces in fields there must be changes in

potential energy because work has to be done. The work done (change in potential energy)

can be calculated using W = Fscos 8/if F is constant, or from the area under an F_s graph, fora

variable force, if the way in which the force varies with distance is known (Chapter 2).
Alternatively, we can determine a change in potential energy by subtracting the value of

potential energy at one point from the potential energy at another point. Obviously, this requires

that we must know how to calculate the potential energy of a mass (or charge) at a point. And that

requires that we must first choose a reference place where we consider that potential energy is zero.
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In elementary physics courses the gravitational potential energy of a mass at a point close
to the Barth's surface is often calculated from E;, = mgh. However, such calculations assume
that the mass has zero potential energy on the Earth’s surface, which may be convenient but is
not the best choice if we want our calculations to be valid for everywhere in the universe
(which, should be an important aim of any physics theory). In Chapter 2 we stressed the use of
AEy = mghh to calculate a difference in gravitational potential energy between two places (rather
than potential energy at a point).

Logically, physicists consider potential energy to be zero when masses (or charges) are so
far apart that there are no forces between them. The variation of forces with distance in both
gravitational and electric fields is described by inverse square laws and so, in theory, the forces
will never reduce to zero. However, in practice forces become very, very small (negligible) when
the distances are large.

Infinity is chosen to be the place where gravitational and electric potential energies are zero.

Nature of Science I
Infinity is not an actual place, but an abstract concept that appears regularly in physics and
mathematics.

The idea of an infinite quantity (field, distance, time, number etc.) is used in physics to
suggest a quantity that is limitless (without end) and therefore greater than any real, measurable
quantity. The opposite of infinite is finite, which means within limits.

The idea of an infinite series of numbers, an infinite time, or even a field that extends for
ever (but becomes vanishingly small) may all seem somehow acceptable to the human mind.
However, the concept of an infinite universe gives most of us problems!

‘We say that there is gravitational (or electric) potential energy stored in any system of masses (or
charges) because, at some time in the past, work was done when the masses (or charges) moved
to their present positions.

The total gravitational (or electric) potential energy of a system, Ey, is defined as the work
done when bringing all the masses (or charges) of the system to their present positions,
assuming that they were originally at infinity (an infinite distance apart).

The work that would be done in moving a mass (or charge) to or from infinity (Figure 10.2)
would not be infinite, because the forces involved become very, very small (negligible) when the
distances become large.

The work done in moving between two points in a field does not depend on the path taken.

It should be clear that potential energy is stored in a system of masses (or charges) rather than in a
single mass (or charge). However, it is common to refer to the potential energy of a single smaller
mass (or charge) if the other mass (or charge) is very much greater, so that it is almost unaffected
by any changes to the smaller mass (or charge). For example, we can refer to the gravitational
potential energy of a book on the Earth’s surface, without considering the Earth, or we can refer
to the electric potential energy of an electron in an atom without considering the nucleus.

 Figure 10.2 Moving
amass from infinity

the work done does not
depend on the path taken

4
v (originally at infinity)
m



426 10 Fields

Examples

Gravitational potential energy

The gravitational potential energy of, for example, a 5kg mass on the Earthis surface is
approximately ~3.13 x 10] (this is explained on page 436). This statement means that a
minimum energy of 3.13 % 10°] would have to be supplied to move the mass to where it would
have zero gravitational potential energy (at infinity). Gravitational potential energy of a mass on
Earth + energy transferred to move the mass to infinity = gravitational potential energy of mass
at infinity (zero):

(4313 x 109) + (313 x 108) =0

The fact that gravitational potential energies are always negative is because gravitational forces
are always attractive, so that energy must always be supplied to move masses further apart.

The fact that gravitational potential energies are large is because they usually involve one
or more large masses (like the Earth) and they relate to movement to or from infinity. Changes
in gravitational potential energy are, of course, typically much smaller and can be positive

or negative: moving a Skg mass up or down 2 m close to the Earth’s
zero GPE ity surface involves about +100] (AE, = mgAh).
—————— If any mass — a ball, for example  is projected upwards from the
Earthis surface, it loses kinetic energy (KE) and gains gravitational

REKE A Y e p:;efma; energy (GPE). This i also true for an unpowered spacecraft
gains GPE 4 Y gains KE and is even true for the theoretical extreme in which a mass travels all
: ; the way ‘up’ to infinity. For the same reasons, a theoretical mass ‘falling’
; ' from infinity would gain kinetic energy and lose gravitational potential
I A energy (as shown in Figure 10.3), so that its minimum gravitational
maimUmkE | ‘ energy (on the Earchs surface) corresponds to its largest negative value.
minimum GPE A ¥
“”995;22)“““ Electric potential energy
L L The electric potential energy of an electron in a hydrogen atom at
a distance of 5.3 x 107! m from a proton is —4.3 x 1078] (this is
Earth explained on page 436). This means that a moving electron would
(or another plane) have to have a minimum kinetic energy of 4.3 X 101%] in order to
B Figure 10.3 Changes of energy whenmoving  move an infinite distance away from the proton, where it would then
between a planet and infinity have zero electric potential energy. (The electron within the atom

already has some kinetic energy.)
electric potential energy
~ of electron and proton an
infinite distance apart

electric potential energy _ Kinetic energy of electron
of hydrogen atom to move it to infinity

(~43 x 1048) + (43 x 1079) = 0

Electric potential energy can be negative or positive, depending on the signs of the charges.
If they are two similar charges, the potential energy is positive, which shows that there isa
repulsive force between them, so that if they are moved apart they lose potential energy.

B Electric potential and gravitational potential

When calculating gravitational potential energies we refer to a particular mass (or charge) ina
particular place, but if we want to answer questions like *how much energy would be needed to
put a mass in a certain location?” it is better to use the important concept of potential. (Potential
energy and potential are not the same thing, although they are closely connected))

The gravitational potential at a point is defined as the work done per unit mass in bringing a
small test mass from infinity to that position.

The concept of a test mass, or test charge, was introduced in Chapters 5 and 6, when defining
field strengths. It means a mass so small that it will not affect the field or potential that it is
measuring.
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The definition of electric potential is similar, except that it needs to include reference to
the sign of the charge. As before, in the definition of electric field strength, we chose to refer to
positive charge, so that:

The electric potential at a point is defined as the work done per unit charge in bringing a
small positive test charge from infinity to that position.

In practice, the Earth is considered to be capable of absorbing any amount of charge without
affecting its potential, so that connecting to earth (grounding) is considered to be effectively
connecting to zero potential. The negative terminal of a battery is often considered to be at zero
volts, but it needs to be connected to earth (grounded) to be sure.

Potential is potential energy per unit mass (or charge).

Potential i given the symbol V or V, and has the units of ] kg or ] C-! (commonly known as
volts, V). Potential is a scalar quantity.

E
B
Vﬂ—m
and
E
.-
V-

These two equations are given in the Physics data booklet in the form:
Ep=mV,
Ep =4V,

Returning to the previous examples:

B If the gravitational potential energy of a 5kg mass on the Earth’s surface is -3.13 x 10%], then
the gravitational potential on the Earth's surface is (-3.13 x 1095 = -6.26 x 107] kg™!. Using
this value for gravitational potential we can easily calculate the gravitational potential
energy of any other mass on the Earth’s surface. For example, the gravitational potential
energy of a 52.0kg girl is:

52.0 x (~6.26 x 107) = ~3.26 x 10°]
If the electric potential energy of an electron in a hydrogen atom -4.3 x 107#], then the
electric potential at that point is:

43 x 1018 .
Tex10@ = 21C! = 2 volts

To understand the difference between potential energy and potential, it can be helpful to
compare them to the total cost of a commodity and its price per kilogram. It might be true to
say that the price of some meat is $6, but it is generally more informative to quote a price per
kg: $l4 kg, for example. Similarly, it might be true that the potential energy of a 5 kg mass in a
particular location is -3.13 x 108], but saying that the potential at that point is —6.26 x 107Jkg™
is generally much more informative.

B Potential difference, p.d.

Although it is important to understand the concept of potential, we are usually much more
concerned with the difference in potential (potential difference) between two places, than the
actual potential at any location.

The potential difference, AV, between two points is the work done, W, when moving a unit
mass (or unit positive charge) between those two points.
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or

W

We have met the concept of electrical potential difference before, when dealing with electric
circuits (Chapter 5). Then it was expressed simply as V = Wg, but in this chapter we are using
the A sign to stress that we are referring to potential difference and not potential.

These equations are given in the Physics data booklet in the form:

W =mav,
W =iV,

Worked example

1 Two points in an electric field have potentials of 12.7V and 15.3V. How much energy will be transferred
when an electron moves between these points:
ainl
binev?
a W=gAV,=(16x 109 x (153-127) = 4.2 x 10-9)
b 153-127 =26eV

1f 4.9 x 10-5) of energy were transferred when a charge of 5.1 iC was moved from a certain point to
earth (ground), what was the magnitude of the potential of the point?

The gravitational potential on the surface of a planet s ~4.8Mikg~. Calculate the gravitational potential
energy of an 86kg mass on the planet

The gravitational potential at a height of 500 km above the Earth’s surface is ~58.0MJkg~". How much
potential energy must be transferred to a mass of 5000kg to raise it to an orbit at this height from the
Earth's surface?

'S

A satellite of mass 3760kg s in a circular orbit where the potential is ~5.74 x 107Jkg™!

& What would be the change in gravitational potertial energy if it were to move to an orbit where the
potential is ~6.00 x 107Jkg~'?

b Would the satellte have to move towards or away from the Earth?

How much energy is gained by an overall charge of 2 C when it passes through a battery that has a
terminal p.d. of 127

What s the gravitational potential difference between the top and bottom of a 24.5m tall building?

Explain why ‘infinity seems a more sensible choice for a zero of gravitational potential than for a zero of
electric potential’.

®

A charge of +4.5C is moved from a place where the potential s +0.23V to a place where the potential
is -1.44V.

& How much energy is transferred?

b Is work done on the charge or by the charge?

Explain why there is no change in gravitational potential energy for a mass that is moved horizontally on
the Earth's surface, or for a sateliite in a circular orbit around the Earth

B Field lines and equipotential surfaces

Afield line represents the direction of force on a mass (or positive charge). If the field lines
get closer together it means that the field strength is increasing.
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‘When drawing field lines remember that they cannot cross each other because it would mean
that a force could act in two directions at the same place.

‘An equipotential surface (or line) connects places with the same potential.

Gravitational equipotentials
We would not normally expect the gravitational potential (or field) around a large mass, like a
planet or star, to change and that is another reason why the concept of potential is useful: we
can draw ‘energy maps’ to represent how the gravitational potential varies around planets and
similar bodies. Figure 104 shows equipotential lines around a spherical
planet, which acts like a point mass.
For example, the same amount of energy would be needed to take
a certain mass located at any point on the red equipotential line to
infinity, and no net energy would be needed to move the mass from any
place on the red line to any other place on the same equipotential line.
Because potential is a scalar quantity, there are no arrows on the lines.
The numerical difference in gravitational potential between successive
equipotential lines is always kept the same, which means that the lines
get further apart as the distance from the mass increases (because the
gravitational field strength is getting weaker). Figure 104 represents a
three-dimensional situation on a flat piece of paper; in three dimensions

increasing the equipotential surfaces in this example would be spherical.

potential In Chapter 6 we briefly discussed the use of field lines to
represent gravitational fields (and magnetic field lines were used

B Figure 104 Equipotential ines around a in Chapter 5). Drawings of equipotential lines do not provide any

spherical mass different information from field lines, but they do provide another

way of visualizing the same field.
The force on any small mass placed near to the big mass, M, in Figure 104 will act radially in
towards M, perpendicular to the equipotential lines.

Gravitational field lines are always perpendicular to equipotential surfaces, pointing from
higher potential to lower potential.

Figure 10,52 shows a radial gravitational field and Figure 10.5b shows an (almost) uniform
gravitational field, such as in a room. The field is always strongest where the field lines and the
equipotential lines are closest together.

field lines

B Figure 10.5 Equipotential lines and field lines are perpendicular to each other
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The shape of the equipotential lines around two equal masses is shown in
Figure 106.

Contour lines drawn on a geographical map, such as those shown in Figure
10.7, are useful in the same way that equipotential lines are useful. In fact
contour lines are a type of equipotential line. Contour lines join up places at
the same height, so that, by looking at the map, we know in which direction to
move to go up (to gain gravitational energy), to go down or to stay at the same
level. We also know that the ground is steepest where the lines are closest
together and that anything able to move freely, like a river, will go downwards

lar to the contour (equi ial) lines.

B Figure 10.6 Equipotential lines
around two equal masses

® Figure 10.7 Contour lines on a map

10 a Make a copy of Figure 10.6 and add to it gravitational field lines.
b Mark where the gravitational field strength s zero.

11 Draw a sketch of the equipotential ines around two masses that are not equal — for example, the Earth
and the Moon.

12 Find outwhat is meant by the geoid.

Electric equipotentials

Variations of electric potential around any particular arrangement of charges are also best shown
on drawings of equipotential lines or surfaces. The principles are the same as for gravitational
equipotentials, but they are repeated below for clarity.

Electric field lines are always perpendicular to equipotential lines and point from higher to
lower potential (the ditection of force on a positive charge).

Figure 108 shows the equipotential lines and field lines around individual point charges
and Figure 109 represents the uniform field between charged parallel plates, The numerical
difference between adjacent equipotential lines is always kept the same. Where the lines

are getting further apart the potential gradient is decreasing, which shows that the field is
getting weaker. Field lines and equipotential lines drawn on a flat surface are a simplified way
of representing a three-dimensional situation and more generally we should be referring to
equipotential surfaces.
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B Figure 108 Electric  a b
field and potential equipotentialline
around point charges
decreasing increasing
potential and potential and
potential potential
energy energy
B Figure 10.9 Field
and potential in a
uniform field ¢ ?
t } lines
2 =

field lines

By definition, no net energy is transferred when a charge is moved between different places on
the same equipotential line.

Figure 10.10 shows the equipotential lines around two equally sized positive charges. Some
field lines have also been included.

Figure 10.11 shows the equipotential lines around two equally sized charges of opposite sign.
(A pair of equal and opposite charges separated by a small distance is called a dipole.)

 Figure 1010 field line
Equipotentials
around equal point
charges

B Figure 1011
Equipotentials
around a dipole
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Electric equipotentials can be investigated in two dimensions easily if resistance paper is available.
See Figure 10.12. The two copper electrodes must be in good contact with the paper. The probe
is moved so that the reading on the voltmeter remains constant. This means that the potential
difference between one electrode and the probe is constant, so that the movement of the probe
is along an equipotential line. A range of different electric fields can be investigated by using
electrodes of different shape, size and separation.

Field lines representing a static electric field must meet any conducting surface
perpendicularly, otherwise there would be a component of force acting on free electrons making
them move through the conductor (it would then not be in a static field in equilibrium).

On a flat charged conductor electrons will distribute themselves evenly, but on a curved
surface they will tend to be more concentrated where the surface is most curved. This means
that electric field strength is highest near curved and pointed objects. See Figure 10.13.

resistance paper

— field lines
-~ equipotential fines

 Figure 1012 Investigating W Figure 1013 Electric field lines and equipotentials
equipotentials near a negatively charged curved conductor

13 Sketch the equipotential and field fines around two point charges of different magnitude if
a they have similar signs
b they have opposite signs.

14 Sketch the shapes of the equipotential lines that you would expect to obtain with the arrangement as
shown in Figure 10.12

15 Consider Figure 10.9. Make a sketch of the field lines and equipotential ines that would represent the
situation if the p.d. across the plates were changed from +V/ to ~V/2.

16 Figure 10.14 shows a kind of coaxial cable that is widely used for transferring data, such as signals to
televisions. The outer copper mesh is maintained at 0V and the signal is sent as an electromagnetic wave
in the insulator between the central copper wire and the surrounding mesh. This design, with ts earthed
outer mesh, helps reduce interference to and from other electromagnetic waves. Make a sketch of a
cross-section of the cable and add electric ield lines and equipotertia fines.

W Figure 10.14
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M Figure 10.16
The Eiffel tower must
be protected by a
lightning conductor

17 Figure 10.15 represents the variation of potential between two conductors. Sketch the electric field
pattern of this arrangement.

3
+20V
+10V

30V

Y 0

—iov

= Figure 10.15

18 Draw a sketch to represent the electric field fines between a positively charged cloud and some flat ground
with a single tall ree beneath it

Electric fields and lightning conductors

A lightning conductor is a long, metallic object fixed pointing upwards on the top of a tall

or exposed structure, such as a building, bridge or statue (Figure 10.16). A thick copper cable
connects the lightning conductor down
the side of the structure and into the
ground. The simplest lightning conductors
are just single metal rods, but many other
patterns are in use. Sometimes they

can be designed to be decorative or just
inconspicuous.

Lightning will strike the conductor
rather than the structure and the very
high electric currents flow harmlessly
to the ground rather than damaging the
structure, or people inside or near it.

The pointed nature of the lightning
conductor increases the electric field
around it and helps to fonize the air

to provide a conducting path for the
lightning, but it is still not fully understood
how important this process is.

1 Research the risks to aircraft from

lightning strikes, and how these
effects are minimized.
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W Figure 1047
Equations relating
the magnitudes of
field quantities

Nature of Science

10.2 Fields at work -simitar approaches can be taken in analysing
electrical and gravitational potential problems

In this section we will use our understanding of field concepts to consider radial fields and uniform
Felds inmore mthemarical dersilard therapply thist knowladge o specific examples. To bty
with it may be helphul fo-smummatize the four principal conceptaand thiir interconnections:

W All masses exert gravitational forces on other masses. Similarly, all charges exert electric forces
on other charges.
B This means that there must be potential energy stored in all such arrangements.
W Any calculations of the forces and energy will be specific to the particular masses (or
charges) involved.
W The concepts of field strength and potential describe the properties of points in space, rather
than the properties of particular masses (or charges).
B The interconnections hetween these four related concepts are shown in Figure 10.17.
potential energy
= average force
x distance = area [
under Fr graph
Describe .
particular Force, F e:‘:e"“:.'
ray, E,
arrangements force = gradient
of E,-rgraph
field rce tential = En(snua\ energy
‘{mngm = Trass (cr(harge) }“‘{ Potential = 1hass for charge)
potential = average
§ field strength
Describe x distance = area under [
points in field strength-r graph
space
Field strength Potential, V.
field strength

Communication with non-scientists
Gravitational fields extend t} hout the universe to unimaginably large distances. Conversely,
applications of electric fields include sub-atomic distances much smaller than can be seen with
any microscope (see Table 15 on page 5). Of course, the scientists involved in these areas have
specialist knowledge and are very familiar with the scale of their subject, but most of the general
public will have very little understanding of these topics, which are difficult to visualize. Added
to which, the concepts used in this chapter have a reputation for being difficult!
Scientists and scientific organizations cannot work in isolation; they have a responsi
communicate the essence of their work, not only to other scientists but also to the general public.
This requires communication skills that are very different from those skills used in the normal
work of a scientist.

to

M Forces and inverse-square law behaviour: radial fields

The radial fields around point masses (or charges) are the most basic of types field and should be
well understood. All other fields can be understood as the combination of many radial fields.
Remember also that spherical masses and spherical charged conductors behave as if all their mass
(or charge) is concentrated at the centres of the spheres (as observed from outside the spheres).
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Forces
We already know that the gravitational and electrical forces between points are described by the
following equations, which are given in the Physics data booklet:

Mm s - 2 Tl

Eg =G~ 7 (NewtonS law of gravitation, sometimes written as Fg = G—7)
Fy = k22 (Coulombs law)
Wultiplying togetterdlectiit Sharges of the same sigrwill resulf inva; positive force; whidmeans
a repulsion. The force acts in the same direction as increasing separation. Multiplying a positive
b by riagative dhiarge will vesulein aigaave ke whidkl meanivas atisction,

Forconsistency, it might be considered thit the equation for gravitational forees should also have
anegativesign. However, this tsusually considered unmecessary and omitted becarse gravitational
foroes are always afiracktve and we are ohly coricemed with the maghitude of the force:

Figure 10.19 shows a graphical representation of an inverse square law of (gravitational) attraction.

ToK Link

Is there a difference between negligi
Although gravitational and electrostatic forces decrease with the square of the distance and will only
become zero at infinite separation, from a practical stand point they become negligible at much smaller
distances. How do scientists decide when an effect is so small that it can be ignored?

d ze

Negligible means too small to be of significance, although in this context negligible also implies too small
1o be measured using current technology. For any particular application of a theory it may be reasonable to
assume that an effect is negligible, but the basic theory will not change.

Field strength

We know that in general g = Fim and E = Fg/g, so the equations for field strengths in the radial
fields around points are simply:

mlmZ

gGG

gy and g, are interchangeable here, and when discussing the field around a single point charge
we can just use q.

Cancelling, we get:
=G T
-k
‘The equation for gravitational field strength is given in the Physics data booklet (for Chapter 6).
The equation for electric field strength is not given in the Physics data baoklet.

Figure 10.18 shows the variation of gravitational field strength around the Earth. The field
inside the Earth gets less as the distance below the surface increases.

 Figure 1018 T
Gravitational field =
strength above the S
Earth's surface

(radius )

1

[ -

5
A
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W Figure 10.19 Force—
distance graph for

an inverse square
relationship

19 f the electric field strength 34cm from the centre of a charged sphere of radius 10cm is ~6.0NC-', what
is the charge on the sphere?

20 Draw a graph of the electric field strength around an isolated metallic sphere of radius 10cm if there is a
charge of +2.6nC on its surface.

21 & The gravitational field strength on the surface of the planet Venus is 8.9Nkg™. Calculate the mass of

Venus f it has a diameter of 12100km.
b What would be the weight of a 5000 kg spacecraft 6050km above the surface of Venus?

22 The area under a field strength-distance graph between infinity and a particular distance is equal to the
potential at that point. Use Figure 10.18 to estimate the gravitational potential on the Earth's surface
(r,= 6.4 x 105m).

23 Suggest reasons why:

2 the gravitational field strength inside the Earth is less than 9.8Nkg~"
b the field strength at the centre of the Earth is zero.

Potential and potential energy

Potential energy, EP

Figure 10.19 represents a variation of an attractive force between two points that is proportional
to 1/%. The shaded area, between 1 = ; and r = infinity, is equal to the work done in bringing a
mass (or charge) from infinity to a distance , from the point mass, or point charge (or from the
centre of a sphere). (The work is done by the field because the force is attractive.)

w
§
%
5
g potential energy at r,
i =work done in bringing mass
(or charge) from infinity
= shaded area under graph
0 =22 > infinity
[ Distance apart,
24 The gravitational for ht) act 20 fan
e gravitational force (weight) acting on a 20kg e e

mass on the surface of the planet Mars is 74N. The radius of

Mars is 3400km

a Calculate the mass of Mars. 1

b Draw a force-distance graph for this mass up to a distance
of at least 2 x 10km from the centre of Mars.

© Use your graph to estimate the gravitational potential energy 5
of the mass when it is on the surface of Mars.

25 Figure 10.20 shows how the force acting on a 73pC point
charge varies as it moved away from a charged sphere. B

a Determine the charge on the sphere.
b Use the graph to estimate the potential energy of the point =
charge when it is 5cm from the centre of the sphere. %

5
&
= Figure 10.20

Of course, using equations is much easier than measuring areas under graphs. It can be shown
that gravitational potential energy and electric potential energy can be calculated from the
following equations:

Both equations are given in the Physics data booklet.
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Reminder: the negative sign in the gravitational equation represents the facts that the zero of
potential energy is at infinity and that gravitational forces are always attractive. The sign of the
electric potential energy depends on the signs of the two charges.

Figure 10.21 shows the variation in gravitational potential energy (proportional to 1/r) of a
(test) mass, around a point mass. The gradient at any point equals the magnitude of the force at
that distance. The potential energy graph for two point charges of opposite sign will be similar.
For two similar charges, the potential energy will be positive because there will be a repulsive
force between them.

B Figure 10.21Graph Distance,
of potential energy
against distance in an
inverse-square force ar
field
AE,
-
2

Worked example

2 a Calculate a value for the gravitational po(erma\ energy of a 2000 kg spacecraft 100km above the
surface of the Moon. (mass of Moon = 7.35 x 102kg; radius of Moon = 1740km)
b EXplai iy 15 achgl potontial energy will o biggr
o 1 2
i M{M_gmx 109
b The effect of the Earth's gravitational field has been ignored.

26 Figure 10.22 shows the variation of gravitational potential energy of a spacecraft close to a planet.

Distance from centre of planet, 7/10*km
0 2 4 6 8 10
0

05

S
o

o

20
= Figure 10.22

a Use the gradient of the graph to determine the magnitude of the force on the spacecraft when itis
4000km from the centre of the planet.

b Estimate the potential energy of the spacecraft f itis 1.0 x 105km from the centre of the planet.

The surfaces of two identically charged spheres are separated by 12.cm. i the radius of each sphere is 2.8cm

and the electric potential energy in the amangement is +3.6 x 10-8J, what is the charge on each sphere?

28 Estimate the gravitational potential energy stored in the Sun~Earth system (research any data needed)

8
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Potential, V
In general, we have defined potentials as V, = Ey/m and V, = Egg. In particular, for radial fields:

4, and q, are interchangeable here, and when discussing the potential around a single poin
charge, we can just use g:

GM

Both equations are in the Physics data booklet.

A potential-distance graph will have the same inverse proportion shape as a potential
energy—distance graph. Figure 10.23 shows the variations in potential around both positive and
negative charges. (Gravitational potentials will always be negative).

o 29 a Explain exactly what we mean when we say
that the gravitational potential on the Earth’s
surface is ~6.25 x 107Jkg™! (at a distance
\ rfrom its centre).
b Calculate the gravitational potential at the
points P, Q and R in Figure 10.24.
¢ How much gravitational potential energy
would have to be given to a 2420kg
N~ spacecraft to move it from Q o R?

30 Use a spreadsheet to calculate the gravitational
potential at different distances from the centre
of the Earth (every 10000 km from zero to
100000km). Use the computer program to
generate a graph of the results.

Potential, v/
o

ois one of the moons of the planet Jupiter. ft
has a radius of 1820km and a mass of
around a 89 x 10%kg.
/| | negative a What is the gravitational potential on the
surface of 07 (Ignore the effects of Jupiter.)
b What would be the potential on another
moon if it had the same density, but twice
the radius? -
B Figure 10.23 Variation of potential j 5= st g DE R O mheire i
around tharges energy would be needed to transfer a 8.5kg mass
o infinity from the surface of lo.
d Why is your answer to c likely to be an underestimate

s

v




10.2 Fields at work 439

 Figure 10.25
Equations for radial
gravitational fields
(in blue) and radial
electricfields (in red)

32 What is the electric potential at a distance of 12.6cm from a point charge of 60uC?

33 What is the electric potential 10-'°m away from a positive charge of 1.6 x 1019C? (This s the
approximate distance of the nucleus from the electron in a hydrogen atom,)

34 A conducting sphere of radius 2.5 cm has a charge of ~76nC. How far from its surface will the potential
be ~1000V?

Summary of the equations for radial fields

Figure 10.25 shows the equations for the key concepts in radial fields. Refer to Figure 10.17 for a
reminder of how the concepts are interconnected. Seven of these eight equations can be found
in the Physics data bookler, bu the equation for electric field strengeh is not included.

Force Potential energy
_Mm( s _cmims
Fo= T(mrrc & )
%%
H
Field Potential

B Potential gradient and field strength
The magnitude of the gradient of any potential-distance graph for a radial field, (\GMA)ar or
Alkqlr)/an), equals the magnitude of the field strength at that point, but the following equations
apply equally to any field:
AV,
=-— 8
8= A
AV,
Br

E=—
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0/0

 Figure 10.26 Graph

These equations are given in the Physics data booklet.
Expressed in this way we can see that an alternative unit for electric field strength is Vm™
(equivalent to NC).

W
Ty is known as the potential gradient.

Field strength is equal in magnitude to the potential gradient.

As mentioned in Chapter 5, determining an electric field strength from measurements of force
and charge (E =Flq) is experimentally difficult, but determining electric field strength from a
potential gradient (E = ~AV,JAr) is much easier, especially if the field is uniform (see below), such
that only a voltmeter and a ruler are needed.

Figure 10.26 shows an example of how the gravitational potential varies around a planet. The
field can be found at any distance (for example at R) by determining the gradient of the graph at
that distance.

Distance from centre of planet /10’ m

showing variation of 2R
potential 0
around a planet !
-2
“

&
T~

&

Potential, /108 Jkg-!

35 Conside Figure 1026, Determin the graviatioa feld strength >
at a distance of 1.5 x 107m from the centre of the planet. 50-]
36 Figure 10.27 shows how the electric potential varies with o
distance, 1 from a certain point, P.
a Where s the electric field sirength a minimum? 304
b Determine the fild strength:
i 12cm from P o
ii 32cm from P
¢ Suggest what arrangement of charges might produice this
variation in potential. 10
o
8 16 2a 32
104 rlem
204
304
a0
50|

u Figure 10.27
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charge on
outside surface

o

1 / zer0 W
field, no charge | T

+{ constant " insice. | I

b \po(enua\ ; y
\\‘

msu\a(mg support

W Figure 10.28 Negatively
charged hollow metallic sphere

Field and potential inside a hollow charged sphere

If a metallic hollow sphere is charged, there will be forces between the charges
that make them separate as much as possible. This means that the charge will
accumulate on the ousside surface of the sphere (or any other shaped hollow
conductor). Because the inside is uncharged, there will be zero electric field inside
the sphere (Figure 10.28).

A zero electric field inside a conducting sphere means that the potential gradient
is also zero, so that the potential is constant inside the sphere and throughout the
conductor.

If there were a potential difference anywhere, charges would experience forces and
move, so that any p.d. would then disappear.

TRl Hollow conductors: Faraday’s cage

M Figure 10.29 A Faraday cage, showing
sparks on the outside, but with someone
safe inside

If a constant electric field is applied to a metal conductor surrounding a
space, free electrons will very quickly redistribute themselves on the outer
surface depending on the strength and direction of the field, and the
shape of the conductor. For a spherical conductor the charge distribution
would be the same everywhere on the surface. The conductor does not
need to be solid, so a mesh or ‘cage’ will work just as well. The inner
surface will be unchanged and there will be no electric field or potential
difference inside the cage. Figure 10.20 shows a dramatic example of a
‘Faraday’ cage.

The safest place to be in a lightning storm is inside a conductor, like a car
ora building (that has a lightning conductor if it is in an exposed location).
Electronic equipment can be protected by putting it inside a Faraday cage.

Similar ideas can be applied to the oscillating electric and magnetic
fields of electromagnetic waves, but the situation is more complicated
and the extent to which the space inside the cage remains free of
electromagnetic radiation depends on a number of factors including
the wavelength of the radiation, the size of any gaps in the cage and
the material, thickness, size and shape of the cage. Electromagnetic
shielding is used widely to protect important equipment from external
electromagnetic waves, or to stop the emission of electromagnetic
signals.

1 Investigate the extent to which a signal to, or from, a mobile phone, or the effectiveness of
a remote control,are reduced by placing them inside meallic conductors, with or withour

holes (e.g.a di

oven, mesh, aluminium foil...
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B Uniform fields

Gravitational

Gravitational fields around planets, like the Earth, are radial in nature so a perfectly
uniform gravitational field is not a realistic situation. However, for most purposes we can
assume that in our everyday lives on the surface of Earth we move around in a constant
gravitational field (Figure 10.5b). So we can use g ~ 9.8 Nkg™! anywhere on Earth. Very
accurate measurements of gravitational field strength will reveal slight variations in g
because of a variety of factors, including the density of the nearby rocks.

Electric
Uniform electric fields are important and are easily created by connecting a potential difference
across parallel conducting plates (Figure 109). The pd. forces electrons off one plate and onto
the other. This is discussed in much greater detail in Chapter 11 The charges
+V spread evenly on the plates and this produces a uniform electric field between the
plates. Beyond the limits of the plates the field strength reduces. This is sometimes
described as the edge effect.
Figure 10.30 shows a charge g between parallel plates separated by a distance d.
q When a potential difference, V, is applied across the plates, the charge experiences
a force F. The force will be constant anywhere between the plates (because the
field is uniform) and the charge will accelerate along a field line.

F

ov work done (force x distance) to move _potential difference x charge

. the charge from one plate to the other (definition of p.d.)
B Figure 10.30 The force ona Fd-Vq

charge in a uniform electric field

Or, Flg = V4, and because electric field strength is defined as Flg:

seeength of uniform electric field berween parallel plates, E =

This equation is not given in the Physics data booklet because it is a particular example of the
more general statement field strength = potential gradient (E = ~AV,/Ar).

Worked example

3 Abeta-negative particle is moving perpendicular to the uniform electric field created by a p.d. of 5000V
across parallel metal plates separated by a vertical distance of 5 cm.
a What is the magnitude of the electric field between the plates?
b What is the magnitude of the force on the beta pamde?
< Describe the motion of the particle between the plates
d Calculate the acceleration of the beta particle bstween the plates (mass of electron = 9.1 x 10-3"kg).

v Suno

0 105Vm-!

bF=Eg= (10x105)x(7sxm 19) = 16 x 104N

 The horizontal speed of the electron will be unaffected, but at the same time it will be accelerated
vertically by the force. These will combine to produce a parabolic path

F_16x101N _ T

== = 18 10ms

d




10.2 Fields at work 443

37 We live in a radial gravitational feld, 5o explain why we can assume that the gravitational field strength on
Earth is approximately constant.

38 Suggest three reasons why the gravitational field strength varies slightly between different locations on
the Earth's surface.

39 Explain why it is reasonable to assume that the electric field at the edges of a uiform field between
parallel plates has about half the strength of the field t the centre.

40 & What voltage s needed across parallel metal plates, separated by 1.5cm, to create an electric field

strength between them of 3.8 x 104Vm-1?

b What charge placed in this field will experience a force of 1.0 x 10-2N?

41 If a uniform electric field of at least 2.9 x 109Vm™! is needed to cause electrical breakdown of dry air,
estimate the voltage needed to cause a spark between
parallel plates separated by 2mm.

+ | 5000V

42 Consider the equipotential lines in the uniform electric
field between the two parallel plates shown in Figure =
1031 4000V —8————————
a Determine the electric field strength.
b If a charge of +7.8 x 10-7C was placed at point A, 3000V —————

what size force would it experience? 2000V ———

© Whatis the direction of that force?
d What is the potential difference between points A

and B?
& How much work is done if the charge moves from A oV
t0B?

1 What happens to the charge as it moves fom Ato B2 m Figure 10.31

10cm

1000V —e—————————

B Using electric fields to produce beams of charged particles
Electric fields are widely used to accelerate charged particles such as electrons, protons and ions.
Examples, many of which are included in this course, include:

electron beams used in diffraction and scattering experiments

oscilloscopes that use ‘cathode rays’

mass spectrometers

high-energy beams used in nuclear physics experiments

B production of Xrays (see Option C).

As an example of controlling particle beams with electric fields, consider Figure 1032, which
shows a type of electron beam deflection tube that is commonly used to demonstrate the
production and properties of electron beams. Electrons are emitted from the cathode when

it is heated by the hot wire next to it (a process known as thermionic emission). The electrons
are accelerated in the electric field created by a high p.d. connected between the cathode and
the positive anode, and they form a beam as they travel at high speed across the evacuated
tube. When the beam of electrons strikes the fluorescent screen some of their kinetic energy is
transferred to a spot of visible light.

™ Figure 10.32
Electron deflection fluorescent
tube screen

electron gun ¥ plates

electron
beam

anode, +V X plates
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 Figure 10.33
Combining
gravitational fields

1If pds are applied to the X-plates andfor the Y-plates the electrons will experiences forces as
they pass through the two uniform electric fields. By varying the p.d.s the spot can be moved
anywhere on the screen.

Worked example

4 a 2500V s used across an ‘electron gun’ to produce a beam of electrons. What i the kinetic energy of
each electron emerging from the gun?
b What is the maximurm speed of the electrons?

a 25008V, assuming that it has zero kinetic energy to begin with, or:
energy = p.d. x charge = 2500 x (1.6 x 101%) = 4.0 x 1015
b kinetic energy = Jomv?
20x10-6=05 x (91 x 10 x 2
0% 107ms-!

B Combination of fields and potentials

First consider a gravitational example: Figure 10.33 shows two planets (or a planet and a moon),
A and B, and the potentials and fields that they individually produce at a point P

Q resultant field |

Va

Field strength is a vector quantity, so vector addition is needed to determine the resultant of

the two fields.

In Figure 1033 this has been done by drawing a parallel with the diagonal
the resultant gravitational field strength in magnitude and direction.

Potential is a scalar quantity so the resultant potential at a point is just the sum of the
individual potentials.

Ve = Vi + Vi For example, if the potential at P due to A was ~8M] kg™ and the potential
at P due to B was -3 MJ kg™, then the overall potential would be ~11 MJkg. To take 1kg from
P to infinity would need 8MJ if only A was present, 3M] if only B was present and 11M] if they
were both present.

Exactly the same principles can be applied to electric fields, but remember that electric
potential can be either positive or negative. Consider Figure 10.34.
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W Figure 10.34
Combining electric
fields

! resultant field

Va

V.binet = Va + V For example, if the potentialat P due to A was +8V and the potential at P
due to B was =3V, then the overall potential would be +5 V. A charge of +1 C moving from P to
infinity would gain 8] if only A was present, but 3] would be needed to move 1C to infinity if
only B was present. If both A and B were present, +1C would gain 5] moving from P to infinity.

43 Asingly ionized atom of mass 23.0u is accelerated by 4700V in a mass spectrometer.
a What is the charge on the ion?
b What isits maximum kinetic energy ()7
© What is the maximurn speed of the ion?

44 What are the potentils at points R, § and T as shown in Figure 10.357 (Assume that the drawing is full size)

oR
8 P
= Figure 10.35 ot
45 Four equal positive charges were located at the corners of a square of
sides 10cm. If the potential at the centre of the square was 1000V,
what was the size of each of the charges?

46 Consider Figure 10.36.

a If the electric field strength at P due to g, is 472N C-! and the
electric field strength at P due to gy is 14.6NC-, determine the
magnitude of the combined field strength and its direction.

b If the magnitudes of the two individual potentials at P are 7V and
1V what i the combined potential? 3 %

< Isit positive or negative? = Figure 10.36
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47 Figure 10.37 shows how the gravitational potentia,

between a planet and its moon varies with the separation

of their centres, £

a Estimate the radius of the planet

b Estimate the mass of the planet.

© At what distance from the centre of the planet s the
gravitational field zero?

d Determine the magnitude of the gravitational field
strength 1.0 x 108m from the centre of the moon

a Use a spreadsheet to calculate the combined potential of
the Earth and Moon at points along a line joining their
centres (research the necessary data).

b Plot a graph of your results. It should be similar in shape
to Figure 10.37.

 How much energy would be needed to move a spacecraft

of mass 3400kg from the surface of the Earth to the

surface of the Moon?

Mo°m
0 02 04 06 08 10

V0% Jkg!

= Figure 10.37

W Figure 1038 Sputnik 1, the first satellite in space

B Spacecraft in gravitational fields
In this section we will first consider how much energy needs to be transferred to a spacecraft in
order for it to travel a very great distance away from the Earth (or the Moon or another planet),
and then how much energy must be transferred to a satellite to put it into orbit.

Gravitational fields: launching satellites
To send something up into space so that it stays up and does not come down again was a
dream of scientists for centuries. The first artificial satellite was sent into orbit by Russia on 4
October 1957 and this truly historic event has rightly been called the start of the ‘space age’
The satellite had a mass of 84kg and it orbited the Earth at an approximate average height of
570km and speed of 20000kmh. It was called ‘Sputnik I’ (Figure 10.38). Three months after
launching, Sputnik 1 burned up as it re-entered the Earth's atmosphere. Soon afterwards, the
launch of Sputnik 2 carried the first animal into space, a dog called Laika (see Figure 10.39).
She survived the launch but died in orbit a few hours later.

B Figure 1039 Laika: the
first animal in space

In simple terms, the major challenge was to transfer sufficient energy to the Sputnik satellite to get
it up above the Earth's atmosphere and get it moving in the correct direction at the right speed.
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Calculate the gravitational potential energy of the Sputnik satellite on the Earth’s surface
and in orbit.

o
®

Calculate the gravitational potential energy that had to be gained by the satellite for it
to reach a height of 570km.

Calculate the satellites kinetic energy in orbit, and therefore its total increase in energy
compared with being stationary on the Earth’s surface.

L2

Find out what fuel is used for rocket launches and the reasons why it is chosen.

F

Find out which countries currently have working satellites in orbit.

w

Find out if there is any country or organization that controls the use of the space around
the Earth.

Your answer to question 2b should be about 4 x 10°]. Much more energy than this, however,
needs to be transferred because a large amount of energy will be dissipated due to air resistance
and because the engines are inefficient. It is not possible to simply project a satellite into space,
so the launch has to be powered by rocket engines. One of the requirements of rocket fuel

is that a large amount of energy can be transferred from a relatively small mass of fuel. For
example, if 35 M] is the theoretical maximum amount of energy that can be released in the
combustion of 1kg of fuel and oxidant, then more than 100kg of fuel and oxidant would be
needed to supply 4 x 10°]. Of course, more energy would then be needed to raise the fuel itself.
These calculations totally ignore the mass of the engine and the tanks needed for the fuel and
oxidant. The total mass of the rocket reduces considerably as the fuel and oxidant are burned
and, when they are empty, the tanks can be discarded.

A typical useful ‘lifetime’ of a satellite is about 10 years. Currently there are about 3000 satellites
in use around the Earth. Russia and the USA have the most, but many other countries, including
China (Figure 10.40), have launched their own satellites. Since 1957 about 25 000 objects have
been recorded in orbit. Most have burned up after a few years as their orbits re-entered the Earth's
upper atmosphere, but many are still in orbit and commonly described as ‘space junk'.

W Figure 10.40 The launch of a satellite in China
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Escape speed

In theory an object can be projected (not powered) upwards in such a way that it could continue
to move away from the Earth forever. For this to be possible the object would need to be given
a very high speed. To calculate that speed we need to consider energies. In general, the iniial
kinetic energy transferred to an object will be transferred to gravitational energy, and also
dissipated due to air resistance in the Earth’s atmosphere.

But if we assume that the effects of air resistance are negligible, we can calculate the
‘minimum theoretical speed that a projectile of mass m needs in order to ‘escape’ from a planet of
mass M. This is called its escape speed, v,,.. It can be calculated as follows:

initial kinetic energy = change in gravitational potential energy between location and infinity

otmo-(-24)

2GM
T

v,

This equation is given in the Physics data booklet. Note that the theoretical value for the escape
speed does not depend on the mass or the direction of motion.

Worked example

5 Calculate the escape speed of a projectile launched from the Earth's surface. (Ignore any effects due to

the Moon.)
26
V=
esc =
Vesc

V= 112 104ms”!

This means that, ignoring the effects of air resistance, any mass projected in any direction from
the Earth’s surface with a speed of 11.2kms™ will never come back down to Earth. This speed is
theoretically enough o take it to infinity (also assuming it does not pass near any other masses),
where its speed would reduce to zero. If it was launched with a faster speed, the mass would still
be moving when it reached infinity.

Of course, it is not sensible to assume that there is no air resistance for an object moving
at high speed through the Earth’s atmosphere, so this calculated value is just a theoretical
minimum, However, on a planet or a moon that has no atmosphere, or if the starting point was
already above the Earth's atmosphere, the calculations are valid. Such calculations also ignore
any possible effects of other gravitational fields from other planets, moons and stars.

It is possible to give an object an initial speed of 11.2kms™, but it is not possible to project
any object with the much higher speed and kinetic energy needed to overcome all the resistive
forces of the armosphere. Spacecraft put into orbit around the Earth are not projectiles; they are
transported away from the Earths surface by continuous forces from rocket engines that act over
extended periods of time.

49 a Calculate the escape speed from the Moon's surface (mass = 7.4 x 10%2kg and radius = 1.7 x 108m).
b Explain why the actual escape speed is a lttle higher than your answer.
¢ Explain why a space vehicle launched from the Moon could reach the Earth if it was given a smaller
initial speed.

50 Calculate the escape speed from an orbit 350km above the Earth's surface.
51 How far away from Earth does the escape speed reduce to 1% of its value on the Earth’s surface?

52 & The mass of the Sun is 2.0 x 10%kg. Calculate how small s radius would have to be if the escape speed
from its ‘surface’ was to be equal to the speed of light (3 x 108ms™), so that it might become a black hole.
b Compare your answer to the actual radius of the Sun.
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Perspectives

53 Consider the combined effect of the Earth's and the Moon's gravitational fields on the Earth’s surface.
a How much higher than 1.12 x 10*ms™ is the escape speed from the Earth?
b Can the effect of the Moon be ignored?

54 Calculate the escape speed from a planet of raius 2.2  102km if the gravitational field strength on its
surface is 39Nkg~.

Atmospheres

In a gas in a container on the Barth's surface we would normally assume that the molecules are
distributed randomly and move with an average speed represented by the absolute temperature
(Chapter 3). For example, at 300K nitrogen molecules have an average speed of about 500ms™.
However, if the container was really large we would also need to consider the effect of gravity,
which acts on gas molecules in the same way as it acts on everything else.

As the molecules move upwards they slow down and, because of the range of molecular speeds
in all gases, there will be fewer molecules per unit volume at greater heights. This results in a
decrease in the macroscopic properties of the gas: pressure, density and temperature. Remember
that molecules continually collide with each other, resulting in random changes of individual
kinetic energies and speeds.

The Earth's atmosphere is not an isolated system and, although the principles described above
are valid, the situation is actually much more complicated because energy is continually being
transferred to the atmosphere from the Sun and the
Earth. Energy is mainly transferred to the air from
the Earth’s surface, so this is where we would expect
the air to be warmest and is why it gets colder when
we go up a mountain. Such temperature changes
cause changes in air pressure and density, setting up
local and worldwide convection currents.

A very small percentage of molecules that reach
the upper atmosphere can gain a speed higher than
the escape speed, so they leave the atmosphere
permanently. However, the geological and biological
processes that created the Earth's atmosphere are seill
occurring and the gases are replenished.

Because of s lighter mass, the escape speed from
the Moon is much slower than from the Earth. This
means that, over a long period of time, almost all
the gas molecules that were present in the past have
escaped and there are no processes to replace them.
As a result, the Moon has no significant atmosphere
and that is why the sky seen from the Moon is black
— there are no gas molecules to scatter the light

B Figure 10.41 The Moon has no significant atmosphere, sothe  (Figure 1041).

sky is black

a Show that molecules moving vertically upwards at 500ms™ would rise to a height of
about 12km if they did not collide with other molecules.

b Give reasons why many air molecules are found at much greater heights.

w9

Find out where the Earth's atmosphere came from, and whether there could be an
atmosphere on the Moon if it was larger.

w

Do Mercury, Venus and Mars have atmospheres? Are there any other planets or moons in
the solar system that have atmospheres?
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B Orbital motion, orbital speed and orbital energy

Speed of an orbiting satellite
We have seen in Chapter 6 that a satellite in a circular orhit around a planet must have the
vight orbital speed, 0, or a given height. This speed can be caleulated by equating centripetal
ion to gravitational 1
vo® __ GM
T TET

e
so that
Veate = g7
and
GM
Vorbit 2

T eigition i givein b thia Phisics diki booklei
Because:
2nr
Vorbit = T

(Lm)z _GM

Rearranging this gives an equation connecting radius directly to time period:

?  GM
TS

(This useful equation is a form of Kepler's third law, but it is not required knowledge in the IB
physics course)

Assume that all orbits are circular.

55 The radius of the Moon is 1740 km and the gravitational field strength on its surface is 1.61 Nkg™!

a Whatwould be the necessary orbital speed for a satellite around the Moon at a height of 1740km
above the surface?

b How many hours would such a satellte take to complete one orbit?

56 The mass of Jupiter is 1.90 x 1027kg. Ganymede is one of its moons (satellites) at an average distance
away (centre to centre) of 1.07 x 10km. What is the time period of ts orbit in days?

57 At what height above the Earth's surface would a satellte orbiting the Earth need to have a speed of
exactly 5kms-1? (mass of Earth = 5.97 x 102¢kg; radius of Earth = 6.37 x 106m)

58 a The average distance between the centres of the Earth and the Sun is 1.50 x 10" m. Trea(mg(he Earth
as a satelite of the Sun, estimate its time period in seconds. (mass of Sun = 1.99 x 10%kg)
b Suggest a reason why the answer is not exactly 1 year.

59 Use a spreadsheet to calculate orbital speeds for satellites orbiting the Earth at different heights (up to
40000km). Draw a graph of your results.

Energy of an orbiting satellite

‘We know that when a ball is thrown upwards through the air, it will gain gravitational energy

and lose kinetic energy as it moves away from the Earth. The process is reversed when it moves

closer to the Earth. If there were no air resistance, the total energy of the ball would remain

constant. The same principle applies to satellites, moons, planets and comets in their orbits.
To determine the total energy, Ex, of a satellite, we add its kinetic energy, Ey, to its

gravitational potential energy, Ep:

Er=E+E,
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Remember that the total energy and the gravitational potential energy must both be
negative because an orbiting satellite does not have enough energy to escape from the Earthis
gravitational field. For a satellite of mass m, orbiting a planet of mass M with a speed v at a
distance 7 from its centre, we know that:

_ GMm
T

So that:

Ep=dme -
But we also know that:
GM

™

GMm )

7

E,

1
-y g
Which gives:

1 GMm
=11

This leads to:
1 GMm (7 GMm )
Er=7" T

1 GMm
Ermso o

These equations are not given in the Physics data booklet.
They show us that the total energy of a satellite in a stable orbit is always equal in magnitude
to its kinetic energy, but the kinetic energy is positive, while the total energy is negative. The total
energy is equal to half the gravitational potential energy. This is shown graphically in Figure 1042.
In order to ‘escape’ from its orbit (not from the ground) a satellite needs to
have kinetic energy equal to its gravitational potential energy at that height (or
GG more). It already has the necessary kinetic energy for its orbital motion, so it
would need to gain a further equal amount of kinetic energy; its kinetic energy
needs to be doubled in order to escape from the planet.

If a satellite moving in a circular orbit (at a relatively low height) experiences
any air resistance, its speed at that height will decrease and the gravitational
force on it will then be bigger than the centripetal force needed for that height
potentialenergy and speed. If the satellite has no way of controlling ifs motion, this will cause

achange of height, moving it closer to Earth, and therefore it will gain speed

and kinetic energy. The total energy and the gravitational potential energy will

decrease as energy is dissipated as thermal energy. As the satellite moves closer

to Earth, the air resistance will increase further and its downwards trajectory will

become steeper, resulting in higher speed and greater energy dissipation. Because

B Figure 10.42 Energies of a satellite the air resistance will be very small at great heights this process may take a long

time, but low-height satellites have occasionally ‘crashed” to Earth, although mast of them ‘burn up’
in the atmosphere.

Energy

total energy Distance

60 & What happens to the total eneray of a satellite i it encounters some air resistance?
b Use the equation for total energy of a satellte to explain what must happen to a satelite that i losing
energy.
© Explain why the speed of the satelite willincrease and why these effects increase as the satellte gets
lower.
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satellte |

 Figure 10.43 Polar-
orbiting satellite

61 a Explain what you think ‘burn up’ means in the paragraph above.
b Research an occasion when a satellite actually crashed on the Earth’s surface and find out what
happened.

62 Asateliite of mass 820 kg is orbiting at a height of 320 km above the Earth's surface. Calculate:
a its gravitational potential energy
b its kinetic energy
< its total energy (Earth’s radius = 6.4 x 105m, Earth's mass = 6.0 x 10%kg)
d the speed it would need to have in order to escape from the Earth.

B Two different types of orbit

Satellites can be put into orbit at any desired height above the Earth's surface, assuming that
they are high enough to avoid air resistance (above approximately 200km). Orbits that are closer
to the Earth have obvious advantages, especially if the Barth's surface is being monitored for
some reason. But, apart from height, the other important (and related) factor is the period. The
orientation of the orbit compared with the Earth's axis and whether it is circular or elliptical are
also critical.

Polar orbits

Many satellites have orbits that pass approximately over both poles of the Earth at heights of up
to about 2000km (Figure 10.43). While the orbit remains in the same plane, the Earth rotates
so that the satellite passes over different parts of the planet on each orbit. These satellites make
many orbits every day.

Worked example

6 a How many orbits of the Earth does a polar-orbiting satelite at  height of 400km make every day?
b Suggest a use for such a satelite.

a radius of orbit = radius of Earth (6.37 x 10km) + 400 = 6.77 x 10°km
v o JGM _ [EET5 10 % (597 x 10
crh r 677 x 108

Vo = 7670ms"!

period, T= 21 2xx677 x 105 _ 5465, or 1.54h
Vorbit 7670

number of orbits in one day =—24— = 15.6

b There are many: mapping, monitoring the weather and spying for example.

Geostationary orbits

A geostationary satellite is one that remains above the same point on the Earth’s surface. This is
only possible if the period of the satellite is the same as the period of rotation of the Earth (23h
56 min). As we have seen, this requires that a geostationary satellite is at exactly the right height.

2
T =7 (or Kepler’s third law)
orbit

shows that the required orbital radius is 4.2 x 107m.

Any satellite at this height will have the same period as the rotation of the Earth and they
are described as geosynchronous. However, to be geostationary satellites must be made to orbit in
the same plane as the equator. Both orbits shown in Figure 10.44 are geosynchronous, but only
the orbit in a is geostationary.
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W Figure 10.44
Geostationary orbits
must be in the plane
of the equator

Utilizations

o))

satellite 3@

location of
receiver

b satellite

Earth’s axis of rotation

Earth’s axis of rotation

Geostationary satellites are especially useful because transmitting and receiving aerials on
Earth can remain with the same orientations, pointing at the same place in the sky. There is no
need to ‘track’ the satellite. This makes them especially useful for communications, TV
broadcasts etc.

63 Determine the necessary height above the Earth's surface for a geostationary orbit, in kilometres to three
significant figures
64 The Moon rotates once on its axis every 27.3 days.
a Explain why, from Earth, we always see the same side of the Moon.
b What would be the radius of a lunar-stationary orbit? (mass of Moon = 7.35 x 10%kg)
65 Explain why the period of the Earth's rotation is not exactly 24h.
66 Geostationary satelites are far above the Earth’s surface.
 Does this mean that there is a significant delay when communicating through them?
b Discuss whether the aerials need to be significantly bigger than when using closer satelltes;

67 Make a list of the different uses of satellites.

Orbits: global positioning systems (GPS)

About 30 satellites orbiting the Earth at an approximate height of 20000km are needed for a
GPS system. The most used system is maintained by the US government, but it is freely available
to anyone. Russia has its own system and China is also developing its own. Each American GPS
satellite continually transmits microwave messages of frequency 1.6GHz (wavelength 19cm), with
the exact time at which each is transmitted. Each satellite orbits the Earth about twice a day.

‘When a GPS receiver detects a signal it compares the time it was
received to the time it was transmitted, and then calculates the time
delay (transit time) and the distance to the satellite (using the speed

of electromagnetic waves). Obviously, the receiver must contain a very
accurate clock. If similar calculations are made using the signals from
another two, or more, satellites, the position of the receiver can be
determined. Figure 10.45 shows a two-dimensional representation of
the three-dimensional intersection of four spheres. All the satellites are
at similar heights above the Earth’s surface but their distances from any
given receiver are constantly changing.

.

satellite 1
satellite 4
.

‘With the very best (military) equipment it is possible to locate a
receiver in terms of latitude, longitude and altitude to within a few
centimetres. However, international regulations limit the accuracy of
civilian receivers to several metres.

B Figure 10.45 Intersecting spheres around If a moving receiver re-calculates its position after a known short

GPS satellites

interval of time, it can calculate its speed and direction of motion. All
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this information is ly displayed on a two-di 1 electronic map of the area, but
GPS can also be used to determine alitudes (in planes, for example).

B Figure 10.46 A GPS system in a car

The European Union is in the process of developing its own GPS system. It is called Galileo
and should be fully operational in the next few years. The intention is that the Galileo system
will be for civilian use only and that Europe will have its own, independent system.

Suggest why using the signals from four or more satellites is better than just using three.

N

If a system is to be accurate to within 5cm, approximately what level of accuracy is needed
for the clock in the receiver!

‘Why do you think that governments may want to limit the accuracy of the GPS systems
that are available to the general public?

4 Whyis it important that the signals travel from the satellite to the receiver in a straight line?

Weightlessness

Because weight is the force of gravity on a mass, to be truly weightless a mass would have to be
in a place where there was no significant gravitational field, such as in deep space — far, far away
from the gravitational effects of any stars or planets.

Alternatively, a mass could appear weightless because it was at a point where the gravitational
forces from two or more fields cancelled each other out, such as a point somewhere between the
Earth and the Moon.

‘We are all familiar with
videos of astronauts moving
around freely inside, or outside,
satellites orbiting the Earth
(Figure 1047). They are often
described as being ‘weightless)
but this cannot be true because
the gravitational field strength
at the height of a satellite’s orbit
is not much lower than it is on
the Earth’s surface. We need
to understand how and why an
object can seem to be weightless
when it is in a gravitational field.

® Figure 10.47 "Weightless' in orbit around the Earth
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We cannot feel or sense our own weight directly, but we are aware of our weight because of the
contact force from the surface underneath us pushing upwards. If that contact is removed we feel
weightless, although we may be more concerned with the fact that we are free falling! In an
elevator, on a fairground ride or in a vehicle on a bumpy ride, the contact force between us and
the supporting surface changes during any vertical change of speed. As a consequence we may
have a sense of increased or decreased weight; we may even feel brief ‘weightlessness'if, for a
short time, there is little or no contact at all between us and the surface.

A satellite is effectively accelerating towards the centre of the Earth (while moving sideways
at the same time). Astronauts in the sarellite will be accelerating in exactly the same way as the
satellite and there will be no need for contact between them and the satellite, so they will feel
‘weightless (Figure 10.48).

W Figure 10.48Losing  a b
contact with the floor

N

ly
contact (il weight
force weight
constant velocity, zero acceleration,
acceleration person and container
(including stationary) in free-fall
No resultant force on person  Resultant force downwards

Training for astronauts includes simulating weightlessness aboard flights in aircraft that are
following the parabolic trajectory that would be followed by a freely moving projectile (without
air resistance).
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B Examination questions — a selection

Paper 1 IB questions and IB style questions

Q1 Asatellite is in a circular orbit around the Earth. When it is moved to an orbit that is closer to the Earth’s
surface, which of the following describes the energy changes that take place?
A gravitational potential energy increases, kinetic energy increases
B gravitational potential energy increases, kinetic energy decreases
C gravitational potential energy decreases, kinetic energy increases
D gravitational potential energy decreases, kinetic energy decreases

Q2 The diagram represents equipotential lines of a gravitational field.

Which of the following is the direction and strength of the field at point P?

Direction  Strength

A = 50Nkg-!
B - 50Nkg™!
c & 13Nkg™!
D - 13Nkg™!

© 1B Organization

Q3 Which of the following is a correct description of the electric field strength and electric potential around a
single point charge?
A Field strength is a vector quantity; potential is a vector quantity.
B Field strength is a vector quantity; potential is a scalar quantity.
C Field strength is a scalar quantit otential is a vector quantity.
D Field strength is a scalar quantity; potential is a scalar quantity.

Q4 Which of the following is the correct expression for the minimum kinetic energy needed by a mass m in
order to escape from the gravitational attraction of a planet of mass M and radius R?
GM
AT
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Q5 Four charges are arranged at the four corners of a square, as shown in the diagram.

Q

)

el
<

Q

@

-Q +Q

+Q -

At which position is the total electric potential zero?
nowhere

at the centre of the square

midway between the two negative charges
midway between the two positive charges

oNnw>

The gravitational potential on the surface of a planet is V. What is the potential on the surface of another
planet of the same average density, but with half the radius?

v
Arg

v
By
(1%
D 4v

The two graphs below represent the variation with distance d, for d = r to d = 2r, of the electric field and
the electric potential around an isolated point charge.

Graph 1
Electric field/ )
arbitrary units I
& i d
Graph 2:

Electric potential/
arbitrary units |

0
0 7 rd

The work done by an external force in moving a test charge +q from d = 2r to d = r is equal to g multiplied
by:
A the shaded area under graph 1
B the shaded area under graph 2
C the average value of the electric field
D the average value of the electric potential.
© 1B Organization

Two satellites, P and Q, have been placed in circular orbits around the Earth. The time period of satellite P is
2 hours and the time period of satellite Q is 16 hours. Which of the following is the correct ratio of radius of
orbit of satellite Q to radius of orbit of satellite P?

A 64

B 16

Cc 4

D2
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Paper 2 IB questions and IB style questions

Q1 a Define gravitational potential at a point in a gravitational field. [€))
b The graph below shows the variation with distance R from the centre of a planet of gravitational
potential V. The radius R, of the planet = 5.0 x 106m. Values of V are not shown for R < R,.

RANOm

10 SADANODANIO RSO

V07 Jkg-!

Use the graph to the of the i field strength at the surface of

the planet. (3)
¢ A satellite of mass 3.2 x 10%kg is launched from the surface of the planet. Use the graph to

determine the minimum launch speed that the satellite must have in order to reach a height

of 2.0 x 107 m above the surface of the planet. (You may assume that it reaches its maximum

speed immediately after launch.) @

© 1B Organization

Q2 a Electric fields and magnetic fields may be represented by lines of force. The diagram below shows some
lines of force.

i State whether the field strength at A and B is constant, increasing or decreasing when
measured in the direction from A towards B. 2
i Explain why field lines can never touch or cross. (2
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b The diagram below shows two insulated metal spheres. Each sphere has the same magnitude of positive
charge.

Copy the diagram and in the shaded area between the spheres draw the electric field pattern due

to the two spheres. 3)

© 1B Organization

Q3 a Explain why gravitational potentials (and potential energies) are always given negative values. (2)
b The electric potential 1.0m at a point away from the surface of a hollow charged sphere of

radius 10cm is +250V. Determine the charge on the sphere. 2

¢ What is the potential on the surface of the sphere? [0

d What is the potential at the centre of the sphere? [0}
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W Figure 111
Inducing an emf by
moving a wire across
amagnetic field

Electromagnetic induction

ESSENTIAL IDEA!

= The majority of electricity the world is by machines
that were designed to operate using the principles of electromagnetic induction.
of current (ac) electricity has transformed

.
the world.
= Capacitors can be used to store electrical energy for later use.

11.1 Electromagnetic induction - the majority of efectricity
Jol the world is by machines that were designed to
operate using the principles of electromagnetic induction

B Electromotive force (emf)

The concept of electromotive force (emf) was introduced in Chapter 5 in connection with cells
and batteries. In this chapter we will explain the origin of the emfs supplied to circuits from
electric generators.

Inducing an emf by movement

Whenever a conductor moves across a magnetic field, or a magnetic field moves across a
conductor, an emf may be induced. This effect is called electromagnetic induction. (Induction
in this respect means ‘the act of making something happen’) Although these two effects are
essentially the same, we will begin by describing them separately.

El i g "

by moving a across a magnetic field
Figure 11.1 shows a simple experiment in which an emf is induced when a conductor (a metal
wie) is moved across a magnetic field. The induced emf is detected because it makes a small

current flow through a circuit containing a sensitive ammeter, called a galvanometer.

sensitive
galvanometer

magnet this direction

T move wire n
Tlexible
wire
magnetic fied lines

The charged particles in the conductor experience forces (as discussed in Chapter 5) because
they are moving with the wire as it crosses the magnetic field. Because it is a conductor, it
contains free electrons that can move along the wire under the action of these forces. Other
charges (protons and most of the electrons) also experience forces but are not able to move
along the conductor. Moving the wire, containing free electrons, is equivalent to a conventional
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current of positive charge in the opposite direction. We can use the lefthand rule to predict

the forces on the electrons, as shown in Figure 11.2. In this case the magnetic force pushes the
electrons to the left, so the lefthand end of the conductor becomes negatively charged, while the
other end becomes positively charged (because some electrons have flowed away). This charge
separation produces a potential difference (emf) across the ends of the conductor.

 Figure 11.2 magnetic field into paper
Magnetic force on
> x x x x left-hand rule
electrons produces
charge separation magnetic force on electron current
(opposite to direction of
x x field motion of the electrons
in the conductor)
x x
motion of force on
conductor condurtor charges
x x x x x x

 Figure 11.4 The
size of an induced

emf depends on the
direction of motion

If the motion or the magnetic field is reversed in direction, then the
emf is also reversed. (If both the motion and the magnetic field

are reversed, then the emf is unchanged.) If the conductor and the
magnetic field are both moving with the same velocity, no emf is
induced. For electromagnetic induction to occur there must be relative
motion between the conductor and the magnetic field. This effect is
important and it needs to be well understood because it has many
applications. Most importantly, it is the basic principle behind the
generation of the world's electrical energy.

In order to induce an emf, a conductor needs to move across a
magnetic field. Magnetic fields are represented by field lines and the
conductor needs to be moving so that it ‘cuts’ across (through) the
field lines. There will be no induced emf if the conductor is moving
in a direction that is parallel to the magnetic field lines. Consider the
examples shown in Figure 11.3. To induce an emf in a, the conductor
has to be moved so that its motion has a component into, or out of,
the plane of the paper. In b the magnetic field is out of the plane
of the paper and the conductor would have to be moved so that its
motion has a component parallel to the paper.

For similar conductors moving at the same speed, the induced
emf is highest if the motion is perpendicular to the magnetic field, as
shown in Figure 114.

smaller
emf induced

magnetic
greatest emt field lines
induced

conductor out of
plane of paper

no emf induced

B Figure 11.3 Direction
of motion that causes
electromagnetic

induction

a conductor
—
———
b
e

magnetic field fines

b conductor

e oljoe o o

‘magnetic feld out
of plane of paper

The induced emf in Figure 11.1 is very small, but there are simple ways by which it can be

increased greatly:
u faster motion

B using a magnet with a higher magnetic field strength
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S

W Figure 11.8
Inducing a current by
dropping a magnet
through a coil

B wrapping a long wire into a coil with many turns (and moving one side of the coil through
the field)

using magnetic fields and coils with larger areas.

Explain why no emf is induced across a string made of plastic when it is moved through a magnetic field.

Figure 11.5 shows a copper wire between the poles of a ‘ T

permanent magnet. In which direction(s) should the wire

be moved to induce;

a the highest emf

b zero emf?

© Explain why no current can be induced in this wire as
shown.

Draw a diagram to show how to demonstrate the
induction of a current using a stationary magnet and a
moving coil of wire.

= Figure 11.5

Electromagnetic induction by moving a magnetic field across a conductor

Figure 116 shows electromagnetic induction by moving a magnetic field (around a permanent
magnet) through a conductor. Again, the induced emf and current will be very small in this
basic example, but Figure 11.7 shows how the effects can be increased greatly by winding the
conductor into a coil or solenoid with many turns. The direction of the induced current around
the coil will be reversed if the magnet is reversed or the motion of the magnet is reversed.

loop of wire

magnet moving
into circuit loop
—

-~
magnet moving

into coil
galvanometer dlosed
W Figure 11.6 Moving a magnet B Figure 1.7 Inducing an emf and a current in a coil
to induce an emf and a current of wire

Figure 11.8 shows an electromagnetic induction expetiment recorded on a data logger and
computer. The data logger records the emf being induced at regular time intervals when a
magnet is dropped through a coil, and then the data are used to draw a graph.

a b

magnet
emfN

‘ \

w \

0.1

to
data logger
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 Figure 11.9
Deriving & = Bv/

a

6

Ina demonstration of electromagnetic induction similar to that shown in Figure 1.6, the induced current
was very small.

a Suggest two ways of increasing the induced current while still using the same single loop of wire.

b Give two ways in which the current can be made to flow in the opposite direction around the circuit.
Draw a sketch similar to Figure 11.7 to show the current direction when the bar magnet comes out of the
coil at the other end.

Suggest explanations for the shape of the graph shown in Figure 11.8.

An equation for the induced emf when a straight conductor moves across a
uniform magnetic field

Figure 119 represents a conductor of length | moving perpendicularly across a uniform magnetic
field of strength B, with speed v.

length |

magnetic field

x o o x  x
/ strength B

‘9;"3 *® x X, X x x x
electrons R
atthisend
x
\ Fewer
electrons
X X X x x x x atthis end
afiee \oeqy
electron

Free electrons in the conductor will each experience a magnetic force, Fy, given by the
expression, F = quBsin @ (page 250). In this perpendicular arrangement sin @ = 1. These forces
tend to move free electrons towards the left of the conductor. As more electrons move along the
conductor, the increasing amount of negative charge repels the motion of further electrons to
that end. The righthand end of the conductor, which has lost electrons, will become positively
charged and act as an attractive force on the electrons.

The charge separation produces an electric field along the conductor, E =2, where ¢ is the

induced emf across the length of the conductor (Chapter 10). The maximum induced potential
difference will occur when the force on each free electron due to the magnetic field, Fy, is equal
and opposite to the force on the electron, Fy, due to the electric field (see Figure 11.9).

electric feld = T

electric force, Fy = electic field  charge = -

g
So that,
&£=Bd

This equation is given in the Physics data booklet.

This equation shows us that the induced emf is proportional to the speed, the magnetic field

strength and the length of conductor in the field. This is a useful equation, but it can only be
used for a straight wire moving perpendicularly across a uniform magnetic field. (If the field was
not perpendicular to the wire, the component of the field in that direction would have to be
used in the calculation.)
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If a conductor is wound into a rectangular coil with N turns, the induced emf when one side
of the coil moves perpendicularly across a magnetic field is given by:

£=BuN

This equation is given in the Physics data booklet.

Worked example

1 What emf is produced across a 23.0cm long conductor moving at 98.0cms-" perpendicularly across a
magnetic field of strength 120 4T?

e=Bv
=(120 x 10-6) x 0.98 x 0.23 = 2.7 x 10-°V

When a conductor of length 90 cm moved perpendicularly across a uniform magnetic field of strength
4.5 x 104, an emf of 0.14mV was induced. What was the speed of the conductor?

©

What strength of magnetic field is needed for a voltage of 0.12V o be induced when a conductor of
length 1.6m moves perpendicularly across it at a speed of 2.7 ms1?

Aplane is flying horizontally at a speed of 280ms-! at a place where the vertical component of the Earth's
magnetic field is 12T, as shown in Figure 11.10.

a Calculate the emf induced across its wing tips ifits wingspan is 58m.

b Suggest why this voltage would be larger if the plane was fiying close to the North, or South, Pole.

© Could the induced emf be used to do anything useful on the plane? Explain your answer.

280ms™

B A‘lz;ﬂ

w Figure 1110

10 A rectangular coil of copper wire has 500 turns and sides of length 5.2 cm and 8.7 cm. The coil rotates at a
frequency of 24 Hz about an axis that passes centrally through the shorter sides. A uniform magnetic field
of 0.58T acts on the coil in a direction perpendiculr to the axis
 Draw alabelled sketch of this arrangement.

b Calculate the speed of the sides of the coil.

© What emf is induced across one of the longer sides at the instant that it is moving perpendicularly
across the field?

d What are the maximum and minimum induced emfs as the coil rotates?

B Magnetic flux and magnetic flux linkage

Magnetic flux

The size of an induced emf depends not
only on the strength of the magnetic field, eSS
B, but also on the area, A, of the circuit over
which it is acting, and the angle at which |

\
15 pussitig threuigh the eireuiy Forthese = = /

reasons it is useful to introduce and define b
5 . 19>-16>-16>-19

the important concept of magnetic flux. L s
Magnetic flux, @, (for a uniform

magnetic field) is defined as the product el

of the area, A, and the component of the

magnetic field strength perpendicular to H Figure 11.11 Magnetic flux depends on field

that area, Beos#. Figure 11.11 illustrates strength, area and angle.
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an example that shows that the angle 6 is measured between the normal to the area and the
direction of the field.

@ =BAcos8

This equation is given in the Physics data booklet.

If the magnetic field is perpendicular to the area, then 8 = 0 and cos6 = 1. The flux is
maximized and the equation simplifies to @ = BA. If the field is parallel to the area, the flux is
zero because cosf = 0.

The unit of magnetic flux is the weber, Wb. One weber is equal to one tesla multiplied by
one metre squared (1 Wh = 1 Tm?),

W can rearrange the equation to give Beos@ = @A, and this shows why magnetic field
strength is widely known as magnetic flux density (fluxfarea).

Magnetic flux can be a difficult concept to understand and Figure 11,12 may help. It shows
a non-mathematical interpretation of magnetic flux as the number of magnetic field lines that
pass through the area. Flux also has mathematical similarities with ideas in Chapter 8, where the
total power flowing through an area depends on the intensity of the electromagnetic radiation,
the area and the angle of incidence.

B

 Figure 11.12
Magnetic flux
explained in terms of
field lines

there is more flux through B than A
because the field strength is greater
over the same area

there is more flux through C than D
because the area is greater for the
7 same field strength

there is more flux through E than F

because the field is perpendicular to
the area

Worked examples

b

2 a Calculate the magnetic flux in a square coi of wire of sides 6.2cm when itis placed at 45° toa
magnetic ield of strength 4.3 x 10-4T,
b What would the magnetic flux become if only half of the coil was in the magnetic field?

a ®=BAsH
= (83 x 104 x (62 x 102 x cos 45°
©=12x10Wb

b The magnetic flux would be reduced to half because the area used in the calculation is the area of
the coil in the magnetic field, not the total area of the coil.

This example provides a solar radiation analogy normal tosurface gy v v

1o help understanding of the concept of flux. The !

“solar flux density" arriving perpendicularly at the e

Earth's upper atmosphere is 1360W m-2. (This was O 10/ S

called the solar constant in Chapter 8) Suppose

that near the Earth's surface this value has reduced

10 800Wm-2. Calculate the power arriving at a

horizontal solar panel of area 4.0m? if the radiation

arrives at an angle of 40° to the surface (see 4m?

Figure 11.13) M Figure 11.13 Solar flux

By analogy with @ = BAcos6, we can write:
received power = 800 x 4.0 x cos40° = 2.4 x 10°W
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o}

2
@

Magnetic flux linkage

Increasing the number of turns, N, in a coil increases the size of an induced emf in proportion
and, for this reason, the concept of magnetic flux linkage becomes useful. Magnetic flux
linkage is defined as the product of magnetic flux and the number of turns in the circuit. It does
not have a widely used standard symbol. The units of flux linkage are the same as flux (Wh),
although sometimes Wh turns is used.

magnetic flux linkage = NO&
This equation is not in the Physics data booklet.

In Worked example 2a, the flux through the coil was calculated to be 1.2 x 10-Wb. If the
coil had 200 turns, the flux linkage would be 200 x (1.2 x 10-6) = 2.4 x 10-4Wb.

11 Calculate the magnetic flux in a flat coil of area 48 cm? placed i a field of magnetic flux density
5.3 x 10T the field is at an angle of 30° to the plane of the coil.

12 A magnetic field of strength 3.4 x 10-2T passes perpendicularly through a flat coil of 480 turns and area
4.4 x 105 m2. What is the flux linkage?

13 Aflat coil of 600 turns and area 8.7 cm? is placed in a magnetic field of strength 9.1 x 10-2T. The axis of
the coil was originally parallel to the magnetic field, but it was then rotated by 25°. What was the change
of flux linkage through the coil?

B All electromagnetic induction is caused by changing
magnetic flux

Emfs can also be induced, not by movement,

but by changes in the current in one

circuit affecting another, separate, circuit.

Figure 11.14 represents the simplest example,

which should be understood in detail. First

consider circuit B at a time when the switch

in circuit A is open — there is no power

source and no magnetic field near ir, so there

is no current shown by the galvanometer. switch
‘When the switch in circuit A is closed,
however, a current starts to flow around crlth droce
circuit A and this sets up a magnetic field B Figure 11.14 When the switch is closed, a magnetic
around it. This field spreads out and passes  field (flux) passes from circuit Ao circuit B

through circuit B. The sudden change of magnetic flux induces an emf and a current that is
detected by the galvanomeer in circuit B. The changing current produces a changing magnetic
flux in the same way as moving a magnet does.

This induced emf/current only lasts for a moment, while the switch in A is being turned on,
because when the current in A is constant there is no longer a changing magnetic flux. When
the switch is turned off, there is an induced emflcurrent for a moment in the opposite direction.

As described so far, this is a very small (but
important) effect. However, the induced emf can
be increased greatly by winding the conducting
wires in both circuits into coils of many turns (to
increase the flux and flux linkage) and placing
them on top of each other with an iron core
through the middle. This is shown in Figure 11.15.
Remember from Chapter 5, that iron has high
magnetic permeability and greatly increases the
scrength of the magnetic field.

If the voltage source in circuit A is changed
from one that gives a direct current (dc) of W Figure 11.15 Making the induced emf
constant value to a source of alternating current larger by using an iron core and coils of many
(ac) then the magnetic flux in both circuits will turns (increasing the flux linkage)

meter for
circuit B
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change continuously and an alternating emf will be induced continuously. This effect has a large
number of important applications which are discussed later in this chapter.

14 & Figure 11.16 shows four loops of wire wrapped around a solenoid and connected to a centre-reading
galvanometer (as shown on the right). Describe and explain what will be seen on the meter at the
moment when:

i the switch is closed

ii the switch is opened.

b How would your answer to |
change if:

i there were eight turns on the
wire wrapped around the
solenoid

i an iron core was placed inside
the solenoid?

© What is seen on the meter when a -
constant current is flowing in the = Figure 11.16 >
solenoid?

centre-reading
galvanometer

15 Figure 11.17 shows two coils wound on cardboard tubes. An
alternating current flows through coil P and a changing emf
is induced in coil S because there is a changing magnetic
flux. Suggest four possible ways of increasing the maximum
magnetic flux linkage in o 5.

induced
= Figure 11.17 emf

Summary: three kinds of electromagnetic induction

In order to induce an emf across a circuit, a changing magnetic field must pass through the
circuit. There are three different ways in which this can be done:

Part of a circuit can be moved through a stationary magnetic field (as shown in Figure 11.1).
A magnetic field, for example around a bar magnet, can be moved through a circuit (as
shown in Figures 11.6, 11.7 and 11.8).

A changing current in one circuit can produce a changing magnetic field which spreads out
and passes through another circuit (as shown in Figures 11.14 and 11.15).

IS

w

Electromagnetically induced currents have perhaps their most important application in the
generation and transmission of electrical power (transformers), but there are many other uses
including radio communication, regenerative braking, metal detectors and geophones (devices
that induce emfs from movement of the Earth’s surface).

Metal detectors
“Treasure hunting’ using simple metal detectors is
a popular hobby. In Figure 11.18 a metal detector is
being used to hunt for metal objects, like coins and
rings, among the stones on the seashore. Other
applications include airport security and the search
for buried land-mines in war zones.

An oscillating electric current s passed through
a coil in the metal detector and the changing
‘magnetic field passes through another coil in the
instrument and induces a current. If there is any B Figure 11.18 Treasure hunting

metal close to the coils it will affect the magnetic field passing between the coils and change
the induced current. Any such change is detected by the circuit and usually an audible signal is
emitted. When the original oscillating magnetic field passes through the metal it will induce a
current within the solid metal called an eddy current and this will set up its own magnetic field.

1 Most airport metal detectors ate based on a pulse induction (P1) system. Find out the
principles on which this metal detection system is base«
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Nature of Science

Apparently insignificant experimental observations may have
enormous consequences

In 1831 Michael Faraday (Figure 11.19) became the first person

to demonstrate electromagnetic induction between coils. The
equipment available at the time made this a difficult phenomenon
to observe, and some observers may have doubted s importance at
the time, but its fz hi are now undeniable. Ina
similar way, the first transmission of radio waves more than 50 years
later (by Heinrich Hertz) may have seemed trivial at the time, but
both discoveries ultimately changed the world for ever.

W Faraday’s law of induction
Considering the three kinds of electromagnetic induction, the

size of an induced emf may variously depend on such factors as W Figure 11.19 Michael
the strength and size of a magnetic field, the speed and direction ~ Faraday (1791-1867) is
of motion, the area of a circuit, the number of turns in a circuit, considered to be one of the

whether the circuit surrounds air or some other material, and the ~ greatest scientists ever
rate at which an electric current is changing.

Faraday was the first scientist to realise that all these examples of electromagnetic induction
could be summarized by a single law expressing the fact that any induced emf depends on the
rate of change of magnetic flux linkage.

Faraday’s law of electromagnetic induction states that the magnitude of an induced emf is
equal to the rate of change of magnetic flux linkage.

This equation is given in the Physics data booklet. The negative sign is because of the

conservation of energy as represented by Lenz's law. This will be explained later.
Remembering that ® = BAcos 6:

B &= -NBcos® x (AA/A) can be applied to a situation in which the area of a circuit is
changing in a constant field.

B ¢ =-NA cos & x (AB/A) can be applied to a situation in which the magnetic field passing
through a fixed circuit is changing.

Worked example

4 The magnetic flux through a coil of 1200 turns increases from zero to 4.8 x 10-Wb in 2.7ms. What is
the magnitude of the induced emf during this time?

e=

1200 x (4.8 x10°%) _ . . .
5 o =21V (The negative sign is often omitted)

16 A coil of area 4.7 cm? and 480 turns i in a magnetic field of strength 3.9 x 102 T.
& Calculate the maximum possible magnetic fiux linkage through the coil.
b Whatis the average induced emf when the coilis moved to a place where the perpendicular magnetic
field strength is 9.3 x 10~ Tin a time of 0.22 57

17 Consider the circuit shown in Figure 11.15. When the input to circuit A is an altemating current of
frequency 50 Hz, the induced emf in circuit B has a maximum value of 4V. Suggest what would happen
to the induced emf in circuit B f the frequency in circuit A was doubled (with the same maximum
voltage). Explain your answer.
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18 Figure 11.20 shows a coil of 250 turns moving from position A, outside a strong uniform magnetic field of
strength 0.12 T, to position B at the centre of the magnetic field in a time of 1.4
a Calculate the change of magnetic fiux in the coil when it is moved.
b What assumption did you make?
© Whatis the change of magnetic flux linkage?
d Calculate the average induced emf.
e Sketch a graph to show how the induced emf changes as the coil is moved at constant speed from A to
C (no values needed).

magnetic field into paper
X X % x x X

47cm
X X X x x x
% X xgpx %% c
82am| || A . .

250 tumns
= Figure 11.20

3

Imagine you are holding a flat coil of wire. You are in the Earth's magnetic field.

 Draw a sketch to show how you would hold the coil so that there is no magnetic flux through it

b At a place where the magnitude of the Earth's magnetic field strength is 48 T, what emf would be
induced by moving a coil of 550 turns and area 17 cm? from being parallel to being perpendicular to the
magnetic feld in 0.50 57

20 A smallcoil of area 1.2 s placed inthe centre of @ ong solenoid with a large cross-sectional area. A
steady current of 0.5 A in the solenoid produces a magnetic feld of strength 8.8 x 104 T.
2 How many tums would be needed on the coil if an induced e of 2.4 mV was required when the
current in the solenoid was increased to 2.0A in atime of 0.10 57
b Inwhat direction would the coil need to be positioned?

Refer back to the graph shown in Figure 11.8.
& What quantity is represented by the area under the graph?
b Compare the areas above and below the time axis.

Carry out some research into the work of Michael Faraday and Nikola Tesla. In your opinion, which of
them contributed more to the of the theories of ele Explain your answer.

Refer back to question 10.
& What is the maximum magnetic flux through the coil?

b Determine the average emf indu

 Compare your answer to the answer for question 10 and explain the difference.

B Energy transfers during electromagnetic induction
If a current is generated from motion by electromagnetic induction, then energy must have
been transferred from outside the circuit. (We know this from an understanding of the law of
conservation of energy) The origin of this energy is the kinetic energy of the moving conductor
or magnet, The moving object must therefore slow down as it loses some of its kinetic energy
(unless there is a force keeping it moving).

For example, the magnets shown in Figures 11.7 and 11.8 must experience forces trying
to slow them down (opposing their motion) as they move into the coils. This means that
work has to be done to move the magnet into the coil and this energy is transferred to the
electromagnetically induced current. To understand why there is a force opposing motion, we
need to remember the ideas about the magnetic fields produced by currents from Chapter 5. If
an (induced) current flows around the coil shown in Figure 117, then the coil will behave as a
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magnet. The direction of the current makes the end near the permanent magnet a north pole
(this can be predicted using the right-hand grip rule). The two north poles repel each other and
cause a repulsive force opposing motion. If the induced current flowed the other way, then the
force would be attractive and the magnet would gain kinetic energy, which would conflict with
the law of conservation of energy.

If the polarity of the magnet moving into the coil was reversed, the induced current would
flow the other way around the coil and then two south poles would repel each other. If the
magnet is taken away from the coil, the current flows in the opposite direction and a magnetic
field is set up that tries to stop the magnet moving away.

If the switch in Figure 11.7 is opened, there will still be an induced emf, but no current can
flow. This means that there will be no magnetic field and no force from the coil.

Lenz's law

Because of the law of conservation of energy, we know that in all examples of electromagnetic
induction, any induced emf and current must set up a magnetic field that tries to stop whatever
change produced the current in the first place. This is known as Lenz's law.

Lenz’s law states that the direction of an induced emf is such that it will oppose the change that
produced i, This is represented mathematically by the negative sign in the Faraday's law equation.

24 Figure 11.21 shows  bar magnet on the end of a spring placed
close to a coil of wire.
 The magnet is pulled down so that ts end is inside the coil and
then released. Sketch a graph to show how the position of the
magnet will change with time for a few seconds
b On the same axes indicate how the emf induced across the coil
changes
© Suggest what differences will be observed if the switch is
closed while the magnet i oscillating. Explain your answer.
25 When a strong magnet is dropped vertically down inside a copper
tube it takes significantly longer to reach the ground than when it
is dropped outside the tube. Explain this observation.

26 The loop of wire shown in Figure 11.22 i travelling at constant
speed when it enters the magnetic field.
a Explain why the loop decelerates
b Does the top of the loop act like a north pole or a south pole?
< In which direction does the current flow in the side of the loop
first entering the magnetic field?
d Why is there no emf or current induced while the loop is
moving through the centre of the magnetic field?

© Discuss what happens as the loop leaves the other side of the ™ Figure 11.21
field.
f What has happened to the kinetic energy transferred from the

loop because it reduced in speed?

= Figure 11.22
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Tl Eddy currents and induction cooking

In an induction cooker, like that shown in Figure 11.23a, there are coils of wire below the flat-
top surface. When a high-frequency current is passed through a coil in the cooker, a strong,
rapidly oscillating magnetic field is created that will pass through anything placed on or near
the cooker's surface, like a cooking pot. If the material of the pot is a conductor, emfs and
currents will be induced in it. Currents circulating within solid conductors, rather than around
wire circuits, are known as eddy currents.

eddy currents
(parallel to cooking surface) steel pan

cooking surface

coil with high
frequency current

B Figure 11.23 a A steel pan on an induction cooker b How an induction cooker works

The electrical energy in the eddy currents will be transferred to internal energy and the pan
will get hotter. As in any circuir, the power generated can be calculated using P = PR. Thermal
energy is then transferred by conduction to any food that is in the pan.

The choice of metal for the pan is important — for example, copper has a low resistivity and it
also conducts thermal energy well. (This is not a coincidence; the ability to conduct thermal
energy and the ability to conduct electricity are related. Both depend on the number of free
electrons per unit volume in the material) However, copper would not be a good choice for
pans to be used with an induction cooker because it does not have good magnetic properties.
The pans need to be made of material with high magnetic permeability, in other words a
ferromagnetic material like iron or steel, so that the strength of the magnetic field in the

pan s greatly increased. (Some pans made especially for use with induction cookers use a
combination of different metals.)

Induction cookers have at least two significant advantages:

The cooker itself does not get noticeably hot (except for any thermal energy transferred
from the pan). This means that induction heaters are safe, quick and reasonably efficient
ways of cooking.

The heating process can be completely controlled, stopped or started by the turn of a switch.

Induction cookers are more efficient at cooking food than conventional electric hot plates and
both are a lot more efficient than natural gas cookers (although this does not allow for the
inefficiencies of electrical power production). The reason why they are not used more widely is
that induction cookers are more expensive than gas or electric cookers (largely because of the
extra electronics needed) and they also need special cooking vessels. In locations where space
is limited, safety is an issue and an oven is not needed. Then small induction cookers may be

the ideal choice.

1 Suggest why it is not possible to design and make an efficient induction oven.

2 Why do the heating coils in an induction cooker use high-frequency currents?

3 Explain why, although induction cookers are much more efficient than gas cookers, they
both create roughly the same ‘carbon footprint’.
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ToK Link

The use of scientific with difficult

The terminology used in electromagnetic theory is extensive and can confuse people who are not directly
involved. What effect can lack of clarity in terminology have on communicating scientific concepts to the
public?

can make

Faraday's law states that an induced emf is equal to the rate of change of magnetic flux linkage. A good
student of physics will appreciate that this is an elegant and precise way of expressing a very important
concept. However, for non-scientists it may seem like a foreign language. Scientists aim to express ideas as
briefly and as succinctly as possible, especially when communicating with other scientists. This involves the
use of precise scientific termi including the of new words for new ideas, or perhaps
the use of common words in precise scientific ways.

It s certainly possible to write an explanation of Faraday's law without using the phrases induced emf,
rate of change and magnetic flux linkage, but it would probably require several pages instead of one ine
(consider the first few pages of this chapter).

11.2 Power generation and transmission - generation

and transmission of alternating current (ac) electricity has transformed the world

B Alternating current (ac) generators
Consider Figure 11.24, which shows a coil of wire ol
between the poles of a magnet. (For simplicity, only
one loop is shown, but in practice there will be a
large number of turns on the coil)) If the coil is
rotating, there will be a changing magnetic flux
passing through it and a changing emf will be
induced. As side WX moves upwards, the induced
emf will make a current flow into the page, if it is
connected in a circuit. At the same time any
induced current in YZ will flow out of the page,
because it is moving in the opposite direction. In
this way, the current flows continuously around
the coil.

The connection between the coil and the

external circuit cannot be fixed and a
permanent hecause the wires would become
twisted as the coil rotated. Therefore carbon
‘brushes’ are used to make the electrical
contact with slip rings which rotate with the
coil, so that the induced current can flow
h l : ; [
vz

rotation

= alternating voltage
e 2 e

(rotate’ ’ 1 i
withcol) - pruches (fixed)

M Figure 11.24 A simple ac generator

into an external circuit.

Figure 1125 shows three views of the
rotating coil from the side. In Figure 11.25a
the plane of the coil is parallel to the
magnetic field and, at that moment, the
sides WX and YZ are cutting across the
magnetic field ar the fastest rate, so this

is when the maximum emf is induced. In c
Figure 11.25b the sides WX and YZ are

moving parallel to the magnetic field, so no
emf is induced at that moment. In Figure

11.25¢ the induced emf is a maximum again,
but the direction is reversed because the
sides are moving in the opposite direction
to Figure 11.25a.

B Figure 11.25 The sides of the coil cut the magnetic
field at different angles as they rotate, alternating
the emf produced
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RO 0

The overall result, if the coil rotates at a constant speed in a uniform magnetic field, is to
induce an emf that varies sinusoidally. This is shown by the green line in Figure 11.26. In positions
Band D the plane of the coil is parallel to the magnetic field. At A, C and E the plane of the coil
i perpendicular to the field. One complete revolution occurs in time T, Frequency, f, equals 1/T:

If the coil rotates at a slower frequency (fewer rotations every second), then there will be
a smaller rate of change of magnetic flux through it and a smaller emf will be induced. For
example, halving the frequency will halve the rate of change of magnetic flux linkage and
therefore halve the induced emf. The time period is doubled. This is represented by the blue line
in Figure 11.26. Students are advised to watch a computer simulation of an ac generator as the
coil(s) rotates slowly to aid understanding.

Throughout the world electrical energy is et
generated in this way using ac generators. Turbine B Tequenoyt
Blades can be made to rotate by the forces provided
by, for example, high-pressure steam produced from
burning fossil fuels, or nuclear reactions, or from
falling water (as discussed in Chapter 8). Turbine
blades are attached to large coils inside an ac

generator. The coils — with many turns and cores c E

with high magnetic permeability — are rotated in A Time
strong magnetic fields by the action of the turbine

blades. frequsn(yif

Electricity can also be generated using the same
principle, but with the magnetic field rotating
inside the circuit, rather than the other way
around. Such devices are commonly used in cars D
and they are often called alternators. T

(Note that dc generators are similar to ac
generators in basic design, but the connections to
the external circuit need to be modified))

B Figure 11.26 Comparing induced emfs at
different frequencies

27 Consider Figure 11.24.
a Explain why no em s induced across the rotating end of the coi, XY.
b List four ways in which the induced emf could be increased.
28 An ac generator produces a sinusoidal emf of frequency 30 Hz and maximum value 9.0 V.
2 Sketch an emf-time graph to show how the output of the generator changes during a time of 0.1s.
b Add a second line to your graph to show the output from the same generator if the frequency is
reduced to 10 Hz.

29 Figure 11.27 shows the basic details of the construction of a bicycle dynamo. Explain how it works.

magnet <ol on soft iron core

= Figure 11.27 Asimple bicycle dynamo
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Utilizations Induced emfs: motors

4
brush
(fixed)

Simple electric motors are similar in their basic design to generators — both consist of coils
rotaring in magnetic fields. We know from Chapter 5 that when a current is made to flow
across a magnetic field it experiences a force. In electric motors, like the simplified version
shown in Figure 11,28, forces in opposite directions on opposite sides of a current-carrying coil
result in continuous rotation. Compare the simple ac generator in Figure 11.24 with the simple
dc motor in Figure 11.28.

‘When the coil in a motor is rotating, electromagnetic induction also takes
place and an emf is induced across the coil which will tend to oppose its
motion (Lenzs law). In other words, when a potential difference is applied
toa coil in a motor to make it rotate, the motion then induces another
potential difference in the opposite direction, trying to stop the rotation.

This is often called a ‘back emf’.

In a well-designed, efficient dc motor that is spinning freely without doing
any useful work, the back emf can be almost as high as the applied p.d,, s0

BT that the resultant p.d. is just enough to drive a small current through the
(fired) coil and provide the necessary low power. But when the motor is doing

commutator

(rotates with coil)

useful mechanical work, for example lifting a load, the rate of rotation
decreases and the back emf is reduced (because of the decreased rate of

W Figure 11.28 Asimple dc motor changing magnetic flux linkage). The resultant p.d. and current increase

to provide the extra power needed.

An advantage of a dc motor is that the speed of rotation can be controlled easily, but most
motors operate with alternating currents. There are two main types of motor that use
alternating currents:

* A synchronous ac motor uses slip rings (as in the ac generator) and usually rotates with the
same frequency as the ac supply.

An ac induction motor uses electromagnetic induction to transfer the energy to the coil.

Explain why a split ring commutator and brushes, as shown in Figure 11.28, are needed for
a motor to rotate when supplied with a direct current.

5

Find out some basic information on how induction motors work.

B Alternating currents and direct currents

‘When a current is described as alternating, it means that the direction of the current changes
(usually in a regular way) and this is shown graphically by both positive and negative values.
We have seen that the output from ac generators is usually sinusoidal, bur other waveforms are
possible, like the square and triangular waves shown in Figure 11,29,

Current

sinusoidal
Ariangular
o
Time

square

® Figure 11.29 i graphically with different d the same
frequency, but different amplitudes
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 Figure 11.31
Oscillating voitage,
current and power
for a circuit with a
resistor and an ac
power supply

A direct current always flows in the same direction around a circuit (shown graphically by
always being positive or always being negative), although its magnitude may vary.

Electrical energy is mostly generated and transmitted using alternating currents because of
the need to reduce energy losses. As we shall see later in this section, high voltages are needed
for ission and this requires transf which can change (transform) volrages to higher
or lower values. Simple transformers can only work using alternating current, although it is also
possible to transform direct currents.

Many electrical devices that we use in our homes can be designed to use ac or dc directly, but
some devices can only operate with a dc supply. For example, electronic devices need dc, so their
designs need to include ac to dc convertors (rectifiers).

B Average power and root mean square (rms) values of current
and voltage

Figure 11.31 shows the varying voltage, current and power in a circuit with an ohmic resistor. For

easy comparison all three are shown on the same axes. The peak (maximum) values of voltage

and current are labelled V, and I,. The voltage waveform is easily observed using an oscilloscope

connected across the resistor.

The current at any moment is determined from I = V/R, and the instantaneous power can be
determined from P = VI.

The maximum power is given by:

P, ‘max IDVD
This equation s given in the Physics data booklet.

The power varies but always remains positive because the voltage and current are either both
positive or both negative at all times. This means that any power always flows from the supply
to the circuit. (This is only true for circuits that can be considered to be purely resistive.) The
power transferred in the resistor does not depend on the direction of current flow.

Pnax power

0
Time
current o

(]

voltage

Both the voltage and current variations are sinusoidal, which means that when they are
multiplied together, the power variation (P = V) follows a sine squared relationship. For this kind
of relationship, the average value of power, B, is exactly half the peak value:

1
70

This equation is given in the Physics data booklet.
The effective values of the current and voltage are the values that give the average power;
these are not the average values of the voltage and current, which are both zero, but they are less
than the peak values. The equation below can be used to determine the relationship between

peak and effective values for current and voltage:
Ly L Vo

P L ooiﬁx«ﬁ

i el

Ve ™ 7
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The effective value of an alternating current (or voltage) is therefore its maximum value
divided by Z. The effective value is called its root mean square (rms) value, o its rating.

The rms value (rating) given to an alternating current (or voltage) is the same as the value
of a direct current (or voltage) that would dissipate power in an ohmic resistor at the same rate.
This means, for example, that 230 V ac and 230 V de transfer energy in a resistor at the
same rate, even though the alternating voltage rises to a maximum of 230 x 2 = 325 V, while

the de voltage remains constant at 230 V.

These equations are given in the Physics data booklet.
The equations R = V/I and P = VI = 'R = V?/R can all be used with ac circuits using
maximum values or rms values (but not a mixture), so that:

,VU ms
ST

0 lms

R

This equation is given in the Physics data booklet.

al Oscilloscopes
Perspectives

Oscilloscopes are one of the most useful pieces of equipment found in a physics or electronics
Iaboratory. They are effectively voltmeters for observing quickly changing and repeating
potential differences and they are usually used to plot voltage—time graphs over short intervals
of time. But it is not just voltages that can be displayed; any physical quantity
that can be represented by a voltage can be shown in the same way. A
common example would be using the output from a microphone as the input
to an oscilloscope to show the pattern of the sound waves. A much simplified
of the front of an oscilloscope is shown in Figure 11.30.

OSCILLOSCOPE CO.

To begin with, a bright spot is seen on the screen and it can be moved around

by voltages that make it move up and down, or left and right (y shift and xshift

respectively). Circuits within the oscilloscope are usually used to make the dot

move automatically from left to right across the screen at any of a very wide

variety of speeds. The dot then moves back to the left of the screen and the

e base ygam process is repeated very quickly. This is known as using the time base. Unless the
{Z; ms/cm {3} volts/em | speed is quite slow, the moving dot will appear as a horizontal line.

brightness focus
L

Like any voltmeter, an oscill is d across the

whose p.d. is to be investigated, using the y input. If, for example, a sinusoidal
ong voltage s unplied o her ihpibat the same e s u t2 s tine base

off was moving the spot in the x direction, then a trace such as shown in Figure
1150 wouk besen on thescresn; ol Al thesy gain arsplifcarion) wax

B Figure 1130 A simplified oscilloscope  adjusted to a suitable value.

xshift yshift

O O yinput

1 If the squares shown in Figure 11,30 are each 1cm % Lcm and the settings on the
oscilloscope are 50V cm and 4 mscm, calculate:

the peak voltage

o

the rms voltage

a

the time period

%

the frequency.
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Worked examples

5 If the resistor in the circuit shown in Figure 11.31 is 47 0 and the supply voltage has a peak value of 12V,
what is the rms current in the circuit?

6 Consider Figure 11.32, which shows the variation with time of a supply of alternating p.d.
a Whatis the peak value of the voltage?
b Whatis the rms voltage of this supply?
© What are the time period and frequency of the supply?
d If this voltage were connected to a 64 Q resistor, what would be the peak and rms currents?

a 460V oA
b80_42v 8
2

T T
2 0 40 e g0 100 1%
o Time/105

-8
M Figure 1132

30 & If the peak value of the power in a circuit like that shown in Figure 11.31 i 14 W, what i the average power?
b If the rms value of voltage is 25 V, what is the value of the resistance?

31 a In a country where the mains electricity has a rating of 230 V, what s ts peak value?
b Whatis the peak value of the current through an electric heater rated 2.15 kW in that country?
© Whatis the rms current through the heater?
d If the same heater was taken to a country where the voltage was rated at 110V, at what average rate
would it transfer energy?
32 What is the rms voltage across a light bulb that has an average power of 60W when an alternating current
of peck value 0.36 A flows through it?

33 2 What is the average power dissipated in a 24.0 0 resistor when an alternating voltage of peak value
150V is applied across t?
b If the rms value of the voltage was doubled what would be the new power?
€ What assumptions did you make?
34 A water heater rated at 2.0 kW is designed to work with a voltage rated at 250 V and frequency 60 Hz.
2 Calculate the peak values of power, voltage and current.
b Sketch three graphs on the same axes to show how voltage, current and power vary over 0.03 5. Include
numerical values

B Transformers
The transfer of electrical energy from power stations to communities requires the use of much
higher voltages than is safe for use in homes (or than is produced by power stations). This means
that there is the need to change (transform) voltages between different values, and the devices
that do this are called transformers. Transformers are also needed in our homes whenever we
need a voltage that is different from the mains supply. For example, we may wish to charge a
mobile phone at 4 V in a country where electricity s supplied at 110 V.

Transformers use the principle of electromagnetic induction and because this requires time-
changing magnetic fluxes, simple transformers can only operate with alternating current, not
direct current. Figure 11.33 shows the structure of a simple transformer.
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W Figure 1133a The
structure of asimple
transformer and b
the circuit symbol for
a transformer

The input voltage that we want to transform is connected to a coil of wite known as the primary
coil. The output voltage is taken from a separate coil known as the secondary coil. The two coils are
wound on the same ferromagnetic (soft iron) core which usually forms a complete loop, even when
(as s usual) the coils are wound on top of each other. The ferromagnetic core has a high magnetic
permeability and this increases the magnitude of the magnetic flux passing between the cols.

a

soft iron magnetic lux passes
core through the core
ac 3 l
= ac output V,
‘"5“‘ 3V U (induced emf)
o
primary col secondary coil b
(N, turns) (N tuns)

An alternating current in the primary coil creates an alternating magnetic flux, which then
passes through the iron core to the secondary coil and induces an emf.

Bam—
At

There are many factors that may affect the induced emf in arrangements such as that shown in
Figure 11.33a and many interesting investigations are possible.

The higher the number of turns on the secondary coil, the bigger the output voltage (for a
given arrangement).

For an ideal transformer, the input voltage and output voltage, and the numbers of turns are
linked by the following equation:

SNy
& Ns

This equation is given in the Physics data booklet.
This equation suggests that by choosing a suitable turns ratio (N[/N,), an ideal transformer could
Hyiheory translorm snyslternating voltage it any ot hervolinge. X transformer used] toihcrease
voltages is called a step-up transformer. In contrast, step-down transformers reduce voltages.
An ideal transformer is 100% efficient, so that power into primary coil equals power out of
secondary coil.

el,-el,

This can also be expressed as:

This equation is given in the Physics data booklet.

A transformer that steps up the voltage must step down
the current. A step-down transformer must have an increased
current in its secondary coil. In real transformers, such as that
in Figure 11.34, there will be some energy dissipated into the
envitonment.

B Figure 11.34 A transformer
on aroad-side pole
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Worked exal

7 An ideal transformer has 800 tums on ts primary coil and 60 turms on its secondary coil,
a Is this a step-up or a step-down transformer?
b If avoltage of 110V is applied to the primary coil, what is the output voltage?
¢ Calculate the current through a 1202 resistor connected to the secondary coil,
d Calculate the power in the secondary circuit.
e Whatis the current in the primary coil?

a A step-down transformer, because there are fewier turs on the secondary coil
b %=%§ o8 %am £=83V

f Because itis an ideal transformer we know that the input and output powers are equal.

Note that the input power and current can only be calculated after the power taken from the
secondary circuitis known. If no current is taken out from an ideal transformer, then the input current
and input power will also be zero

Power losses in transformers

Up to this point, we have assumed that transformers are ‘ideal’, in other words that they are
100% efficient with no power losses. In practice, of course, this is not possible. The main reasons
why some of the input power is dissipated to thermal energy in a transformer are as follows:

The wires (windings) of the coils have resistance, so power (P = IR) is generated when
curtents flow through them. This is sometimes known as joule heating.

Currents are induced in the core of the transformer as well as in the coils. These induced
currents (eddy currents), swirling around in conductors, will result in joule heating.

Enetgy is also transferred in the core as it is repeatedly magnetized and demagnetized. This
is an example of an effect known as hysteresis, in which the properties of the system lag
behind the effect producing the changes.

Allof the magnetic flux created in the primary coil will not pass through the secondary coil;
there will be some ‘leakage’ of magnetic flux.

To reduce energy losses, thick wires of a metal with low resistivity (copper) should be used
for the windings. The cores are also usually made with layers (lsminations) of a ferromagnetic
material separated by thin layers of insulation to greatly reduce eddy currents.

Larger transformers are usually the most efficient — up to 98% efficient, Even at this
efficiency, large transformers may need to be cooled to prevent overheating. For example, a
transformer working at a power of 100kW and efficiency 95% must dissipate 5000] of thermal
energy safely every second. Smaller transformers are less efficient.

Most of the world uses electrical power with an alternating current frequency of 50 or 60Hz.
There are a number of conflicting factors affecting this choice, including the efficiency of
transformers.

35 Make a lst of the factors that could affect the induced emf in Figure 11.33a.

36 An ideal transformer has 600 turs on its primary coil.
a If t transforms 240V to 12, how many turns are on the secondary coif?
b When the secondary coil was connected to a resistance, the current was 480 mA. What was the value
of the resistance?
¢ Calculate the power developed in the secondary circuit
d What was the current i the primary coil?

37 a Draw a fully labelled diagram of an ideal transformer capable of operating a 10V, 16 W lamp from a

220V ac supply. Include the output circuit.
b What current flows in the primary circuit?
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38 An ideal transformer with 36 turns on its primary coilis needed to step up avoltage from 110V to 5.0kV.
 How many turns should be wound on the secondary coil?
b If the input current was measured to be 0.5 A, what was the output current and power?

39 A turs ratio of 10:1 for a step-down transformer could be chosen from 10: 1 or 100:10 or 1000: 100
or 10000: 1000 etc. Suggest factors that might affect the choice of the actual numbers of turns on the
transformer coils.

40 A mobile phone charger transforms 110V 10 3.8V.
a If there are 2000 turns on the primary coil, how many turs should there be on the secondary coil?
b If the output power of the charger is 0.58W, what s the current in the secondary coil?
< If the primary coil current is 5.9 x 102A, what s the efficiency of the charger?
d What power would be dissipated by the transformer?
& How would you know f a mobile phone charger was inefficient?

41 Suggest possible larger (and other devices) are usually more
efficient than smaller ones,

W Electrical power
distribution
Larger power stations tend to be more
efficient than smaller ones, and it is also
less expensive to build fewer larger power
stations than many smaller ones. This
means that most people do not live or
work near the power station that supplies
them with electrical energy. Consequently,
electrical power often has to be transmitted
significant distances between the place
where it is generated and the place where it
is used. The cables that transfer electricity
around the country are called transmission
lines (or sometimes power lines).

Power losses in transmission lines
Wi know from Chapter 5 that when a
current, I, flows through a conductor of
resistance R, some of the electrical energy is
transformed to thermal energy. The power
loss, P, can be calculated from P = I'R.

Obviously, every effort must be made to W Figure 11.35 Transmission lines transfer
keep the power loss in transmission lines as low electrical power around countries
as possible. This can be done by keeping the
resistance of the cables and the current through
them as low as possible.

The metal chosen for the conductor needs to
have a low resistivity. However, resistivity needs
to be balanced with economy, and using thicker
cables of a cheaper metal rather than using thinner
cables of a more expensive metal can cost less
overall, assuming that they conduct equally well.
(Remember R = pL/A from Chapter 5

Other properties of the metal will also be
important, such as its density, tensile strength
and chemical reactivity. Overall, aluminium
is usually considered the best choice for B Figure 11.36 Part of a power line with
transmission lines, often with a steel core separate inner cables
to increase strength (see Figure 11.36).
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B Figure 11.37 Step-up transformers at a power station

 Figure 11.38
Asimplified power
transmission system

Why transformers are needed for the transmission of electrical power

In order to deliver a certain electrical power, P, to a community, in theory it is possible to use any
current, I, and any voltage, V for the transmission lines, as long as P = V1. In other words, if the
current is to be reduced (to reduce energy dissipation), then the voltage must be increased by the
same factor in order to deliver the power required.

Transformers are used to step up the voltages across transmission lines to as high a value as
possible, so that the current can be decreased and the thermal energy wasted (IZR) greatly

reduced.

Step-up transformers are sited as close as possible to power
stations (see Figure 11.37). Decisions on the maximum value
of voltages used with transmission lines are based largely

on a combination of economic and risk factors, and there

is no ideal value. The cost of the extra precautions needed
to make extremely high voltages safe has to be balanced
against the financial and environmental costs of the

extra power losses that occur at lower voltages. In theory,
stepping up the voltage by a factor of, for example, 1000 can
reduce the current by the same factor; at the same time the
power loss (I2R) is reduced by a factor of 10002 = 106.

Following transmission, the voltage has to be stepped
down again to a value that is reasonably safe for use, for
example, in homes and schools. In most countries this is
in the range 200-250V, although industries usually use a
higher voltage, Step-down transformers are situated as close as possible to consumers.

(Note that the equation P = VR can be used with transmission lines to calculate the volrage
drop along a cable. For example, if the power dissipated in a cable of resistance 20 is 10YW, then
the voltage drop along the cable is 140V, which is nor really significant if very high voltages are
being used)

The need to transform voltages explains why alternating currents are used — only ac currents
induce the changing magnetic flux needed for transformers to work.

Figure 1138 shows a block diagram of a simplified transmission system with some typical
voltages. In reality, the voltages are stepped up and down by a series of transformers. The
maximum voltage may rise to 750KV or even higher.

short short
distance distance
. ‘ long distance
25KV 500KV tr [ 250V
— - town
step-up transformers step-down transformers

Transmission lines in different parts of a country are usually all connected together in what

is known asa transmission grid. The computer-controlled grid (Figure 11.39) helps balance
supply and demand for electrical energy in different parts of a country, and sometimes also
across international borders. Most people have become dependent on a continuous and reliable
supply of electrical power and it is a high priority for electricity companies and governments to
maintain that supply.
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W Figure 11.39
The Transmission
Control Center of

transmission network

operator 50Hertz,
Neuenhagen,
Germany

Nature of Science

Computer modelling

Computer modelling (of power transmission, for example) must make simplifying assumptions,
and it will not be able to take every inefficiency and variation into consideration. If the modelling
of power transmission s based on an idealized system, then reality will involve lower powers
because of inefficiencies that will never be 100% predictable. It is a major function of the system
operators to appreciate the limitations of any computer model used and recognize any anomalies.

Worked example

8 a What s the total current supplied to 2000 homes each using an average of 2.4kW of electrical energy,
if it is supplied using a voltage of 230V?
b Calculate the resistance of a transmission cable made of pure aluminium (p = 2.8 x 10-8Qm) that has
a radius of 3.0cm and a length of 15km.
At what rate would electrical energy be transferred to thermal energy if the current in a flowed
through the resistance in b?
d Comment on your answer to .

a P=V
2000 x 2400 =230 x

21000A

b R=plA
R=28x109x (15 x 104

% 00309
R=0150

(This value certainly does not seem like much resistance for a cable 15km long)
P=IR
P=210002x 015 = 6.6 x 10"W

dThis power loss is far too high. It would be much more than the useful power delivered to the
homes, making the process very inefficient. The cable would get very hot and melt.

42 Suggest reasons why copper is used for the wiring in houses but not for transmission lines.
43 A small town requires an average of 635 kW of electrical power and is supplied by a transmission line of
total resistance 0.76 . Calculate the power loss in the cables if the voltage used is:
a 1000V
b 250000V.
44 Suggest why industries may prefer to be supplied with electrical energy at a higher voltage than homes.
45 Explain why transformers should be situated as close as possible to power stations and to homes
46 a Suggest why it desirable for the metal used in transmission lines to have a low density.
b What chemical properties may be needed of the metal?
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47 & If the primary windings (of a coil) in  step-up transformer have 120 turns, how many turns are needed
on the secondary coil if it s to transform 20.0kV into 380kV?
b What voltage is the output from a step-down transformer at the other end of the transmission fine if it
has 6800 turns on its primary coil and 80 turns on its secondary coil?
€ What assumptions did you make?
48 & Suggest a reason why a transformer might work less efficiently at high frequencies.
b Suggest a reason why a transformer might work less efficiently at low frequencies.
49 A step-up transformer is used as part of a transmission system. It has 160 turns in its primary coil and 1920
turns i its secondary coil.
a I the input voltage is 1200V, what is the maximum theoretical output voltage?
b If a current of 160A flows in the primary coil, what s the input power?
¢ The step-up transformer is 96% efficient. Use your answer to  to calculate the current that flows
through the secondary coil.
d How much power s dissipated to thermal energy in the transformer?
e If the output transmission line has a resistance of 0.180, what is the power loss in the cables?

WELTIRGESELTE Competition and bias

We have explained the of using currents for the ission of electrical
power, which is now by far the most common system used in the world, but in the early years of
electrical power production (the 18805), direct current systems were also considered.

George Westinghouse and Thomas Edison were two famous American businessmen/
inventors/engineers and their companies took opposing views on which was the best system
for power transmission. This has since become known as the ‘battle of the currents’. Edison
favoured a dc system in which many (smaller) power stations were to be much closer to homes,
so that there would be no need for high voltages and transformers. (At that time there was no
easy way to transform dc.) The whole system was intended to operate at approximately the same
voltage, although a small drop would be expected between supplier and user. Because there was
1o need for high voltages, it was claimed that a dc system would be safer.

For the reasons already stated in this chapter, the ac systems proposed by Westinghouse
have become normal practice around the world. But although such systems have predominated
since those times, there have been some dc systems in operation in various countries around the
world, especially in small areas of high population density.

There can be problems with the use of ac power transmissions when different systems are
connected together (for example between countries operating at different frequencies). There
are also significant power losses when ac is used to transfer energy under water. For these
reasons, high voltage direct current (HVDC) transmissions are becoming more popular, although
the conversion of voltages for dc is a more complicated and expensive process than for ac.

Additional Are the electromagnetic fields around power lines and in our homes a
Perspectives health risk?

Absorption of electromagnetic energy by the human body

Any oscillating current in any circuit will create changing electric and magnetic fields, which will
spread away from the conductor. Mobile phones, wirfi, TVs and radios, for example, all use this
effect to great advantage with circuits and aerials designed to transmit and receive highAfrequency
oscillating electromagnertic fields efficiently (a typical mobile phone frequency is 900 MFE).

Human (and animal) bodies are conductors of electricity. So, if any changing electromagnetic
fields produced by circuits that use alrernating currents pass into a body, it is scientifically
reasonable to expect that very small currents may be electromagnetically induced, much like
eddy currents in a piece of metal, like a transformer core.

Some electronic equipment used in our homes (for example, compurers) involves the use of high
frequencies, but most of the electrical appliances in our homes use only the mains frequency of
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50 or 60Hz; the electromagnetic radiation from these can be described as extra-lowfrequency
(ELF). Because the oscillating electromagnetic fields from mains electricity are ELF, the rate of
change of magnetic flux i elatively small o that any induced currents will alo tend to be very
small. The cor length is very long (confirmed by using ¢ = A) and this also means
that relatively little electromagnetic energy actually spreads away from the low-frequency circuits.

Possible health risks

Much research has gone on around the world into the effects of ELF radiation on the human
body. Most scientists believe that the effects are negligible and that there is no evidence of

any significant health risk, such as damage to genetic material. Typically, the strength of the
magnetic fields a person might experience from electrical devices in their home is much smaller
than the Earths magnetic field strength.

Understandably, people tend to be more worried about the health risks of being close to
transmission lines. Concerns about living near high-volrage power lines include leukaemia
(especially in children), other cancers, depression and heart disease. However, there is currently
1o conclusive evidence making a link between these illnesses and living close to power lines.

Of course, it is certainly possible that, despite the current lack of definitive evidence, there is a
health risk associated with living close to a power line (which could be confirmed by scientific
research in the future). However, the fact that extensive research over many years has failed to
make any significant connection suggests that any link, s yet unknown, may not be a great
cause for concern.

Despite the Iack of convincing evidence, a significant number of people still believe that
there is a real risk to health, mostly because of reports they have read on the internet or in
newspapers, or seen on the television. Such reports often tend to exaggerate any possibility of
risks to make an interesting story, or fail to discuss any alternative scientific opinions. Of course,
once the possibility of a risk is placed in their minds, many people believe that it is sensible

to take precautions, even if that risk is very small or negligible. There are risks associated

with everything we do as individuals or as a society, and before we worry too much about any
particular activity it would be sensible to compare any possible risk with the risks of our other
activities like crossing the road, taking a plane trip, smoking or eating a lot of fastfood.

Research is continuing into the possible effects of tiny induced currents in the human body.
If there are any such effects, it would be reasonable to assume that they would be more
pronounced with higher currents, higher frequencies or a longer time in the field. However,

at present, there are no known biophysical processes in the human body that would make
scientists expect that exposure to such ELF electromagnetic fields could affect genetic material
(DNA) or otherwise be a danger to health.

If we consider that the electromagnetic energy is transferred by photons, the energy carried by
the photons is believed to be too small to cause harmful reactions. Similar comments may be
applied to the electromagnetic radiation from mobile phones.

1 a Caleulate the wavelength of electromagnetic radiation of frequency S0Hz.

b Suggest a reason why electromagnetic wavelengths of this size do ot spread away
efficiently from household appliances (see Chapter 4).

2 a What amount of energy s carried by a single photon of frequency SOHz?

b Suggest a reason why electromagnetic radiation of this frequency could be considered to be
unlikely to affect the human body, regardless of the intensity or duration of the radiation.

o

The previous two questions use two different and conflicting theories about
electromagnetic radiation which are linked by the concept of frequency. What name is
given to this dilemma?
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3 Use the website of the World Health Organization (WHO) to find out what their opinion
is on the effects of:

a living close to sources of ELF radiation

b using mobile phones for long periods of time.

-~

Explain why it would be reasonable to assume that if there were any health risks associated
with exposure to ELF radiation then they would be worse with higher currents, higher
frequencies or a longer length of time in the electromagnetic radiation.

The nature of tical eviden:
There is continued debate of the effect of electromagnetic waves on the health of humans, especially
children. Is it ustifiable to make use of scientific advances even if we do not know wht their long-term
consequences may be?

“Long-term consequences’ may be very difficult to assess. Suppose, for example, after extensive research,
it was shown in a report on transmission lines that for children between the ages of 5 and 15 who

lived within 200m of a high-voltage overhead line for longer than five years, there was, on average, a
10%-greater-than-average chance of developing a certain kind of cancer. Such information would be
understandably very alarming for other people in similar situations and it would certainly receive a lot of
publicity, with headlines such as ‘Cancer risk confirmed. The scientists and statisticians who produced the
report may have stated clearly that people should not reach the conclusion that the transmission fines were
definitely a heath risk — but that comment would have undoubtedly received less attention

Collecting statistical data like this is, by its nature, selective, Researchers have to choose what information
they are looking for and it is not easy to be completely unbiased, especially if they start with the definite
intention of looking for a certain connection. Other, relevant, information may have been overlooked, or
perhaps the same data could be interpreted in a different way. For example, maybe over a period of 10years
the increased risk was much less than 10%, or maybe there was a decreased risk for people over the age
of 15 — but such information will receive much less attention. Most scientists try to act with integrity and
are well aware of the sometimes misleading nature of statistical evidence; there is rarely any intention to
mislead.

Even if a connection between two sets of data is firmly established (that is, if there is a definite correlation),
scientists may still be a long way from proving that one thing (for example, living near to a high-voltage
power line) causes another (for example, an increased cancer risk). There is always uncertainty in the
accuracy of any data and statistical data like this is subject to unpredictable variations and limitations

So, any correlation may be purely coincidental, although good research and analysis should reduce this
possibilty.

Even f statistical evidence is convincing, it may still be misleading. For example, it is a confirmed fact that,
on average, taller children tend to be better at learning physics than shorter children. (Explanation at the
end of this section.*)

There could be other explanations of a possible correlation. It might arise because the people living

near the power lines are not typical of the general population in some way, or perhaps there is something
else about the environment of the power fines that causes an increased cancer risk, or maybe there is a
completely unknown factor having an influence. Such uncertainty means that confirming a definite cause
and effect can be very difficult, and society and individuals have to make judgements based on the best
evidence available. In Chapter 8, the increasing levels of carbon dioxide were correlated against increasing
average global temperatures, leading most scientists to believe that global warming is mainly caused

by gases released when fossil fuels are burned, but there are still some people who have doubts about
the link.

(*Explanation: in this case, being taller is not the cause of this correlation. Growing taller and achieving a
better understanding of physics are both consequences of getting older (in children). it is common for a
correlation to exist between two facts because they are both caused by something else, which may not

be known.)



486 11 Electromagnetic induction

Utilizations Overhead or underground cables?

® Figure 11.40 Ceramic insulation on to pay the extra cost of burying cables

apylon

Almost all long-distance, high-voltage transmission lines are overhead — held well above the
ground on pylons for safety reasons (see Figure 11.35). The cables themselves may be bare
wites, without any insulation between them and the ai, but very good insulators, like glass or
ceramics, are needed where the cables are supported by the pylons (see Figure 11.40).

The breakdown electric field strength for dry air is usually quoted to be
about 3000V mm-L. This suggests that a potential difference of 3 x 106V
would be needed for a dangerous spark to jump across from a high-voltage
transmission cable to a person or object 1 m away, and 6 x 105V at 2m
apart, and so on. However, you are misled if you think that it might be safe
to be within a few metres of an overhead cable. This is because the spark
risk is unpredictable, depending very much on the shape and nature of the
object close to the cable and the humidity of the air.

Many people think that pylons and transmission lines are ugly and spoil
the beauty of the countryside, but the cost of burying cables underground
is many times more expensive, partly because of the considerable extra

insulation needed. When faults occur, the repair of underground cables is
also slower and more expensive.

Similar considerations apply to the

power cables used in towns and cities

but because the voltages are lower, and
because people are more concerned about
safety and the appearance of their local
surroundings, many communities prefer

underground. Alternatively, cables can be

supported on poles at the side of the road.
Although they may not be pretty to look at, they are quickly
and easily repaired and extra cables can be added swiftly.
Look at Figure 1141, Make a list of the advantages and
disadvantages of delivering electrical power like this,
compared with putting the cables underground.

B Figure 11.41 Delivering
electrical power to homes

B Rectifying alternating currents

Alternating currents are not suitable for use in electronic devices, like computers and televisions.
This means that the ac power delivered to a home must be converted into dc for such uses.
Converting ac to de is called rectification and many electronic devices contain rectifiers inside
them. Typically, electronic devices use voltages much lower than the mains supply to the home,
so a transformer is also needed to step-down the voltage. The simplest kind of recification is
achieved with a single diode.

A diode is a semi-conducting component that allows current to pass through it in only
one direction.

The circuit symbol for a diode is used in Figure 1142, which shows a diode connected in
series with the output of a transformer and a load resistor. Note that the direction of flow of
conventional current through the diode is represented by the arrow in the symbol. We will
assume that the resistance of a diode is very small for cutrents flowing forward (the p.d. at
that moment is providing a forward bias) and very large for currents atrempting to flow in the
opposite direction (reverse bias).
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™ Figure 11.42 current
Asingle diode used
for rectification
load
resistor
diode

Figure 1143 shows a typical diode, but diode designs and sizes vary considerably, depending on
their intended use.

W Figure 11.43

A typical semi-

conductor diode

(conventional current

flows out of the

marked end)

N

An oscilloscope connected across the load resistor will display voltage waveforms such as those
shown in Figure 1144, (The current waveforms will be proportional to the voltage for ohmic
resistances.)

W Figure 11.44
Voltage waveforms
for simple

B Half-wave and full-wave rectification
0} The lower waveforms in Figure 1144 represent rectification, but the voltage is continuously
{éz)@ changing and it is zero for half of the time! This is known as half-wave rectification. An
effective numerical value for the voltage could be used to describe this output and it might
be satisfactory for the operation of devices like simple lights and heaters, but for many other
purposes this limited rectification is unacceptable. Full-wave rectification can be achieved easily
with four diodes in a bridge circuit.

Diode bridges
& Figure 1145 shows a circuit for full-wave rectification. If the output from the transformer at any
“

one moment is such that point A is positive (compared to F), the current will follow the route
'ABCDEF. A short time later the output of the transformer will make point F become positive,
but the current will still flow through the load resistor in the same direction. Figure 11.46 shows
the variation in voltage (proportional to the current) that would be observed by connecting an
oscilloscope across the ohmic load resistor.
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W Figure 11.45 Four
diodes connected in a
bridge circuit

B Figure 11.46
Full-wave rectification
(alternatively, the
waveform may be
inverted)

W Figure 11.47
Smoothing a voltage
with a capacitor

W Figure 11.48
Capacitor smoothing
of full-wave

Smoothing the output

Full-wave rectification is an improvement on half-wave rectification, but the output voltage
is still variable and will be unsatisfactory for many uses. The output can be smoothed by
connecting a suitable capacitor in parallel across the resistor as shown in Figure 1147,

from el
rectifier Teapacitor

Capacitors are explained in detail in Section 113 and a better understanding of capacitor
smoothing may have to wait until then. In essence: when the output voltage from the rectifier
circuit is rising, the capacitor becomes charged and the voltage across it rises. When the output
from the rectifier is falling, the voltage across the charged capacitor falls much more slowly and
this helps o maintain the voltage across R (see Figure 11.48). The values of C and R will affect
the rate at which the voltage across the capacitor rises and falls.

output
voltage

50 Sketch a full V-I characteristic graph to show the behaviour of an ideal diode, including forward and
reverse biasing.

51 Use the lettering on Figure 11.45 to indicate the flow of current when thereis a positive voltage on point F
(compared with A).

52 & Draw a circuit that will produce a smoothed low-voltage half-wave rectified output from a mains transformer.
b Make a sketch of how the output voltage varies with time.

53 Figure 11.49 shows a typical multi-purpose, low-voltage power supply used in school science experiments.
The output s ‘stepped” rather than continuously variable and it has full-wave rectification, but the output
is not smoothed.

a What is the principle electrical component in this power supply?
b Suggest how different output voltages are made available.
< Should an electric heater be connected to the dc or ac output?
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d Suggest other experiments for which this power supply may be:
i sitable
ii unsuitable.

e The power supply has a digital display for the output voltage. Why is it unfikely that the display will
indicate 12V when the switch is set to 12V and an electric heater is connected to the output?

# The power supply will turn off automatically if the current becomes too large. Suggest how this might
be achieved (the connection can be 'reset).

= Figure 11.49

Additional Other bridge circuits
Perspectives Other bridge circuits can make interesting investigations, but they are not part of the IB

syllabus. The full-wave rectification circuit that we have discussed is a typical bridge circuit.
{;ﬁi} e s e e e
bridge) which are connected in parallel with each other and a voltage supply. They are called
‘bridge’ circuits because another component is connected between the four components, as in
the further example shown in Figure 11,50, This is an historically important circuit used for
measuring an unknown resistance, R, Its importance lies in the fact that no current is flowing
through the gal when the final is made. This circuit is known as a
Wheatstone bridge. A similar circuit involving capacitors is called a Wien bri

 Figure 11.50
AWheatstone
bridge ircuit

11.3 Ca P acitance - capacitors can be used to store electrical energy for
later use
The ability of any object to ‘store’ electric charge is described as its capacitance. An electrical
component that is designed to store electric potential energy using charge separation is called
a capacitor.

The simplest kind of capacitor comprises two parallel metal plates with an insulator between
them.

W Parallel plate capacitor
Consider Figure 11.51. When the switch is connected to A, electrons will be attracted to
the positive terminal of the battery and repelled away from the negative terminal, so that
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B Figure 11.51
Parallel metal plates
connectedto a
battery

-+

W Figure 11.52 The
circuit symbol for a
capacitor

one of the two parallel plates becomes positively charged while the other becomes equally
negatively charged (as shown). This process is called charging the capacitor. As the charge on
each plate increases, the addition or removal of more electrons becomes increasingly difficult
because the charged plates will oppose their movement. A steady charge is reached when

the potential difference across the plates due to the charges becomes equal to the terminal
potential difference across the battery. The capacitor can be discharged by connecting the
switch to B, so that the electrons reverse their movements. In this simple arrangement,
charging and discharging are very quick processes because there is no resistance in the circuit.
Note that charge never flows through the insulator between the plates (unless there is a fault,
called a ‘breakdown’).

\\I

flow of
conventional electrons
flow of Ap ]
electrons.

B

The amount of charge, q, on plates like these will be very small (typically picocoulombs), but
how that charge depends on the size of the potential difference across the plates, V; or their area,
A, or their separation, d, can be investigated with a high-voltage supply and a sensitive coulomb
meter. The effect of putting different insulators between the plates can also be tested.

The circuit symbol for a capacitor is based on the parallel-plate arrangement (see
Figure 11.52). (Some capacitors are electrolytic in design, so they must be connected correctly.
For this reason a + sign is included in the symbol for these capacitors)

Experimental results show that:

qe<V

wA
1
=7
It can also be shown that q o< electric permittivity, &, of the insulator between the plates.
Electric permittivity was introduced in Chapter 5 as a constant representing the electrical
properties of an insulator. Relative permittivity, & = &/e;, where &, is the permittivity of free
space (a vacuum). In summary:
VA
=gt
d
This equation is not given in the Physics data booklet.
If the insulator between the plates is air or a vacuum, we can write:

VA
=&

This equation is not given in the Physics data booklet.
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B Capacitance

The capacitance, C, of a parallel-pl is defined as follows:

o the charge on the plates
the potential difference between the plates

This equation is given in the Physics data booklet.
The unit of capacitance is the farad, F (1 F = 1G/1V). Because this is a large unit, the
smaller units millifarad (mF), microfarad (uF), nanofarad (nF) and picofarad (pF) are in common
use. Note that the magnitude of the charge, g, is the same on both plates, because effectively the
charge has been moved from one plate to the other.
(The symbol C, in italics, for capacitance should not be confused with C for coulomb.)

Comparing C = % with g = ST gives:
A
C-ep
This equation is given in the Physics data booklet. %
If a vacuum (or air) is between the plates we can use C = &~

Dielectric materials

Capacitance can be increased by putting an insulator with the right electrical properties
between the plates. Such materials contain polar molecules and are called dielectrics (or
dielectric materials). Dielectrics are insulators with molecules that can be polarized in electric

fields (see Figure 11.53).

B Figure 11.53 polarized
Polarized molecules in molecule
a dielectric between

two charged plates

negative charge positive charge
on surface on surface

The overall effect of a dielectric is to increase the amount of charge on the plates of a capacitor
(for a given potential difference). The polarized molecules create their own electric field which
opposes the electric field between the plates, so that the net field between the plates tends to be
reduced because of the dielectric. However, to maintain the capacitor at the potential difference
provided by the source, V, more charge, ¢, must flow onto the plates. Because C = ¢/V the
capacitance, C, increases.

Relative permittivity is also sometimes called the dielectric constant.
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Worked example

9 a Calculate the capacitance of two parallel metal plates, each of area 15cm?, when they are separated
Omm of air.
b What charge will flow onto each of the plates when a potential difference of 12V is connected across
them?

a C=g,Ald = B85 x 10-12) x (1.5 x 102)2.0 x 10
b C=qV

66x10-2=g/2

q=8.0 x10-1'C (or 80pC)

6 x 10-12F (or 6.6pF)

54 A standard value for a capacitor used in electronic circuits is rated at 470F, 15V. What will be the charge
on this capacitor if it is connected to a 12V supply?

55 Calculate the p.d. needed between parallel plates of area 47.6cm? in order that a charge of 1.00nC will
accumulate on each plate when the separation of the plates is 2.46mm in air.

56 Determine the capacitance of parallel plates of area 4.9 cm? when polythene of relative permmittivity 2.25
and thickness 0.18mm is sandwiched between them.

57 When a pair of parallel plates with an insulator sandwiched between them had a p.d. of 1550V applied
across them, a charge of 3.7uC accumulated on each of the plates. Determine the permittivity of the
insulator if it had a thickness of 0.074 mm and the area of the plates was 15.8cmZ.

58 Find out which dielectric materials are the best choices for increasing the capacitance of capacitors;

59 A layer of aluminium oxide used to make a capacitor is 2.3 x 10 m thick. If the plates of a 1.0 capacitor
have an area of 24cm?, what is the dielectric constant of the aluminium oxide?

60 A flow of charge around a circuit is sometimes compared to the flow of water around pipes produced by
the action of a pump. Suggest how a piece of flexible rubber used to block the flow of water through a
pipe can be considered analogous to the action of a capacitor.

61 Figure 11,54 shows a variable capacitor. Suggest what causes the capacitance to change when the knob
is rotated.

re:
capaditance

= Figure 11.54

W Practical capacitors and their uses

Capacitors have a very wide range of uses, including

B smoothing voltages (as discussed in Section 11.2)

W storing relatively small amounts of energy, often followed by rapid release
® tuning circuits (for example, in radios)
"

timing circuits
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m filtering out direct currents in an ac circuit
B maintaining voltages in the event of power failures (such as to laptop computers).

Capacitors are available in many different designs (see Figure 11.55), but the ability to store more
charge for a given voltage can only be achieved by a larger physical size (consider C = £ A/d).
Designing capacitors with significant capacitance requires that the dielectric layers are very thin
(which can sometimes result in breakdown faults occurring), and imaginative ways of increasing
the areas of the plates are needed. This is most commonly achieved by rolling very thin plates
and dielectric into the shape of a cylinder.

B Figure 11.55
Arange of different
capacitors

62 Explain why large-value resistances can be very small in size, but large-value capacitors must be large
in size.

63 Suggest why a capacitor is used as the energy source for the flash in a camera.

64 What problems may arise in a capacitor that uses a very thin layer of dielectric?

B Energy stored in a charged capacitor

As we have seen, the charge on a capacitor is proportional to the p.d. across it. This relationship
is represented in the graph shown in Figure 11.56. The gradient of this graph is equal to the
capacitance, C = Ag/AV.

 Figure 11.56
The charge-voltage
relationship for a
capacitor

Work has to be done to move electrons to or from the plates because the forces from the charges
already on the plates have to be overcome. We know that, in general, work done = p.d. x charge
(from the definition of p.d), but neither the p.d. nor the charge are constant. Because the p.d.
and charge are proportional to each other we can use the following:

average p.d. % charge on capacitor

s V

energy transferred to
a capacitor (between 0 and V) when p.
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1
E=3Vxq
but note also that:
Energy stored in a capacitor equals the area under a ¢V graph.

Note that if V is doubled,  is also doubled, so that the energy stored is x22. This is shown more
cleatly in the following equation, which is obtained using C = q/V.

This equation is given in the Physics data booklet.

Worked example

10 Calculate the energy stored in a 6800 uF, 1.5V capacitor and compare it to the energy stored in an AA
battery of the same voltage.

Capacitor: £ = $.CV2= 1. x (6800 x 10-6)x 1.57 = 7.7 x 10-1)

Battery:
2hours)
E~ 104

Vit =15 x 1.0 x 7200 (an estimate made assuming that the battery can provide 1.0A for

Assuming that the volume of the battery is about ten times greater than the capacitor, the energy
density in the battery is about 105 times greater than the eneray density in the capacitor. Clearly,
capacitors are not suitable for storing large amounts of eneray. However, capacitors can release their
stored energy very quickly (unlike batteries which have significant internal resistance and involve more
time-consuming chenical processes).

The “lash’ used in a camera, or mobile phone, requires a p.d. of a few hundred volts (so the
camera must include a small ‘transformer) and the light emitted needs to have a high intensity.
This means that the electrical power and current need to be relatively large. A capacitor is
capable of providing this power because the duration of the flash is small, so the overall energy
is not large. The charging of capacitors in cameras takes a few seconds because the current
flows through a resistance in the circuit. Capacitors that are charged by large voltages can be
dangerous because of the large initial currents they can deliver.

The energy stored in a large capacitor can be used to light a small bulb or turn a motor for a
short time. If a joulemeter is available, it can be used to measure directly the energy that flows
off a capacitor.

Thunder and lightning

There are estimated to be more than one billion

lightning strikes every year on or above the Earth. Of
these about 25% involve strikes to the ground. Apart

from being a risk to human life, lightning can start fires
and cause considerable damage to buildings and electrical
systems of any kind. Tall buildings and important electrical
installations are designed to be protected against lightning.

B Figure 11.57 Alightning flash
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Lightning, like that shown in Figure 11,57, will strike from a cloud to the ground (or another
cloud) when the strength of the electric field between them becomes large enough to make
the air conduct. The charged cloud and the Earth below it may be considered as a very large
capacitor. The air between acts as the dielectric material, but when the p.d. gets too large it
breaks down and conducts in dramatic style.

Clouds contain droplets of water and ice particles, all of various sizes. These are continuously
moving around and colliding with each other. During this process, charge (electrons) can be
transferred between particles. This can result in a large-scale charge separation, with the top
of a cloud becoming positively charged and the bottom of the same cloud becoming negatively
charged as shown in Figure 11.58. This is just a simplification of what actually happens because
the exact details are still not fully understood.

B Figure 11.58 TG T
o + Paped
Electric field under e Y N
S
adoud %

R

The large negative charge at the bottom of the cloud will repel electrons on the Earths surface
and objects on it, leaving them positively charged. A very large electric field is created between
the ground and the bottom of the cloud. When the charge separation and the resulting field
become large enough, a conducting path is created and lightning will strike along the path of
least resistance. This is a complicated process, with charge flowing from both the Earth and
the cloud. Because of the high current involved in lightning, this is a very powerful process and
a lot of energy is transferred to radiation (including light) and internal energy. The extremely
rapid heating of the air by thousands of degrees causes rapid expansion and big pressure
changes, resulting in the emission of sound (thunder).

Electric fields are stronger near pointed objects, so anything that ‘sticks out’ from its
surroundings generally has a greater risk of being struck by lightning, But, the electric field
inside a conducting surface is always zero, so people inside cars and houses, for example, should
be safe from direct lightning strikes.

Apart from the large electric fields created by charged clouds, there is a permanent, but weak,
electric field of about 150N C-" above the surface of the Earth, directed downwards. This is
because of a layer of positive particles surrounding the Earth (the ionosphere), which is caused
by radiation from the Sun.

What safety advice would you give to someone caught outside in a thunder storm?

Y

Research the damage that can be done to buildings that are struck by lightning, How can
such damage be prevented?

w

Research stories of people who have survived lightning strikes.

IS

Find out which parts of the world have the most lightning strikes every year.
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65 How much energy can be stored on two parallel plates of area 130cm? and separated by 1.5mm of air
when a p.d. of 24V is connected across them?
66 a What voltage would be required across the terminals of a 0.15F capacitor in order to store 100 of
energy’
b What problems may occur f a voltage of 40V is applied across the capacitor when it is recommended
for use only for voltages up to 10V?
67 The capacitor used in a camera has a value of 100pF. It delivers energy to the flash ata p.d. of 280V fora
time of 0.0017s. Determine:
a the total energy stored on the capacitor
b the power of the flash (assuming it is constant during the flash and al the energy in the capacitor is
used).

68 Sketch a g-V graph for a 470, 20V capacitor.
69 Determine the amount of energy stored on a 2.7 mF capacitor when it has a charge of 5.9 x 10-3C on it.

70 Use the internet to learn about ultra-capacitors. Write a brief summary of your findings.

Nature of Science i ips and ical
The mathematics of the energy stored on a capacitor is very similar to the mathematics of the
energy stored in a stretched spring (Chapter 2), even though there is no physical similarity.

® A pd. applied to a capacitor stores electric potential energy as charges are moved onto the
plates. The gradient of a ¢V graph represents the capacitance (C = Ag/AV). The area under
24V graph represents the magnitude of the stored energy, leading to E = 4CV2,

A force applied to a spring stores elastic potential energy as the spring is stretched. The
gradient of an extension—force (xF) graph represents 1/force constant (k = AF/Ax).

The area under an x-F graph represents the magnitude of the stored energy, leading to

E = Yika?.

There are many mathematical analogies in physics and we will soon meet another in this
chapter — the mathematics of exponential changes has many applications, including the theories
of capacitors and radioactivity.
W Capacitors in series and parallel
There are times when we may need to work out the total capacitance of two or more capacitors
connected together in a circuit. For example, we may want to know how to connect capacitors of
standard values to achieve a required overall capacitance.
Capacitors in parallel
Consider three (or more) capacitors connected in parallel, as shown in Figure 11.59. The single
capacitor, Cy, which has the same capacitance as the combined capacitance of the others,
will have a total charge of q, + g, + gy on its plates. That is:

Gparallel = G + 3 + 43, but g = VC, so that:

Vil
Dividing by V, which is the same for all:

=VC, + VG, + VG,

C

parallel = G + G, + Cy

s o i Pyt i B
W Figure 11.59
Capacitors connected
in parallel +
v
= —F a, —F a Ga,
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Capacitors in series
 Figure 11.60 ¢ C

Capacitors connected
in series
& e o llg

Figure 1160 shows three capacitors connected in series. We know that the same amount of
charge, g, flows onto each capacitor and V = V, + V, + V,, bur V = g/C, so that the single
capacitor, C,,,,., which has the same capacitance as the combined capacitance of the others,
can be found from:

q

‘series

e

B
Cum B G B
Cancelling q gives:

‘series

This equation is given in the Physics data booklet.

The value of an unknown, uncharged capacitor (or combination of canbe
determined by connecting it in parallel with a charged, known capacitance, as shown in Worked
example 11.

Alternatively, an unknown capacitance may be determined from the rate at which the
discharge current (or p.d. across the capacitor) decreases with time. This will be covered in
greater depth next.

Worked example

11 A capacitor of 0.10F was charged by connecting it to a 5.9V supply. When it was disconnected from the
supply and then connected in parallel with another uncharged capacitor of unknown capacitance, the
voltage across them fell to 0.71V.

a Calculate the charge on the first capacitor before the second capacitor was connected.
b Determine the combined capacitance of the two capacitors in parallel.
© What was the unknown capacitance?

aQ=CV=010x59=059C
b C=Q/V=0590.71 = 0.83F
€ Garaia =G + G
083=01+G,
G=073F

Calculate the combined capacitance of three capacitors of values 1000 i, 2000y and 3000yF connected
in:

a parallel

b series

If only 470 i capacitors are available, suggest how you could combine four of them to make an overall
capacitance with a value within 1% of 285 F.

73 Two 680 F capacitors were connected in parallel with each other and this combination was connected to
a third capacitor of the same value in series. What was the combined capacitance?
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o'

® Figure 11.61
Cireuit to investigate
capacitor discharge
current

 Figure 11.62
Typical variation of
capacitor discharge
current with time

74 A 470,F capacitor was fully charged by connecting it to a 15.1V supply. When it was removed from the
voltage supply and connected in paralel across an uncharged capacitor, the voltage fell to 11.7V.
a What was the capacitance of the second capacitor?
b Calculate the energy stored on the capacitors before and after they were connected.
© Account for the difference,

B Discharging a capacitor through a resistance

The rate ar which a capacitor discharges (or charges) depends on the size of the resistance

in the circuit. (Up to now we have assumed that there is no resistance, so that charging and
discharging occur very quickly) As we will explain, the size of the discharge current and the rate
at which the capacitor discharges can be controlled easily, and this is one reason why capacitors
are such important circuit components. The currents and voltages associated with capacitors
change with time, so that capacitors are essential components for circuits that have time-varying
outputs, like timers and signal generators.

Resistor—capacitor (RC) series circuits

Consider the circuit shown in Figure 11.61. The capacitor can be very quickly charged by
connecting the switch to A because there is no resistor involved. When the switch is then
connected to B, the capacitor will discharge at a much slower rate, depending on the values of
Cand R. If the discharge rate is not too fast, measurements of current can be taken at regular
intervals to enable a graph to be drawn (see Figure 11.62 for an example). Alternatively, an
oscilloscope connected across the resistance can display how Vy (proportional to current) varies
with time.

80

60

Discharge current/mA

20

10 20 30 40 50 60 70
Timels

The current drops most quickly to begin with, but then the rate of change of current (which
could be determined from the instantaneous gradient of the line) becomes less and less. This
is because, as the amount of charge remaining on the capacitor decreases, the forces on the
electrons decrease in proportion.

This kind of change, in which a rate of decrease in a quantity is proportional to the amount
remaining, is called an exponential change (in this case, an exponential decrease or ‘decay).
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One consequence of an exponential change is that the ratio of the quantities at the beginning
and end of any specified time interval is always the same. This can be used to check data quickly
to see if they represent an exponential relationship.

From Figure 11.62, the successive currents (mA) every ten seconds are 97, 66, 44, 30, 20, .... If
this is an exponential relationship 97/66 = 66/44 = 44/30 = 30/20... These are all approximately
the same (1.5), so an exponential decrease is confirmed.

Graphs representing how the charge on the capacitor, and the p.d. across the capacitor
(V = g/C), vary with time will both have the same exponential shape as that shown in
Figure 11.62.

All exponential decreases can be represented by equations of the form:

2 ke

where:

x, is the value of a quantity at the start of time ¢
xis the value at the end of time ¢

e isa number which occurs naturally when dealing with exponential changes; it has the
value 2.718

k is the constant that characterizes the particular exponential decrease being considered.
Larger values of k mean quicker changes.

Time constant

The value of a quantity that is decreasing exponentially with time will (in theory) never become
zero. This means that it is impossible to quote a time for the capacitor to discharge completely.
Instead, we quote the time interval that is needed for the quantity to decrease to a certain
fraction (or percentage) of its value at the start of that time interval. For example, we might
choose to characterize a particular exponential decrease by saying that it always takes 17s for the
quantity to fall to half of its value. The concept of halflife was introduced in Chapter 7 in order
to characterize the rate of a radioactive decay, which is also exponential in nature. However, the
concept of halflife is not usually used to describe capacitor circuits.

For mathematical convenience, the time chosen to characterize an exponential decrease is
the time taken to fall to 1/e (= 1/2.718) or approximately 37% of its earlier value. (There is
no need to be able to explain this.) This is called the time constant, 7, of an exponential
decrease.
The time constant of the decrease shown in Figure 11.62 is approximately 265.
As we have said, the rate at which a capacitor discharges depends on the capacitance, C, and
resistance, R, in the circuit, and it can be shown that:

time constant, 7 = RC

This equation is given in the Physics data booklet.

The unit of a time constant iss.
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The meaning of time constant is shown on the charge—time graphs given in Figures 1163 and
1164 Graphs of It or V¢ would show the same characteristics.

) g
& o ¥
larger © (= RC)
Time/t
0
o Time

B Figure 11.63 Capacitor discharge graph B Figure 11.64 How different time
showing the meaning of time constant constants affect the discharge

If the time constant can be determined from a graph of a capacitor discharge through a known
resistor, then a value for an unknown capacitance can be calculated.

Worked example

12 The current at the beginning of a capacitor discharge (as Figure 11.63) s 45.6mA. If the capacitance is
470yF and it is discharging through a 2.0kQ) resistor.
a What is the time constant?
b What will the current be after:
i onetime constant
i two time constants?
© What was the initial voltage across the resistor (and capacitor)?

a T=RC=(470 x 105 x (2.0 x 10%) = 0.94s
b Because the current falls to 37% for every time constant period:

il 0372x456=62mA
€ V=IR=(456x103) x (20 x 103 =91V

75 The voltage across a discharging capacitor falls from 10V to 3.7V in a time of 76s. I the resistance of the
circuit was 2.8 x 1030}, what was the value of the capacitor?

76 The charge on a capacitor falls from 4.2 x 10-5C o 2.8 x 10-5C in 105 as it discharges through a 68kQ)
resistor.
a Sketch a charge-time graph for the discharge over the course of 40s.
b Use the graph to estimate a value for the capacitor.

77 The discharge current of a 470 capacitor through an unknown resistance falls from 87 mA to 12mA in
exactly two minutes. Estimate the value of the unknown resistance.

78 Show that the S| unit for the time constant is s

79 a Use Figure 11.62 to determine the rate of change of current with time at 10s, 305, 50s and 705
b Check whether the ratios of successive rates are constant, which would be a further confirmation of the
exponential nature of the graph

80 A teacher wants to use a 0.05 F capacitor and a 0-10mA ammeter to demonstrate capacitor discharge in a
time of no more than 5 minutes. Suggest suitable values for the charging voltage and the resistance.

81 Suggest a reason why half-Iife is considered suitable for radioactive changes but not for capacitors




11.3 Capacitance 501

Equations for capacitor discharge

The equations describing the exponential decrease of charge on a capacitor and the discharge
current and the p.d. across the capacitor are as follows. All three are listed in the Physics data booklet.

q=gyelt
1= et
V= Vel

These equations enable us to calculate a value for a quantity at any time if we know a previous
value and the time constant (RC).
Taking natural logarithms of the current equation, we get the following (which is not in the

Physics data bookler).

Inl = Inl,—

(Ot Inlyl = tfz. Similarly, InQy/Q = t/r and InVyV = ¢/z)

If a graph of In1 (or In(Q or InV) is drawn against ¢ it will appear as shown in Figure 11.65.
M Figure 11.65 Graph
of natural logarithm
of current against
time

In (current)

1
gradient =+

Time

Comparing the equation of the line, Inl = —¢/z + In1,, to the general equation for a straight line
(3 = max + ), we see that the magnitude of the gradient of the line is equal to 1/z. This is the
‘most accurate way of determining the time constant when using the results from an experiment
investigating a discharge current or voltage (see question 8).

Worked examples

13 The voltage across a 2000 F capacitor is 12.4V when it starts discharging through a 3250Q resistance.
How long will it be before the voltage has fallen to exactly 1V?

7=RC= (2000 x 10-5) x 3250 = 6.500

14 In an experiment to determine the value of an unknown capacitor, a discharge current through it was
found to fall to 10% of a previous value in a time of 39, If the discharge was through a resistor of value
57.6k0, what was the unknown capacitance?

I=loe

@ sats7x 109

10—
10 =
576x 100
C=29x104F
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Nature of Science

 Figure 11.66
Charging and
discharging circuit
and graphs

82 The voltage across a discharging capacitor was measured every 10 seconds for 1 minute. The recorded
values (V) were: 97, 8.5, 7.5, 6.6, 5.8, 5.1 and 4.5.
a Plot a graph of the natural logarithm of the voltage against time.
b Use your graph to find a value for the time constant.
< Confirm your result by calculation from the original data.
d Why is the graphical method usually considered better?
& If the circuit resistance was 1.0k, what was the capacitance in the circuit?

83 When a capacitor of 0,01 F discharges through a 10k resistor, how much of the original charge of
5.7 x 10-3C remains on the plates after 547

84 The p.d. across a 1000 F capacitor was observed and after 80s it had fallen to 2.3V. If the resistance of
the circuit was 0.1 MQ, what was the initial value of the p.d

85 When a 680 uF capacitor discharged through an unknown resistance, the current fell from 3.3mA to
1.9mA in 30s. Determine the value of the resistance.

Exponential changes are common
The mathematics of exponential changes is used for two major topics in the Higher level core of
this course (capacitor discharge and radioactive decay), but there are many other places where
it could be applied. For example, the rate of cooling of a hot object (like a cup of coffee) may be
considered to be proportional to the temperature difference from itssurroundings. This could be
investigated by checking if the decreases lly with time.
Itis unlikely that the relationship would be perfectly exponential because the mathematical
model is a simplified representation of reality.

Exponential relationships (both growths and decreases) are found in most other branches of
science, and they are also useful for modelling processes in many numerate areas of knowledge
like business, geography and economics.

B Charging a capacitor through a resistance
When an uncharged capacitor is connected in series with a resistance and p.d., the current
is high to begin with, but then falls exponentially, for the same reasons as with discharging
(although the current will flow in the opposite direction). The charge on the capacitor and the
voltage across it will increase to limits at decreasing rates, as shown in Figure 1166, which compares
charging and discharging graphs.

Charging Discharging

current in opposite

! |
e direction to
charging current

t t
Vo
charging discharging
T current current 7
Q
Q
t t

The rate of the charging process is represented by the same time constant (7 = RC) as for discharging:
After one time constant, V and Q rise to (1 —0.37) = 0.63 (or 63%) of their maximum values.
B After two time constants, V and Q rise to (I — 0.37%) = 0.86 (or 86%) of their maximum values.
After three time constants, V and Q rise to (1 —0.37) = 095 (or 95%) of their maximum
values...
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86 A 100 capacitor is charged through a 100k resistor using a battery with a terminal p.d. of 1.5V.
Determine:
2 the pd. and
b the charge on the capacitor after 20s.
© What is the current through the resistor at this time?

87 Sketch a charge-time graph (for 60s) for a 50mF capacitor being charged through a 12002 resistor by a
12V battery.

88 Sketch a current-time graph (for 10s) for a 360y capacitor being charged through a 8.2k0) resistor by a
6V battery.

Additional Measuring capacitance with a reed switch
Perspectives

In this experiment an electromagnetic reed switch controlled by a high-frequency alternating
s current isused to repeatedly charge and discharge a capacitor (see Figure 11.67). Because the
frequency is high, the microammeter will show a steady current and the total charge flowing
through it every second is equal to the current. Dividing the current by the frequency will
give the average charge flowing off the capacitor in each discharge. The capacitance can then
be determined from C = gfV. The capacitor is assumed to discharge (almost) completely every

cycle,
B Figure 11.67 Using protective
areed switch to resistance
measure capacitance
400 Hz
reed =
switch

unknown
capacitance

These questions all refer to Figure 1167,

Suggest why a diode is necessary in the circuit.
With a 3.1V battery a current of 480uA was measured when using 400 Hz to control the
reed switch. Determine the value of the capacitance.

5

w

Explain why the protective resistance is necessary and discuss whether its value should be
large or small.

B Smoothing the output of a rectifier

With a greater knowledge about the behaviour of capacitors, we can now review the action of a
capacitor in smoothing the output of a rectifier. Consider again Figures 1147 and 11.48, When

the voltage from the rectifier is higher than the voltage across the capacitor, the capacitor will

charge. When the voltage from the rectifier quickly falls below the voltage across the capacitor,
the capacitor will maintain a voltage across the load as it discharges.

The time constant (RC) of the circuit needs to be compared to the frequency of the supply.
For full-wave rectification of a 50Hz mains supply voltage, successive peaks will occur every
0.01s. A typical smoothing capacitor may have a value of about 10000 F. For a load of 1000,
the time constant would be 1s, so that the fall in voltage in 0.01s would be minimal.
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B Examination questions — a selection

Paper 1 IB questions and IB style questions

Q1 Power losses in transmission lines can be reduced by the use of step-up and/or step-down transformers.

Q

Q

Q!

Q

(X

@

(2l

)

Which of the following describes the correct positions for the transformers?

A step-up transformer near the power station; step-down transformer near the consumers

B step-up transformer near the power station; step-up transformer near the consumers

C step-down transformer near the power station; step-down transformer near the consumers
D step-down transformer near the power station; step-up transformer near the consumers

Which of the following is not a possible reason for power losses in a transformer?

A eddy currents in the core

B resistive heating of the windings of the coils

C friction between the coil and the core

D ‘leakage’ of magnetic flux from the core

An increasing magnetic flux passes through a metal ring of cross-sectional area A. If the magnetic flux

increases in value by F in a time t, the emf induced in the ring is:
AF
B £
t
CFr
D FAt
A permanent bar magnet is moved towards a coil of conducting wire wrapped around a non-conducting
cylinder. The ends of the coil P and Q are joined by straight piece of wire.

QY

-

2 Q

The induced current in the straight piece of wire is
A alternating

B zero

C fromPtoQ

D fromQtoP.

© IB Organization

The equation & = Bv/ describes electromagnetic induction. Which of the following is not true?
A vis the speed of a conductor moving perpendicularly across a magnetic field.

B B is the magnetic flux.

C /is the length of the conductor.

D eis the magnitude of the induced emf.

If a current is described as alternating (ac), which of the following must be changing?
frequency of the current

magnitude of the maximum current

effective value of the current

direction of the current

onw>»
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Q7 The frequency of rotation of the coil in an ac generator is doubled. The rms voltage output:
A remains the same C is multiplied by v2
B is multiplied by 2 D s divided by v/2.

Q8 The amount of charge that can be stored on a capacitor can be increased by:
A increasing the separation of the parallel plates
B increasing the electric permittivity of the dielectric medium between the plates
C decreasing the area of the plates
D decreasing the potential difference across the plates.
Q9 In order to achieve half-wave rectification of an alternating current it is necessary to use:
A adiode
B a capacitor
C a transformer
D all of the above.

Q10 Which of the following is the best description of magnetic flux?
A magnetic field strength per unit area
B magnetic field strength per unit length of conductor
C magnetic field strength normal to an area multiplied by the area
D magnetic field strength multiplied by the number of turns

Q11 High voltages are used for the transmission of electric power over long distances because:
A high voltages can be stepped down to any required value
B larger currents can be used
C power losses during transmission are minimised
D transformers have a high efficiency.

© 1B Organization

Q12 A loop of metal wire encloses an area A. If there are N turns of wire on the loop and the magnetic flux in
the loop rises from a value of @ to 3@ in 4s, the induced emf across the loop is:
A NO C V2NAD
B 2NA® D %:N®

Q13 Three similar capacitors, each with a capacitance C are available. Which of the following values of overall
capacitance cannot be achieved by combining two or three of the capacitors?
A 05C
B C
C 15C
D 2C

Paper 2 IB questions and IB style questions

Q1 a Inorder to measure the rms value of an alternating current in a cable, a small coil of wire is placed close

to the cable.
cable
small coil
cable small coil
Side view Top view

The plane of the small coil is parallel to the direction of the cable. The ends of the small coil are
connected to a high-resistance ac voltmeter.
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Use Faraday’s law to explain why an emf is induced in the small coil. (3)
b The graph below shows the variation with time t of the current in the cable.

e

0

Current

o

Copy the axes below. On your copy, draw the variation with time of the emf induced in the small coil. (2)

EMT
0

¢ Explain how readings on the high-resistance ac voltmeter can be used to compare the rms values
of alternating current in different cables.

0 i i

© IB Organization

Q2 This question is about induced electromotive force (emf).
a A rod of conducting material is in a region of uniform magnetic field. It is moved horizontally along two
parallel conducting rails X and Y. The other ends of the rails are connected by a thin conducting wire.

conducting X
wire: e
" Jirection of uniforn direction
 magnetic field
| lo] S of motion

Y

The speed of the rod is constant and is also at right angles to the direction of the uniform magnetic field.

i Describe, with reference to the forces acting on the conduction electrons in the rod, how an
emf is induced in the rod.

3)
ii Aninduced emf is produced by a rate of change of flux. State what is meant by a rate of
change of flux in this situation. (1)
b The length of the rod in a is 1.2m and its speed is 6.2ms™". The induced emf is 15mV.
i Determine the magnitude of the magnetic field strength through which the rod is moving. )
Explain how Lenz's law relates to the situation described in a. @

© IB Organization

Q3 A 200pF capacitor was fully charged by connecting it to a potential difference of 12V. A student
then placed the capacitor in a circuit with a 500kQ resistor, a voltmeter and ammeter in order to
observe the behaviour of the capacitor over a period of time.
a Draw a diagram to represent a suitable circuit. 2
b Calculate the time constant of this circuit. 2
¢ Sketch a voltage-time graph for the discharge for a total time of 4 minutes. (3)



Quantum and nuclear physics

= The microscopic quantum world offers a range of phenomena, the interpretation and
explanation of which require new ideas and concepts not found in the classical world.

m The idea of discreteness that we met in the atomic world continues to exist in the
nuclear world as well.

12.1 The interaction of matter with radiation -
the microscopic quantum world offers a range of phenomena, the interpretation and
explanation of which require new ideas and concepts not found in the classical world

In 1900 it was believed that physics was almost fully understood, although there were a few
knowledge ‘gaps’, such as the nature of atoms and molecules, and the ways in which radiation
interacted with matter. Many physicists believed that filling in these gaps was unlikely to involve
any new theories. However, within a few years the ‘small gaps’ were seen to be fundamental and
radically new theories were required. One important discovery was that energy only comes in
certain discrete (separate) amounts known as quanta (singular: quantum). The implications of
this discovery were enormous and collectively they are known as quantim physics.

‘As quantum physics developed, some classical concepts had to be abandoned. There was no
longer a clear distinction between particles and waves. The most fundamental change was the
discovery that systems change in ways that cannot be predicted precisely; only the probability of
events can be predicted.

W Photons

The German physicist Max Planck was the first to propose (in 1900) that the energy transferred
by electromagnetic radiation was in the form of  very large number of separate, individual
amounts of energy (rather than continuous waves). These discrete ‘packets’ of energy are called
quanta. Quanta are also commonly called photons. The concept of photons was introduced in
Chaper 7 as a way of explaining why atoms emit or absorb radiation in quantized amounts, and
why this produces characeristic line spectra,

This very important theory, developed further by Albert Einstein in the following years,
essentially describes the nature of electromagnetic radiation as being particles, rather than waves.
(‘Wave—particle duality’ is discussed on page 516.)

The energy, E, carried by each photon (quantum) depends on its frequency, f, and is given by
the relationship:

E=hf
his Planck’s constant. Its value (6.63 x 10] ) and the equation are given in the Physics data
booklet.

The following questions revise these ideas. We will then consider the experimental evidence
that supports the photon model of electromagnetic radiation (the photoelectric effect).

Calculate the number of photons emitted every second from a mobile phone operating at a frequency of
850MHz and at a radiated power of 780 mW.

What s the approximate ratio of the energy of  photon of blue light to the energy of a photon of red
light?

A detector of very low intensity light receives a total of 3.32 x 10-17J from light of wavelength 600 nm
Calculate the number of photons received by the detector.

IS

2 Calculate an approximate value for the energy of an X-ray photon in joules and in electronvolts.
b Suggest a reason why exposure to X-rays of low intensity for a short time is dangerous, but relatively
high continuous intensities of visible light causes us no harm.
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ultraviolet
radiation

B Figure 12.1 The photoelectric effect - a stream of

B The photoelectric effect

‘When electromagnetic radiation is directed on to a clean surface of some metals, electrons may
be ejected. Thisis called the photoelectric effect (Figure 12.1) and the ejected electrons are
known as ph 1 Under suitable ci the pt lectric effect can occur with
visible light, X-rays and gamma rays, but it is most often demonstrated with ultraviolet radiation
and zinc. Figure 12.2 shows a typical arrangement.

zinc plate

becormes ultraviolet
positively radiation
charged

photoelectrons

negatively charged
photoelectrons
coulombmeter

metal plate

photoelectrons is emitted from a metal surface illuminated W Figure 12.2 Demonstration of the photoelectric
with ultraviolet radiation effect

o7

Ultraviolet radiation is shone on to a zinc plate attached to a coulombmeter (which measures
very small quantities of charge). The ultraviolet radiation causes the zinc plate to become
positively charged because some negatively charged electrons on the (previously neutral) zinc
plate have gained enough kinetic energy to escape from the surface.

Simple investigations of the photoelectric effect show a number of key features.

If the intensity of the radiation is increased, the charge on the plate increases more quickly
(because more photoelectrons are being released every second).

There is no time delay between the radiation reaching the metal surface and the emission of
photoelectrons. The release of photoelectrons from the surface is instantancous.

The photoelectric effect can only occur if the frequency of the radiation is above a certain
‘minimum value, The lowest frequency for emission is called the threshold frequency, f,.
(Alternatively, we could say that there is maximum wavelength above which the effect will
not occut) If the frequency used is lower than the threshold frequency, the effect will not
occur even if the intensity of the radiation is greatly increased. The threshold frequency of zinc,
for example, is 1.04 x 105 Hz, which is in the ultraviolet part of the spectrum. Visible light
will not release photoelectrons from zinc (or most other common metals).

For a given incident frequency the photoelectric effect occurs with some metals but not with
others. This is because different metals have different threshold frequencies.

Explaining the photoelectric effect: the Einstein model
If we tried to use the wave theory of radiation to make predictions about the photoelectric effect,
we would expect the following. (1) Radiation of any frequency will cause the photoelectric effect
if the intensity is made high enough. (2) There may be a delay before the effect begins because it
needs time for enough energy to be provided (like heating water until it boils).

These predictions are wrong, so an alrernative theory is needed. Einstein realized that we cannot
explain the photoelectric effect without first understanding the quantum nature of radiation.

The Einstein model explains the photoelectric effect using the concept of photons. When a
photon in the incident radiation interacts with an electron in the metal surface, it transfers all
of its energy to that electron. It should be stressed that a single photon can only interact with
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a single electron and that this transfer of energy is instantaneous; there is no need to wait for a
build-up of energy. If a phoroelectric effect is occurring, increasing the intensity of the radiation
only increases the number of photoelectrons, not their energies.

Einstein realized that some of the energy carried by the photon (and then given to the
electron) was used to overcome the attractive forces that normally keep an electron within the
metal surface. The remaining energy is transferred to the kinetic energy of the newly released
(photo) electron. Using the principle of conservation of energy, we can write:

energy carried  work done in removing the  kinetic energy of
* photoelectron

byphoton = electron from the surface
But the energy required to remove different electrons is not always the same. It will vary with the
position of the electron with respect to the surface. Electrons closer to the surface will require
less energy to remove them. However, there is a well-defined minimum amount of energy needed
to remove an electron, and this is called the work function, @, of the metal surface. Different
metals have different values for their work functions. For example, the work function of a clean
zinc surface is 4.3 V. This means that at least 4.3 eV (= 6.9 x 107%]) of work has to be done to
remove an electron from zinc.

To understand the photoelectric effect we need to compare the photon’s energy, hf, to the

work function, @, of the metal:
B hf<®
If an incident photon has less energy than the work function of the metal, the photoelectric
effect cannot occur. Radiation that may cause the photoelectric effect with one metal may
not have the same effect with another (which has a different work function).
M (=hfy) =@
At the threshold frequency, f,, the incident photon has exactly the same energy as the work
function of the metal. We may assume that the photoelectric effect occurs but the released
photoelectron will have zero kinetic energy.
hf>®
If an incident photon has more energy than the work function of the metal, the photoelectric
effect occurs and a photoelectron will be released. Photoelectrons produced by different
photons (of the same frequency) will have a range of different kinetic energies because
different amounts of work will have been done to release them.

It is important to consider the situation in which the minimum amount of work is done to
remove an electron (equal to the work function):

energy catried by photon = work function + maximum kinetic energy of photoelectron
Or in symbols:
hf=®+E

a different metal
produces the
same gradient

Or:
B shod

Maximum kinetic energy
of photoelectrons (Emay

This equation is often called Einstein's photoelectric
equation and i is given in the Physics data booklet.

Frequency

s of incident
Because hf, = @, we can also write this as: radiation
hf = bfo + B
Figure 12.3 shows a graphical representation of how W Figure 12.3 Theoretical variation
the maximum kinetic energy of the emitted photons of maximum Kinetic energy of
varies with the frequency of the incident photons. The photoelectrons with incident

equation of the line is E,, = hf - @, as above. frequency (for two different metals)
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We can take the following measurements from this graph:

Worked example

The gradient of the line is equal to Planck’s constant, h. (Compare the equation of the line
toy = mx +c) Clearly the gradient is the same for all circumstances because it does not
depend on photon frequencies or the metal used.

The intercept on the frequency axis gives us the value of the threshold frequency, f.

A value for the work function can be determined from:

i whenE_ =0,&

i whenf=0,® =

Radiation of wavelength 5.59 x 10-3m was incident on a metal surface that had a work function of
2716V,
a What was the frequency of the radiation?
b How much energy is carried by one photon of the radiation?
 What is the value of the work function expressed in joules?
d Did the photoeleciric effect occur under these circumstances?
& What was the maximum kinetic energy of the photoelectrons?
f What is the threshold frequency for this metal?
g Sketch a fully labeled graph to show how the maximur Kinetic energy of the photoelectrons would
change if the frequency of the incident radiation was varied
P O S
2 559 %1078
E=ht

o

=(6:63 x 1034) x (5.37 x 10'%)
E=3.56 x10-8)
271 % (1.60 x 10-19) = 4.34 x 10-19)

a n

Yes, because the energy of each photon is greater than the work function.
e En=hf-o

Epe=(3:56 % 10-18) — (4.34 x 10-19) = 3.13 x 10-18)
4341019

663 x 109
The graph should be similar to Figure 12.3, with numerical values provided for the intercepts.

=654x 10 Hz

@
©=hfyso =

o

®

©

Repeat the worked example above but for radiation of wavelength 6.1 x 10m incident on a metal with
awork function of 2.21eV. Omit e,

a Explain how Einstein used the concept of photons to explain the photoelectric effect.
b Explain why awave model of electromagnetic radiation is unable to explain the photoelectric effect.

The threshold frequency of a metal is 7.0 x 10'Hz. Calculate the maximum kinetic energy of the electrons
emitted when the frequency of the radiation incident on the metal is 1.0 x 10'5Hz.

2 The longest wavelength that emits photoelectrons from potassium is 550nm. Calculate the work
function (in joules),

b Whatis the threshold wavelength for potassium? What is the name for this kind of radiation?

 Name one colour of visible light that will not produce the photoelectric effect with potassium.

When electromagnetic radiation of frequency 2.90 x 10'SHz is incident on a metal surface, the emitted
photoelectrons have a maximum kinetic eneray of 9.70 x 10~12). Calculate the threshold frequency of the
metal.
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Experiments to test the Einstein model

o Investigating stopping potentials

M8}  To test instein's equation (model) for the photoelectric effect, it is necessary to measure the
maximum kinetic energy of the photoelectrons emitted under a variety of different
circumstances. In order to do this the kinetic energy must be transferred to another (measurable)
form of energy.

Cheidedimseniielion  menodhomdi The kinetic energy of the photoelectrons can be

oo o Ak, transferred to electric potential energy if they are repelled
by a negative voltage (potential). This experiment was first
performed by the American physicist Robert Millikan and a
simplified version is shown in Figure 124.

Ideally monochromatic radiation should used, but it is also
possible to use a narrow range of frequencies such as those
obtained by using coloured filters with white light.

‘When radiation is incident on a suitable emitting
surface, photoelectrons will be released with a range of
fv\ different energies, as explained previously. Because it is
\_J emitting negative charge, this surface can be described

. as a cathode (the direction of conventional current flow
L }_@7 will be ot of the cathode and around the circuit). Any
photoelectrons that have enough kinetic energy will be able
to move across the tube and reach the other electrode, the
anode. The tube is evacuated (the air is removed to create
a vacuum) so that the electrons do not collide with air

window

evacuated
tube

Variable reverse  microammeter
pd

B Figure 12.4 Experiment to test Einstein’s model of

Photoelactridty molecules during their movement across the tube.
The most important thing to note about this circuit is
that the (variable) source of p.d. is connected the ‘wrong
Photoelectric way around’. We say that it is supplying a reverse potential
curent difference across the tube. This means that there is a

negative voltage (potential) on the anode that will repel the
photoelectrons. Photoelectrons moving towards the anode
will have their kinetic energy reduced as it is transferred
to electrical potential energy. (Measurements for positive
potential differences can be made by reconnecting the
battery the ‘correct’ way.)

Any flow of charge across the tube and around the circuit
R can be measured by a sensitive ammeter (microammeter or

and cathode: picoammeter). When the reverse potential on the anode is
increased from zero, more and more photoelectrons will be
prevented from reaching the anode and this will decrease the
current. (Remember that the photoelectrons have a range
of different energies) Eventually the potential will be big
enough to stop even the most energetic of photoelectrons,
and the current will fall to zero (Figure 12.5).

The potential on the anode needed to just stop all photoelectrons reaching it is called the
stopping potential, V,.

Because, by definition, potential difference = energy transferredjcharge, after measuring
V. we can use the following equation to calculate values for the maximum kinetic energy of

photoelectrons under a range of different circumstances:

B Figure 12.5 Increasing the reverse p.d.
decreases the photoelectric current

E,.=¢,

For convenience, it is common to quote all energies associated with the photoelectric effect
in electronvolts (V). In which case, the maximum kinetic energy of the photoelectrons is
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 Figure 12.6 Experimental results showing n

numerically equal to the stopping potential. That is, if the stopping
potential is, say, 3V, then E = 3eV.
Einstein’s equation (E,, = hf = @) can be rewritten as:

&V,=hf- D
By experimentally determining the stopping potential for a range of

different frequencies, the theoretical graph shown previously in
0 8o 1o Fieure 12.3 can now be confirmed by plotting a graph from actual

§ Femgnot  da asshown in Fgure 126

B The threshold frequency, £, can be determined from the intercept
on the frequency axis (4.8 x 104Hz).

B The work function, @, can be calculated from @ = hf, or from the
intercept on the eV, axis (L9eV).

A value for Planck’s constant, h, can be determined from the

variation of maximum potential energy (eV) of gradient (6.5 x 104]).
photoelectrons with incident frequency

10 Use Figure 12.6 to confirm the values given above for f,, @ and h.

11 Calculate the maximum kinetic energy of photoelectrons emitted from a metal i the stopping potential
‘was 2.4eV. Give your answer in joules and in electronvolts

12 Make a copy of Figure 125 and add lines to show the results that would be obtained with:
a the same radiation, but with a metal of higher work function
b the original metal and the same frequency of radiation, but using radiation with a greater intensity.

13 In an experiment using monochromatic radiation of frequency 7.93 x 1014Hz with a metal that had a

threshold frequency of 6.11 x 10Hz, it was found that the stopping potential was 0.775V. Calculate a
value for Planck’s constant from these resuts

Investigating photoelectric currents

Using apparatus similar to that shown in Figure 124, it is also possible to investigate

quantitatively the effects on the photoelectric current of changing the intensity, the frequency,

and the metal used in the cathode.

B Intensity — Figure 12.7 shows the photoelectric currents produced by monochromatic
radiation of the same frequency at three different intensities.

For positive potentials, each of the
photoelectric currents remain constant
because the photoelectrons are reaching
the anode at the same rate as they are being
produced at the cathode, and this does not [l
depend on the size of the positive potential -
on the anode. intensity

Greater intensities (of the same frequency)
produce higher photoelectric currents because
there are more photons releasing more

Photoelectric
current, |

photoelectrons (of the same range of energies). A p.d. across anode
Because the maximum kinetic energy of and cathode

photoelectrons depends only on frequency B Figure 12.7 Variation of photoelectric

and not intensity, all these graphs have the  current with p.d. for radiation of three

same value for stopping potential, V.. different intensities (same frequency)

B Frequency - Figure 12.8 shows the photoelectric currents produced by radiation from two
monochromatic sources of different frequencies, A and B, incident on the same metal.
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The individual photons in radiation A must have more energy (than B) and produce
photoelectrons with a higher maximum kinetic energy. We know this because a bigger
reverse potential is needed to stop the more energetic photoelectrons produced by A.

No conclusion can be drawn from the fact that the current for A has been drawn higher
than for B, because the intensities of the two radiations are not known. In the unlikely
circumstances that the two intensities
were equal, the maximum current for Photoelectric
B would have to be higher than for A curent, |
because the radiation from B must have
more photons, because each photon | —
has less energy than in A.

Metal used in the cathode —
Experiments confirm that when
different metals are tested using the
same frequency, the photoelectric effect VY 0 p.d. across

is observed with some metals but not anode and cathode
with others (for which the metal’s work B Figure 12.8 Variation of photoelectric current with
function is higher than the energy of p.d. for radiation of two different frequencies

the photons).

Light-emitting diodes (LEDs) can also be used to investigate the photoelectric effect (in
‘reverse’). Electrons in an electric current passing through an LED undergo precise and identical
energy transitions resulting in the emission of photons of the same single wavelength. If the
potential difference across the LED is measured when it just begins to emit light, it can be used
to determine a value for Planck’s constant.

14 Make a copy of Figure 12.5 and add the results that would be obtained using radiation of a higher
intensity (of the same frequency) incident on a metal that has a smaller work function.

15 Make a copy of Figure 12.8, line A only. Add to it line showing the results that would be obtained with
radiation of a higher frequency but with same number of photons every second incident on the metal.

16 a Select five different metalic elements and then use the internet to research their work functions,
b Calculate the threshold frequencies of the five metals.

17 The voltage across an LED was increased until t just began to emit green light of wavelength 5.6 x 107 m.
Determine a value for Planck's constant f the voltage was 2.2V.

Additional The photon nature of electromagnetic radiation: the Compton effect
Perspectives This effect, discovered in the USA in 1923 by Arthur Compton, provided further evidence for
the photon nature of electromagnetic radiation.
It was shown that Xrays could be scattered by electrons
resulting in a reduced frequency because some of the photons’
energy was passed to the scattered electron. See Figure 129,

recoiling electron

Momentum (as always) is conserved in this interaction.
This experiment shows that an X-ray behaves as a particle
carrying momentum, p = h/A, although it has no mass. This
is explained by more advanced theory and it is only possible
because photons travel at the speed of light. Similar comments
apply to all ather photons (light for example).
 eary 1 Use the Compton equation AL = (hfn,c)(1 = cos ) to predict

of lower frequency the change in wavelength associated with a scattering angle
of 30°

incident
Xeray (fo, Ag)

B Figure 12.9 Compton scattering of X-rays
2 Use the equation to explain why Compton scattering of light is
not significant.
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B Matter waves
The fact that light and other electromagnetic radiations could behave as particles (photons)
raises an obvious question: can particles behave like waves?

In 1924 the French physicist Louis de Broglie proposed that electrons, which were thought of
as particles, might also have a wave-like character. He later generalized his hypothesis to suggest
that all moving particles have a wave-ike nature.

According to de Broglie, the wavelength, A, of a moving particle is related to its momentum,
b, by the equation:

a=b
P
This important equation, called the de Broglie hypothesis, is not in the Physics data booklet.

h is Planck’s constant. Once again, we can see the importance of this constant in predicting
the size of quantum phenomena. The very small value of Planck’s constant shows us that
wave properties of particles are only significant for those with tiny momenta, as the following
examples illustrate.

Worked example

2 Calculate the momentum of a moving particle that has a de Broglie wavelength of 200 pm
(1pm =1 10-2m).

332 x 10 #kgms!

This shows us that, if there are de Broglie wavelengths for everyday objects (which are clearly
not single particles), they would be immeasurably small, However, some sub-atomic particles,
such as electrons, have such small masses and momenta that their wave-like properties can be
derected experimentally.

In order to demonstrate that particles have wave properties it is necessary to show that they
exhibit typical wave behaviour and, in particular, that they can diffract. In the 1920s electron
beams were easily produced, so they were the obvious choice for an investigation into possible
particle diffraction.

De Broglie’s hypothesis predicts that an electron travelling in a beam with a typical speed
of 5 x 10ms™! (and therefore momentum of about 9 x 10 kgms™) will have a wavelength of
about 1 x 10", We know from Chapter 4 that diffraction effects are greatest if the diffracting
apertures are about the same size as the wavelength, so electrons should diffract well from
structures with a spacing of about 1 x 10-©m. This is equal to the typical regular separation of
ions in a crystalline material.

The Davisson—-Germer experiment

Experimental confirmation of de Broglie’s hypothesis and the wave nature of electrons was first
obtained in 1927 when Clinton Davisson and Lester Germer showed that an electron beam
could be diffracted by a metal crystal (Figure 12.10). They used a beam of electrons fired at a
nickel crystal target and recorded the electrons scatrered at different angles. This was similar to
the action of a reflection diffraction grating (Chapter 9). They found that the intensity of the
scattered electrons varied with the angle and it also depended on their speed (which could be
altered by changing the accelerating potential difference).

Many investigations had previously been made on the diffraction of X-rays (which also
have wavelengths of about 107°m) by metal crystals, so the spacing between layers of
atoms in the nickel crystal was already known. The angle at which the maximum scattered
electron intensity was recorded agreed with the angle predicted by constructive interference
of waves by layers of atoms in the surface of the metal crystal and was used to confirm the
de Broglie hypothesis.
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The diffraction of electrons can be demonstrated in school laboratories using a high+voltage
evacuated tube. A beam of electrons is accelerated in an electron gun by a high potential
difference, and then ditected on to a very thin sheet of graphite (carbon atoms) (Figure 12.11).
The electrons are diffracted by the regular structure of carbon atoms and form a pattern on the
screen of a series of concentric rings.

movable diffraction rings
electron seen on fluorescent
detector accelerating high p.d. ~ electron beam screen

o

low p.d

heater
thin— vacuum
graphite

W Figure 12.11 An electron diffraction apparatus
 Figure 12.10 The principle behind the Davisson

and Germer experiment. The results of this

experiment can only be explained by the fact

that the electrons have wave properties and,

therefore, diffract and interfere

If the accelerating p.d. used in Figure 12.1 is increased, the electrons gain higher kinetic energy
and momentum, and de Broglie’s hypothesis correctly predicts that the electrons will then have
a shorter wavelength and will therefore be diffracted through smaller angles. The rings seen on
the screen in Figure 12.11 would get closer together (and brighter).

Apart from electrons, the diffraction of protons, neutrons and ions of small mass has been
observed.

Worked examples

3 Calculate the de Broglie wavelength of an electron travelling with a speed of 1.0 x 107ms-".

h 663 x 104 e
A= =TT Aoy S X em

=

Estimate a possible de Broglie wavelength of a ball of mass 0.058 kg moving with a velocity of 102ms-!

p=my;p=0058x 102 = 5.8kgms~"

22h _663x 10
P~ 58

~10%m

To exhibit wave-like properties the ball would need to interact that has an object that has dimensions
of the order of 10-3m (over one million, million, million times smaller than the nucleus of an atom).
Hence, the ball does not exhibit any measurable or detectable wave-like properties.

Calculate the de Broglie wavelength of an electron which has been accelerated through a potential
difference of.

a 500V

b 1000V.
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Nature of Science

a The speed of the electrons can be calculated using the law of conservation of energy: loss of
electrical potential energy = gain in kinetic energy.
Ve= vaz

_ [tV _ [Zx500 % 160x 10 _ Pt
e =1.32x 107ms
p=mv=12x10-Bkgms"!
A=t _s5x1071m

3

b Doubling the p.d. will result in speed x y2, momentum x 2 and wavelength x 142, thatis,
39 10-m,

e

Calculate the de Broglie wavelength of a lithium nucleus (JLi) that has been accelerated through a
potential difference of 5.00MV. (The mass of a lithium-7 nucleus is 1.165 x 10-%kg)

i =3exV
6 (1.60x 1079 x (5.00x 10°) _ i
te 1.165 x 1078 41210
v=203x 107ms-
63x 103

.80 x 10-5m

= (1165 x 107%5) x (2.03 x 107)

18 Calculate the wavelength of an electron moving with a velocity of 2.05 x 107ms-".
19 Aneutron has a de Brogle wavelength of 800p. Calculate the velociy o the neutron. The mass of the
neutron is 1.675 x 10-27kg.
20 The mass of an electron is 9.1 x 10" kg. If its kinetic energy is 3.0 x 10-25), calculate its de Broglie
wavelength in metres.
21 Over what potential difference do you have to accelerate electrons from rest for them to have a
wavelength of 1.2 x 10-19m?
22 & Which is associated with a de Broglie wavelength of longer wavelength — a proton or an electron
travelling at the same velocity? Explain your answer.
b The following (non-relativistic particles) al have the same kinetic energy. Rank them in order of their de
Broglie wavelengths, longest first: electron, alpha particle, neutron and gold nucleus.
23 Explain why a moving aeroplane has no detectable wave properties.
24 Construct a spreadsheet for electrons, protons and alpha particles that converts values of mass and
velocity into momentum and wavelength (using the de Broglie equation).
25 Calculate the wavelength of a proton accelerated (from rest) by a potential difference of 1850V (mass of
proton = 1.673 x 102/kg).

Wave-particle duality
The discovery that radiation can behave like particles, and that particles can behave like waves,
inevitably caused physicists to completely rethink their understanding of many basic ideas. This
was a dramatic paradigm shift in scientists’ perception of the basic ingredients of the universe.
It became clear that simply labelling something as a wave or a particle, in accordance with our
perception of the large-scale world around us, was not an adequate description. There is no
confusion or ambiguity here; simple models and visualizations are not able to fully describe the
nature of the microscopic (quantum-scale) properties of matter and radiation. Why should they?
At this level in physics sometimes we need a wave explanation and sometimes we need
a particle explanation. Sometimes we need both: as when using the concept of frequency to
determine the energy carried by a particle (photon). With increasing mathematical knowledge
(beyond IB level), it hecomes possible to develop more sophisticated models, but these do not
offer more help in providing mental images to aid understanding
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B Antimatter

The concept of matter and antimatter was briefly introduced in Chapter 7. We will now take
a closer look at how antiparticles can be created, and what happens when a particle meets its
antiparticle.

Pair production and pair annihilation

For every elementary particle there is an antiparticle that has same mass as the particle, but
with the opposite charge (if it is charged), and opposite quantum numbers.

(A few uncharged particles (e.g. photons) are considered to be their own antiparricles.)
Some examples:

An antielectron, e* (known as a positron), has the same mass as an electron, e~ and a charge
of equal magnitude, but of opposite sign (positive instead of negative). The positron has a
lepton number of -1 and an electron has a lepton number of +1.

An antineutron, i, has the same mass as a neutron, n, and is also not charged. The
antineutron has a baryon number of ~1 and the neutron has a baryon number of +1.

A negative pi meson (pion), 1, contains an anti-up quark and a down quark, and has a

charge of L. It is the antiparticle of the positive pion, 1", which has a charge of +1 because it

contains an anti-down quark and an up quark. The neutral pion, 70, contains a down quark

and an anti-down quark, or an up quark and an anti-up quark, and it is considered to be its

own antiparticle.

W An antineutrino is uncharged and has a very small mass, A neutrino is also uncharged and
has the same mass, but has the opposite lepton number (+1).

Pair production
Antiparticles can be produced in a process called pair production, in which a gamma ray
photon is converted into a particle and its antiparticle. Figure 12.12 represents the pair
production of an electron and a positron close to a nucleus. A Feynman diagram of this process
was also shown in Chapter 7, Figure 748.

In order for this process to be possible, the energy carried by the photon must be greater than
the sum of the rest mass-energies of the electron and positron:

2m, =2 x 0511 MeVe'? = 1,022 MeVe?

Using energy of photon, E = hf:
(1022 % 106) x (160 x 101%) = (6,63 x 1034)f
=247 x 10°H;

This is the minimum frequency required for a photon to be able to instigate pair production of
a positron and an electron, It corresponds to a gamma ray of wavelength of 121 x 1012m. Ifa
photon carries greater energy, it can be transferred to the kinetic energy of the particles created.
Gamma ray photons of considerably greater energy may create pairs of more massive
particles, for example muons and antimuons.
The calculation above used the principle of conservation of energy-mass,

nudleus et but momentum must also be conserved in the interaction. It is for this reason
that there is a need for some other mass to be involved (in Figure 12.12 the
° pair production occurs in the el ic field near a nucleus): without
another mass gaining momentum, momentum could not be conserved.
photon Suppose that the created particles had zero velocity, how could we explain

the loss of the momentum carried by the photon (p = h/A) if there was no
other particle involved? The probability of pair production increases with
i gura 24251 prodiciion higher photon energy and larger nuclei.
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positron

W Figure 12.13 Electron-positron
annihilation. Each gamma ray photon will
carry a minimum energy equal to the rest

Pair annihilation

If a particle and its antiparticle combine, the sum of their charge and quantum numbers must be
zero (by definition). So, if the laws of conservation of mass—energy and momentum are obeyed,
there is no physics principle that states that the reaction between two such particles cannot
result in the transfer of all their masses to energy. This may be considered as the opposite of pair
production. The pair annihilation of an electron and a positron is the most common example.

! e tetoy+y
&S . P
&5 If we assume that the partiles have no significant kinetic energy, or
Py momentum, then the simplest result is a pair of gamma ray photons
§ moving in exactly opposite directions, which is necessary if momentum
clectron i to be conserved (Figure 12.13). The situation is more complicated if the

particles have higher kinetic energy.

If more massive particles (than electrons and positrons) annihilate, a
variety of outcomes are possible.

We live in a universe that is predominantly made of master, rather
than antimatter, although some antimatter is created by natural processes
(for example by cosmic rays interacting with the upper atmosphere, or
beta-positive decay). Antimatter is also created in high-energy physics
experiments. Although matter and antimatter cannor co-exist, the reasons
why the universe is made of matter, rather than antimatter (or vice versa),
is not fully understood.

mass of one of the particles (0.511 MeV)

26 If the frequency of the photon in Figure 12.12 was 3.47 x 1020 Hz, calculate the kinetic energy (MeV) of
each of the particles produced (assume they are equal).

27 If a proton and an antiproton annihlate, what is the maximum possible wavelength of the photons created?

28 Consider Figure 12.13. Explain why two photons each of energy 0.511 MeV are created, rather than one of
energy 1.022 MeV.

29 Explain in what way an antiproton differs from a proton.

30 Use the internet to research the latest theories concerning the balance of antimatter/matter in the early
universe,

31 Draw a Feynman diagram of an electron-positron anniilation.

B Quantization of angular momentum in the Bohr model
for hydrogen

The discovery of the wave properties of particles, and in particular electrons, had enormous
consequences for physicists’ models of the atom, Before we look at this in more detail, we will
review the prevailing model of the atom at that time (early 1920s).

In Chapter 7 the concept of quantized, discrete atomic energy levels was introduced as
a means of explaining the spectra emitted or absorbed by atoms, but that discussion did not
include much reference to the internal structure of atoms. Figure 12.14 is similar to Figure 7.6 but
shows some transitions between electron energy levels in hydrogen atoms. The transitions have
been arranged into three series, These three series of transitions produce sets of spectral lines
that are distinct and do not overlap because smallest transition in one series is bigger than the
biggest transition in the next series.

The ground state is labelled n =
soon.

It was easily demonstrated that the electron energy levels themselves formed a converging,
series described by the following equation, although at the time the reason for this was not
known:

, and then successive higher energy levels n = 2, n = 3 and

FoBey
-
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W Figure 12.14 Lyman Balmer Paschen
The Lyman, Balmer and series Series series
Paschen series of the fi=ss =
hydrogen atom
n=6 n=6
n=s n=s

s
u
N
B
u
~

n=1
absorption of a photon when an emission of a photon when an
electron jumps to a higher energy level electron falls to a lower energy level
produces an absorption spectrum produces an emission spectrum
dark lines on  bright (coloured) background bright lines on a dark background

This equation is given i the Physics data booklet.
o]

and so on —an infinite series of energy levels.
After Rutherford’s new model of the atom with a central nucleus in 1911, a visualization

of the atom was proposed by the Danish physicist Niels Bohr that attempted to explain the

quantization of energy levels and the series seen on the hydrogen spectrum.

WEWNCHOESCNTM Observations: the importance of spectra

The patterns observed in the spectral lines of hydrogen may seem of no great importance, but

they provided a highly significant clue in the quest to learn more about the structure of atoms

(starting with the simplest, hydrogen). This was a major preoccupation of physicists in the first

decades of the twentieth century, a time of great advances in atomic science.

The Bohr model of the atom, first proposed in 1913, has electrons
orbiting around the nucleus due to the centripetal force provided by electric
attraction between opposite charges. But the Bohr model restricted the
orbits to only certain distances from the nucleus and, most importantly,
because they remained in that orbit, they did not emit electromagnetic
radiation and lose energy. Each orbit had a definite and precise energy, and
intermediate energies were not allowed. Photons were emitted or absorbed
when electrons moved between these energy levels. See Figure 12.16, in
which the distances are indicative of the radii of the orbits and not the
energy levels (the distances are not drawn to scale).

W Figure 12.15 Niels Bohr
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 Figure 12.16
The Bohr model
explains the spectrum
of hydrogen using
possible orbits of
different radius for
the electron

Lyman series

Balmer series

Paschen series

n=5 n

i
EY

not to scale

Using this model Bohr was able to predict that the radii, , of possible orbits of an electron of
mass, m, moving with speed, v, would be given by the equation:
a2
2
This equation is given in the Physics data booklet.

The product of linear momentum and radius, mor, is known as the angular momentum, of
the electron (explained fully in Option B: Engineering physics). In this quantum model n is an
integer known as the principal quantum number.

As the following mathematics shows, the Bohr model combined the classical physics of
circular motion and force of electric attraction with quantum concepts in order to predict radii
of orbits and energy levels in hydrogen atoms.

Equating the centripetal force on the electron to the electric attraction between it and the
proton in a hydrogen atom, we get:

md s

T I
(k is Coulomb’s constant), which leads to:

ke?
o= Vo
Putting this expression for v in the equation for angular momentum (highlighted above), we get:

VR = 2h
n
and rearranging enables us to obtain an expression for
nh?
T
4rke'm
Putting n = 1 enabled Bohr to predict the radius of the electron’s orbit when the hydrogen atom
is in its ground state:

53 %10 m

T

Then, using equations for electric potential energy and kinetic energy, the total energy
associated with the ground state could be calculated, and this confirmed the value of ~13.6eV
already known. The other energy levels of the hydrogen atom were also predicted by Bohr's
model.

Although Bohr's quantized model of the atom was a big step forward in understanding the
structure of the atom, and it was very accurate in predicting the energy levels of one-electron
atoms such as a hydrogen atom or a helium ion, it was less successful with atoms containing
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more electrons. Furthermore, the reasons for the existence of energy levels were still not
understood. The Bohr model still remains an important initial step for students learning about
quantization in atoms, but the discovery of the wave properties of electrons quickly led to
dramatic changes in physicists’ understanding of the atom.

Quantum mechanics is the name given to the important branch of physics that deals with
events on the atomic and sub-atomic scales that involve quantities that can only have discrete
(quantized) values. In the quantum world the laws of classical physics are often of little use;
trying to apply knowledge and intuition gained from observing the macroscopic world around us
often only leads to confusion.

32 Determine the angular momentum of an electron in the fifth orbit of the hydrogen atom a in terms of A/,
and b in Sl units.

33 & Calculate the radius of the third orbit above the ground state in the hydrogen atom.
b What radius is predicted for the largest orbit?

34 a Calculate the kinetic energy (1) of an electron in the ground state of the hydrogen atom.
b Calculate the electric potential () of the atom in its ground state.
¢ Determine the overall energy of the atom ().
d Convert your answer to electronvolts.
e Explain why the answer is negative.

35 & Use data from Figure 12.14 to determine the lowest frequency of the Balmer series.
b Inwhat part of the electromagnetic spectrum is this frequency?
¢ Calculate the smallest energy (V) carried by any of the photons involved with the five transitions shown
in the Paschen series.

B Fitting electron waves into atoms
After the discovery of the wave properties of electrons, the model of the structure of the atom
needed to be changed significantly. However, we have already met similar ideas: in Chapter 4 we
discussed waves that are ‘trapped” in confined spaces and the formation of mechanical standing
waves, such as those seen on stretched strings.

If we consider that an electron exists as a whole number of standing waves confined to
the circumference of one of the Bohr orbits (radius 1), then possible standing wavelengths are
described by the equation:

1l = 2nr
Comparing this to A = hfp (with p = me) it is easy to show that:
_mh
™I
as before.
M Figure 12.17 In other words, the concept of an electron existing as a standing wave in a hydrogen atom
Electron standing successfully confirms Bohr’s energy levels.
waves in the Figure 12.17 represents two of the possible standing wave patterns for an electron in the
fourth and eighth hydrogen atom.
energy levels of the However, this is a much simplified model, but before it can be taken any further we need to
hydrogen atom develop a deeper understanding of matter waves.
36 Show how the equation mur = arises as a consequence of fitting electron standing waves into the

i
circumferences of their orbits afound the nucleus.
37 Calculate the angular momentum of an electron in its ground state in the hydrogen atom.

38 Make a sketch to represent an electron in the n = 3 energy level of the hydrogen atom.
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B Figure 12.18 Erwin
Schrodinger

path of electron

wavefunction
W Figure 1219
Classical and
quantum mechanical
desriptions of a
moving electron

B The wave function

The idea that light and sound travel as waves required that we explain the nature of those waves
(Chapter 4). Similarly we now need to explain the wave nature of electrons and other particle
waves. However, this is not something for which we can draw a simple picture or describe in a few
words. A full explanation requires a high level of mathematics, which is not required in this course.

In 1926 the Austrian physicist Erwin Schradinger proposed a quantum mechanical model
describing the behaviour of the electron within a hydrogen atom. In Schrodinger's theory, the
electron in the atom is described by a mathematical wave function, ¥(x, t) as a function of
position, x, and time, t. The wave function is a description of the (quantum) state of an electron;
it represents everything there is to know about the particle. The wave function of a particle
cannot be observed directly. It is important to understand that when the condition of the
electron changes, o too does its wave function, So that, for example, the wave function of a free
electron is different from the wave function of an electron bound in a hydrogen atom.

In classical physics the position of a particle at any moment can be known precisely, but on
the microscopic (quantum physics) scale a particle’s wave properties become important and we
can then only refer to the probability of a particle being in a given position at any given time.

According to quantum mechanics, a particle cannot have a precise path; instead, there is
only a probability that it may be found at a particular place at any particular time. The wave
function of an electron may be viewed as a blurred version of its path (Figure 12.19). The darker
the area of shading, the higher the probability of finding an electron there.

The wave function of the electron provides a means of representing this probability, but not
directly:

|w(x, 1)|? is the square of the absolute value of the amplitude of the wave function. It is a
‘measure of the probability that an electron will be found near a point x at time t.

The probability of finding a particle at a distance r from a reference point, in unit volume, V, is
known as its probability density, P(r). It is related to || as follows (this equation is given in
the Physics data booklet); AV is the small volume being considered:

P@) = |y[AvV

As an example, consider
Figure 12.20, which shows how
the probability density for an
electron varies with distance r
from the centre of a hydrogen
atom in its ground state (n = 1).
The peak indicates the most
probable distance of the electron
from the nucleus, which is about
0.50 x 10-°m. This is where the
probability density is highest. But - ;
the essential point to understand is 0 050

that the electron is not located in a

precise orbit and could be found at M Figure 12.20 Probability density for an electron in a

any other distances (except in the  hydrogen atom

nucleus).

In more advanced work, the wave function is applied to three dimensions and often the
electron s pictured as an ‘lectron cloud (Figure 12.21) of varying probability density. The
electron density disrit may be considered to be like a h of the atom with a long
exposure time. The electron is more likely to be in the positions where the probability density
(represented by dots) is highest. For the first main energy level (n = 1) the orbital takes the form
of a fuzzy sphere.

Probability density

mo-m
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Interpreting diffraction and interference patterns

Earlier in this book we have described light and electron interference patterns and explained
them in terms of wave superposition. Now we should consider how such patterns can be
interpreted in terms of matter waves.

When a single electron wave (or photon) passes through slits its exact path is unknown
(we know only its probability distribution), and it is only when significant numbers are detected
on ascreen that a pattern emerges. Figure 12.22 uses individual dots to represent the arrival of
individual electrons that have been detected on a screen.

The positions of an individual electron (or photon) between its source, through the slits, to
where it is detected may be described as ‘everywhere’ — although it is certainly more likely to
be found in some places than others (as described by its wave function). When it arrives on the
screen, its wave function changes (‘collapses’) and it can then be detected. Quantum behaviour
is sometimes summarized in the quote ‘nothing is real unless it is observed".

most likely place to find an electron

=5x 107" m
cross-section half an orbital B Figure 12.22 Distribution of electrons arriving on a
B Figure 12.21 Electron cloud for the first orbital in the screen in an interference pattern (this would have to be a
hydrogen atom very low-intensity beam!)

LEIERURTEEL N The nature of probability
Einstein is famously quoted as saying: ‘God does not play dice’, but the nature of probability involved
in quantum theory is much more profound than tossing a die ora coin, The way a die lands could,
in principle, be predicted if there was sufficient information about. the die and the mechanics of how
it was tossed. It is not the same in quantum theory. In quantum mechanics exactly the same initial
conditions can lead to many different outcomes, so the future is not determined by the past.

B The Heisenberg uncertainty principle
Because, on the quantum scale, particles have wave properties such that their positions are
described in terms of probabilities, it is impossible to fully observe all the properties of a particle at
one instant. This concept is clarified by the Heisenberg uncertainty principle, which links pairs
of variables (such as position and momentum): the more precisely one is known, the less precisely
the other is known. We cannot simultaneously measure both properties to unlimited precision.
For example, in everyday life we may commonly observe that a car is moving with a certain
momentum when it is located at a certain position, but no such certainty is possible in the
quantum world,
It should be stressed that uncertainty in atomic physics is not caused by poor experimentation
skills or apparatus. It is a fundamental feature of quantum physics.

The uncertainty principle for energy and time, and position and momentum
Uncertainty in position, Ax, and uncertainty in momentum, Ap, of a particle are linked by the
equation:

AxApz"in

This equation is given in the Physics data booklet.
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This shows us that the more accurately we know the momentum of a particle (smaller Ap),
the less we know about where it is (larger Ax). The more accurately we know the position of a
particle, the less we know about ifs momentum. Because of this, momentum and position are
described as linked variables and they are called conjugate quantities. If one is made zero, the
other must be infinite, which means that if we wanted to specify an exact
location for a particle, then its momentum would have to be infinite.

narow screen Returning to the diffraction of a narrow beam of photons, or electrons,
bea of prgerax  through small gaps may help to explain the principle: we can interpret
parices _| smaller Ap diffraction in terms of the uncertainty of position of particles as they pass
& through the gap. Observation shows us that if a gap is much larger than the
smalldot  wavelength, then diffraction is insignificant (Chapters 4 and 9). Under these

circumstances the uncertainty in the position is large (because the gap is
relatively large), so that the uncertainty in momentum (speed and direction)

| smaller Ax is small and that the particles’ paths produce a small dot on the screen. If the
largerApgap is much smaller, the position of the particles is more precisely known and
| strtheicmomentymhecomeslesewelidafined and iediffmchonpattem:

\arger dot

W Figure 12.23 Diffraction and
uncertainty

detected on a screen spreads out (Figure 12.23).

We can make an approximate mathematical link to uncertainty as follows.
‘We know from Chapter 9 that the first diffraction minimum occurs at an
angle 6 such that 8 = A/b, and in this example b = Ax, so that 6 = A/Ax. A vector diagram for
momentum would show that 8 = Apfp, which suggests that:

A M
1Y

or
AxAp=pA=h

This is in broad agreement with the more precise uncertainty principle given in the equation above.
The uncertainty principle can be linked to Schridinger's wave function: the more accurately

the wavelength of an electron is known, the more precisely its momentum (p = h/A) is

determined and the greater the uncertainty in its position. For example, if the wave function

of a free electron was a perfect sine wave, its wavelength and momentum would be known with

certainty, so there would be infinite uncertainty in its position.

Worked examples

7 An electron moves in a straight line with a constant speed (1.30 x 108ms~). The speed can be measured
10 a precision of 0.10%. What s the maximum possible precision (minimurm uncertainty) in ts position if
itis measured simultaneously?

p=mv
p=0.110x 103" x (1.30 x 108) = 1.18 x 10-2¢kgms-!
Ap=0.0010p = 118 x 102 kgms™!

L_h ___ 6E3xioH
GixBp Fxmx1Bx 107

A = 4.45 x 108

Maximum possible precision of position (minimum uncertainty), Ax = 44.5nm.

8 The position of an electron is measured to the nearest 0.50 x 10-'°m. Calculate its minimum uncertainty
in momentum
663 x 1034
P2 G ™ X x 050 X 100
A= 11 x 102kgms!
9

Assume that an electron was confined within a nucleus of diameter 1 x 10-'Sm. Use the uncertainty
principle to estimate the minimum uncertainties a its momentum and b its kinetic energy. ¢ Suppose
the electron was in a hydrogen nucleus. Compare your answer in b to the electric potential energy of a
proton—electron system separated by 1 x 10-'5m.
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6.63x 1024
o= 4nxAx T oxmxTx 10

Ap ~53 x 10-Wkgms"

Ap1 (53x 10202 _ i
b AF=5E = B = 15x 10
G Eo0 ';Ug)(i.fx 107 _ 5 10-2)

x 10"

This calculation shows us that if an electron was confined within a nucleus it would have to have
a kinetic energy many times higher than the minimurm energy needed to overcome the electrical
attraction and escape (= potential energy of the system). In other words, the uncertainty principle
confims that an electron cannot exist within the nucleus. In beta particle radioactive decay, when
electrons are created within the nucleus, they are immediately ejected.

Measurements of time and energy are also linked variables and are described by the energy—time
uncertainty pril\clple:

AEAt > 4
This equation is in the Physics data booklet.
AE represents the uncertainty in the measurement of energy, while At represents the
uncertainty in the measurement of time when the measurement was made.
This equation tells us that the shorter the time taken for a measurement, the greater the
uncertainty in energy. This has some very important consequences — see Worked example 12.

Worked examples

10 An electron rises from the ground state of an atom to a higher level, but then returns after 5 x 10~
What s the minimum uncertainty in the energy of the excited electron?

AEAL 27
AEx (5% 70 8 27 5.28x 103
AE21x1027) (_ 7 10-6V)

which i a tiny percentage of the energy levels of atoms.

An electron has a total energy of 2V but would require 5eV to ‘escape’ from the nucleus that attracts

it. Classical physics tels us that the electron cannot escape because it does not have enough energy, but
the uncertainty principle tells us that it could acquire the extra energy (3eV) if the time interval was short
enough. The uncertainty in energy can be large if the uncertainty in time is small. Calculate the maximum
time for the electron to escape.

h

AEAt= o

(3x 1.6 x 10~ ‘D)xAtvf—SZBx’quS
At=1x10-"s

Itis possible for an electron to escape from the atom if the time interval is 1 x 10-165 or shorter. This means
that, because of uncertainty, the classical law of conservation of energy can be broken if the time is short
enough. There are other important examples of this, including some aspects of radioactive decay, nuclear
fusion and the existence of exchange particles (see the next section)

39 Calculate the minimum uncertainty in velocity for an electron in a 1.0 x 10-'°m radius orbit in which the
positional minimurn uncertainty is 1% of the radius.

40 A mass of 40.00g is moving at a velocity of 45.00ms-". If the velocity can be calculated with an accuracy
of 2%, calculate the minimum uncertainty in the position.

41 The lifetime of a free neutron is 15 minutes. How uncertain is its energy (in eV)?
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42 Use the principle of uncertainty to estimate values for the momentum and kinetic energy (eV) of an
electron confined somewhere within an atom of radius 1x 10-1%m.

43 Figure 12.24 shows the exchange of a W boson (mass N
80.4GeVc-2) between two quarks. R represents the distance e
between the quarks at the time of the exchange. Wi &
a What is the energy equivalent (J) of the mass of the boson?

b The time for the interaction may be assumed to be Ric
(distance/speed), assuming that the particle moves at a speed
close to the speed of light, c. Use the uncertainty equation to = Figure 12.24
estimate a maximum value for R.

© Explain why the weak nuclear force has such a short range.

44 One energy level of hydrogen is 12.8 €V above the ground state. Use the uncertainty principle to estimate
an order of magnitude for how long an electron could remain in this excited state.

45 Find out about Schrodinger's hypothetical cat in the box” experiment and explain its connection with
quantum theory.

B Tunnelling, potential barrier and factors affecting

tunnelling probability
One of the most significant and i of quantum is that particles
can do things that are considered to be impossible using the principles of classical physics.
Consider Figure 12.25, which shows a particle of energy, E, trapped between two rectangular (for
simplicity) barriers of energy, Ey. The particle seems to be trapped because E < Ey. A gravitational
analogy could be a ball trapped with insufficient kinetic energy to convert to potential energy to
get over the top of the hills. The simplest example from atomic physics would be an electron in a
hydrogen atom with insufficient energy to ‘escape’ the electrical attraction of the proton.

i b

8 bullet
2 ‘trapped" = — wooden

particle barrier
& football
E —

Distance

B Figure 12.25 A particle trapped between ® Figure 12.26 A bullet and a football
barriers striking wooden barrier horizontally

Let us consider what might happen when an object meets a batrier. Figure 12.26 shows the
classical physics situations of a bullet and a football striking a wooden barrier horizontally. In
classical physics, the bullet and the football will not be able to pass through the thick barrier,
although if the bullet is travelling fast enough, there is a possibility it may penetrate through the
bartier, but only by making a physical and permanent hole in it.

Potential barriers

Now consider a particle constrained by one of the fundamental forces. As mentioned before,
the simplest example from atomic physics would be an electron in an atom with insufficient
kinetic energy to overcome the attraction of the nucleus in order to ‘escape’. The ‘barrier’ in
this case is one of electric potential energy because the electron needs to gain enough potential
energy to escape. In order to generalize the discussion, it is usual to refer to potential barriers

(in this example, electric potential = energy/charge) rather than barriers of potential energy.
Gravitational analogies are useful in this kind of discussion and it is common to also refer to
potential hills' and potential ‘wells in descriptions of potential barriers.
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Quantum tunnelling

Figure 12.27 (top) shows an electron approaching a
potential barrier. Once again the situation has been
simplified by the use of a rectangular representation o
for the barrier (which offers no indication of how
the potential varies with distance). The lower part
of the figure represents the electron’s probability
density, which appears on both sides of the barrier.
Because of the wave nature of the electron there is

a clear probability that an electron can be detected
on the other side of the barrier. In other words, some
electrons will tunnel through the barrier.

Potential

probability
density

B Figure 12.27 Continuity of wave
function across a barrier (waveform is

B When electrons strike the barrier, most will be only spproximate)

reflected. The incident and reflected matter waves
interfere and a stationary wave pattern is obtained (giving rise to specific energy levels).

W The wave function and probability density are continuous at the interfaces of the potential
barrier.

W The probability density decreases exponentially in the rectangular barrier.

B There is small probability of detecting an electron outside the rectangular barrier.

Tunnelling probability

The number of particles that will tunnel through any given potential barrier depends on the
probability with which an approaching particle will penetrate to the other side of a barrier. It
depends on the following factors:

the mass of the particle

the thickness of the barrier

the 'height’ of the potential barrier

the energy carried by the particle.

Atomic and nuclear physics deals with enormously large numbers of particles and interactions.

This means that, even when the probability of a certain interaction (such as quantum

tunnelling) happening is very, very low, it may still occur in significant numbers, For

comparison, is said that the worldwide chances of being killed by lightning are very small (an

average of about one in 300000 in any one year), but this still suggests that about 25000 people

in the world are victims of lightning every year.

Examples of quantum tunnelling

W lonization — some electrons can escape from the attraction of a nucleus without having to
acquire the full ionization energy.

W Alpha decay — after alpha particles are created by nuclear decays in the nuclei of unstable

atoms, calculations predict that they do not have enough energy to overcome the strong
nuclear forces. But some do escape to become nuclear radiation.

Fusion in the Sun — some hydrogen nuclei can fuse together with less than the kinetic energies
that calculations suggest. This means that some nuclear fusion can occur at lower temperatures
than would otherwise be predicted. For example, the absolute temperature in the core of the
Sun is about 1000 times lower than calculations suggest is necessary for nuclear fusion.

Scanning tunnelling microscope (STM) — see Figure 12.28. A very sharp tip is brought very close
to the surface that is to be examined and a voltage is applied between the two to provide a
‘barrier’ for electrons moving from the surface to the tip. Some electrons tunnel across this
barrier and a small current can be measured. The size of the current is very sensitive to the
nature of the electron distribution in and around the surface, so it can be used to produce an
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™ Figure 12.28 The tip
scans across the surface
and may move up

and down to keep the
current constant

image of the surface if the tip is moved (scanned) actoss it. This type of microscope is capable
of resolving individual atoms. Figure 12.29 shows an image from an STM.

electron
surface to
be scanned

M Figure 12.29 Image of a copper surface produced by a scanning
tunnelling microscope

The resolutions of various kinds of microscope are limited by the wavelengths of the radiation
they use (remember Rayleighis criterion from Chapter 9). Because electrons have a much shorter
wavelength than light, they are capable of providing much higher resolution.

46 Redraw Figure 12.27 o represent a thicker barier.

47 Use Heisenberg’s uncertainty principle to estimate an order of magnitude for the maximurm time for an
electron to tunnel out of a hydrogen atom.

48 Use the internet to find more STM images.

49 Redraw Figure 12.25 to more realistically represent the potential (or potential energy) well for an electron
ina hydrogen atom.

ToK Link
Technological advances can initiate new ways of thinking

The duality of matter and tunnelling are cases where the laws of classical physics are violated. To what
extent have advances in technology enabled paradigm shifts in science?

As another example, the invention and use of the telescope was a major factor in the introduction of a
sun-centred model of the universe and subsequent developments. Significant discoveries arising from new
inventions or technological advances often precede new theories.

12.2 Nuclear phySiCS ~ the idea of discreteness that we met in the

atomic world continues to exist in the nuclear world as well

In this section we will consider nuclear size and structure in more detail, beginning with a
closer look at the results of Rutherfords nuclear scattering experiments, previously discussed in
Chapter 7 (Geiger and Marsden's experiments).

B Rutherford scattering and nuclear radius
The graph shown in Figure 12.30 represents the typical results obtained from this experiment.
The most unexpected observation was that some alpha particles were scattered through large
angles. In fact, about one in every 10000 alpha particles incident on the gold foil was deflected
by an angle larger than 90°,

In order for an alpha particle to be scattered straight back (with very little loss of kinetic energy),
it must have ‘collided’ with a much larger mass (see discussion of elastic collisions in Chapter 2).
Because most of the alpha particles are not deflected, the mass of each atom must be concentrated in
a very small centre (the nucleus), such that most particles do not collide with it. Rutherford further
realized that the pattern into which the alpha particles were scattered could only be explained by the
action of large electrical repulsions between the positive alpha particles and tiny positively charged
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W Figure 12.30 The
rate of scattering
of alpha particles at
different angles

nuclei. He proposed that each nucleus has a
- charge much higher than that of an alpha
particle, and that this is effectively concentrated
ata point at the centre of the atom. The size of

Relative count rate
e

14 the forces, F, between two charges, ¢, and ,, is
12 described by Coulomb’s law (Chapter 5), where r
1 is the distance between them:

8 et

6 =

4 This equation is given in the Physics data

2 booklet.

ol 1 Rutherford was able to estimate the radius

o
0 20 40 €0 80 100120 140 160 180
Angle of deflection®

of a gold nucleus by calculating how close an
alpha particle got to the nucleus during its
interaction. At its nearest distance, an alpha
particle moving directly towards the nucleus stops moving, so all its original kinetic energy is
then in the form of electric potential energy. It is as if an ‘invisible spring’ is being squeezed
between the alpha particle and gold nucleus as they come closer and closer. See Figure 12.31.

energy = £ energy =, 4558
+2e +2e
—
kinetic energy transferred to

a-particle electric potential energy ol
d nudleus
«-particle
stationary
E=E)

M Figure 1231 At closest approach in a head-on collision, the electric potential energy
stored in the electric field is equal to the initial kinetic energy of the alpha particle, £, = £

The equation for electric potential energy (E,) depends on the separation, 7, of the two charges
(see Chapter 10; it is also given in the Physics data booklet):

_ kag,
B

In the case of the alpha particle, at the distance of closest approach to the nucleus, all its kinetic
energy, Ey, will have been transferred to electric potential energy, Ey, = Ey, so:
By el ka,a,
T
The charge of the alpha particle is +2¢ and the charge of the nucleus is +Ze, (Z = 79 for gold),
so if the kinetic energy of the alpha particles is known (they are all the same), then r can be
caleulated as follows:
_kag, KkexZe)
"R B
If the target nucleus is gold and the incident alpha particles have a kinetic energy of 4.0MeV
(which is typical for alpha particles), the distance of closest approach is:
_ (899 x 10°) x (2 x 79) x (16 x 10-°)
L @0 % 105 x (16 x 10-0)
=57 % 10Mm
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Nature of Science

This s the separation of the alpha particle and gold nuclei a closest approach and gives an
upper limit for the sum of their radii. Because alpha particles carry so much energy, from this
calculation it may be assumed that the radius of a gold nucleus is of the order of 10" m.

e experiments can be repeated with different elements providing the target nuclei and by
using alpha particles of different energies. However, much more energetic alpha particles may
enter the nucleus, where strong nuclear forces will also interact with the alpha particle, such
that the assumptions made above are no longer valid. The results of the Geiger and Marsden
experiments were used to confirm if, for a particular nucleus and alpha particle energy, the
scattering of the particles was dominated by an inverse square law of repulsion. If so, then the
nuclear radius could be estimated by the theoretical calculations shown above. (No experimental
data are involved apart from the energies of the alpha particles.)

50 Explain how results from Geiger and Marsden's experiments, such as those represented in Figure 12.31,
indicate that an atom has a small, positive nucleus.

51 Determine the closest distance that an alpha particle of energy 1.37MeV could approach to:
2 agold nucleus
b a copper nucleus.
Copper has a proton number of 29.

52 Calculate the velocity at which an alpha particle (mass of 6.64 x 10-27kg) should travel towards the
nucleus of a gold atom (charge +79e) in order to get within 2.7 x 10-4m of it. Assume the gold nucleus
remains stationary.

53 Explain why alpha particles were used in the Geiger and Marsden experiment.

Theoretical advances and inspiration often precede discovery in particle physics
Rutherfords proposal of the existence of nuclei at the centre of atoms soon expanded to include
the concepts of the proton and the neutron, but these were not actually discovered until years
ater. There are many examples in particle physics in which theories have been proposed long
before the experimental expertise has developed enough for evidence to be found in support

of the theory. Further examples include the proposals for the existence of antiparticles and the
Higgs Boson, both of which were confirmed only many years after they were first proposed.

M Electron scattering by nuclei
We have used Coulombs law to estimate nuclear radii from alpha particle scattering experiments,
but direct evidence is needed. Detecting what happens to beams of high-energy particles (of
known properties, such as alpha particles) when they are directed at atoms and nuclei in targets
is an obvious strategy. However, if the particles contain hadrons (as do alpha particles) their
interactions with nuclei will become complicated if they experience nuclear strong forces when
they are very close to, or entering, a nucleus (Figure 12.32).

Electrons are leptons and do not experience nuclear strong forces

gg (although they will still experience electromagnetic forces inside a nucleus).
i Coumeen Highvenergy electron beams are also easily produuced and controlled; this
ES means that they are a good choice for investigating nuclei. Earlier in this
g equilibrium chapter we saw that the wave properties of electrons can result in them being
H separation diffracted by atoms and the spacing between atoms, which are typically
2 about 107 m in size. (Worked example 5 showed that an accelerating voltage
g sepaon o 1000V produces electrons of wavelength 0.55 x 10m) Remember that
2 diffraction effects are greatest if the wavelength and the object causing
g nuclear strong diffraction are about the same size. Much higher accelerating voltages can
2 Torebehvian produce electrons with shorter wavelengths, as low as 10-5m, which makes
nucteons them suitable for diffraction by objects of that size, such as nuclei. It should
B Figure 12.32 Comparing Coulomb be mentioned that, at very high speeds approaching the speed of light,
repulsion to the nuclear strong force relativity effects become important (Option A: Relativity) and the masses of

accelerated electrons will increase, as well as their speeds.
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Wi can use the equation E = hf = he/A to determine the energy of electrons that will produce
a required de Broglie wavelength of, for example, 5 x 1075 m:
3.00 x 108 u
sx10n ~4x 107
orabout 2 X 1056V (200MeV).

That s, an accelerating voltage of the order of 200MV is needed. (Electrons in beams
produced by even higher accelerating voltages can penetrate deep into nuclei and provide
information about the structure of nucleons.)

Figure 12.33 shows a simplified version of the experimental
arrangement, excluding the apparatus designed to accelerate the electrons
by about 200 MV or more.

The diffraction of electrons by a nucleus s similar in principle to the
diffraction of light photons by a narrow slit.

 detector moved In Chapter 9 we saw that the first diffraction minimsm for light of
tolocate diffracted  wavelength A passing through a narrow slit of width b occurred at an
electrons angle such that sin 6 = A/b. (Because the angles concerned with light
B Figure 12.33 Using the scattering of high-  were very small, the approximation sin 8 = 8 could be used, so that the
energy electrons to investigate nuclei equation became 6 = A/b.) Similatly, for electron diffraction, the first
diffraction minimum occurs at an angle such that:

E = (663 x 10 x

igh-energy
electrons

Intensity of
electrons

e
sin B~

where D is the width of the object causing the diffraction, the nuclear
diameter. This equation is given in the Physics data booklet.
0 i As the detector shown in Figure 12.33 is rotated from a central
0 o Angle position, the intensity of the electron beam decreases. It reaches a
W Figure 12.34 Variation of diffraction minimum, then rises again. See Figure 12.34.
electron intensity with angle

54 The nuclear diameter of carbon is 2.75 x 10-'5m. When carbon diffracts electrons of de Broglie
wavelength 1.2 x 10-"5m, at what angle will the first diffraction minimum be detected?

55 Assuming that the maximum possible value of sin @ s 1, what is the minimum electron enecy (Mev)
required to observe a diffraction minimum by a copper nucleus of diameter 4.8 x 10!

56 Consider Figure 12.32. Explain why the equilibrium separation occurs at point P.

Nuclear density

If we assume that, for a given separation, the strong nuclear force acts equally between all
nucleons, so that the nucleons in a nucleus are packed close together, then it reasonable to
suggest that the volume of a nucleus, V, is proportional to the number of nucleons, A.

Ve A

Assuming that the nucleus is approximately spherica,is volume, V = 1R, so that is volume
will be proportional to its radius, R, cubec:

R A
So that:
Rec A"

This is confirmed by electron scattering experiments.



532 12 Quantum and nuclear physics

Putting in a constant of proportionality:
R-RA"

This equation for nuclear radius is given in the Physics data booklet. The constant Ry is
called the Fermi radius, which is equivalent to the radius of a nucleus with only one proton
(A = 1). From electron diffraction experiments it is found to have a value
of 1.2 x 105 m (= 1.2fm). This value is given in the Physics data booklet.
‘We can use p =m/V to estimate nuclear density. The mass of a nucleus will be approximately
equal to Au, where u is the unified atomic mass uni, giving:
3u

Ry

_ 3 x (1661 x 1077)

T4 x (12 x 10°5)
All nuclear densities are approximately the same, but it should be noted that it is an extremely
large density!

If the electrons in an atom are considered to have negligible mass compared to the

nucleons, and the radius of an atom is typically 10° times larger than a nucleus, then an order of
magnitude density for atoms would be (107)(10°)° ~ 102kgm?, which is comparable to everyday
observations of the density of matter. The only macroscopic objects with densities comparable to
nuclear densities are collapsed massive stars, known as neutron stars and black holes (Option D
Astrophysics).

~2x 107kgm

57 Estimate the radius of:
a agold nucleus (4 = 197)
b an oxygen nucleus (4 = 16)
 The measured radius of a gold-197 nucleus is 6.87 fm. How does this compare with the value calculated
ina?

58 Estimate a value for the following ratio: radius of largest possible nucleus to radius of smallest possible
nucleus.

59 Gold is considered to be a dense element. Estimate what fraction of the volume of a gold ring is actually
occupied by particles. (Density of gold = 19300 kgm)

60 The mass of the Earth is 6.0 x 1024kg. Estimate the radius of a neutron star that had the same mass as the

61 Explain why the mass of a nucleus will be ‘approximately equal to Au'.

B Nuclear energy levels

Like the atom, the nucleus is a quantum system and has discrete (individual and separate)
energy levels.

The observation that the energies of alpha particles and gamma rays are discrete provides strong
experimental evidence for the existence of nuclear energy levels. (This is in contrast to beta
decays, in which the emitted electrons or positrons have a continuous range of energies.)

Alpha particle energies are discrete

During each alpha decay a single alpha particle is ejected from an unstable and larger nucleus.
The smaller alpha particle has the higher speed and the nucleus moves backwards (recoils) ata
lower speed, conserving momentum. Energy is released in alpha decay in the form of the kinetic
energies of the alpha particle and the recoiling nucleus. Most of the energy is carried away by the
alpha particle.
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The alpha decays of any particular radionuclide will always produce the same daughter
product, and the discrete energies of the emitted alpha particles will usually all be identical from
nuclei of the same radionuclide. However, some radionuclides emit alpha particles with several
different energies. This is because it is possible for the daughter product to be in one of several
discrete excited states. Figure 12.35 shows the emission of alpha particles of five different energies
from americium-241 to various nuclear energy levels of neptunium239.

W Figure 12.35
Energies of alpha
particles emitted
from americium-241

-+5.545 MeV

alpha
particles
some nuclear
G656 Z:e};gy ;sve{s

0(ground
state)

(not to scale)

The alpha decay of the same radionuclide always produces alpha particle(s) of the same discrete
energies. This is predicted by the law of conservation of momentum because the two particles
involved must always move in opposite directions.

Gamma ray energies are discrete

Evidence for the existence of nuclear energy levels also comes from studying gamma ray emissions
from radioactive nuclei. These emissions do not change the numbers of protons and neutrons in
the nucleus, but remove energy from the nucleus in the form of gamma rays (photons).

The gamma rays have energies that are discrete and unique for a particular nuclide. This
suggests that the gamma rays are emitted as a result of nuclear transitions from an excited
state with a higher energy level to a lower energy level, similar to electron transitions in the
atom (Chapter 7). Nuclei are often left in excited states following the emission of alpha or beta
patticles, as was shown in Figure 12.35.

Another, simpler, example is shown in Figure 12.36. After carbon-15 has decayed by beta
emission, some of the nitrogen-15 daughter nuclei are left in an excited state. These excited
nuclei release gamma rays of a particular frequency, and hence energy, to reach the lowest energy
level (the ground state).

The photons emitted by radioactive nuclei carry more energy, and therefore have higher
frequencies, than photons emitted as a result of transitions involving electrons. This means
that the energy changes involved in nuclear processes are much larger than those involved in
transitions of electrons.

W Figure 12.36 _

The gamma rays £

released when g | o Defore decay

nitrogen-15 nuclei fall 2

from an excited state = N\ "® N in excited state, £*

to the ground state S e I

have a characteristic = T:ay pzmonh
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W Figure 12.38 Typical
energy spectrum for
beta decay

62 Explain why measurements made of alpha particle and
gamma ray energies suggests that there are discrete
energy levels in nudle,

first excited state

53 Figure 1237 shows the lowest two energy levels for —
the nucleus of a heavy atom.
& How does the size of nuclear energies compare with
the size of electron energies?
b Calculate the wavelength of the electromagneti
radiation emitted in a nuclear change involving a )
transition from the first excited state to the ground A Hguraiz 2z

ground state

state.
< Towhat part of the electromagnetic spectrum does this photon belong?

64 a Use Figure 12.35 to make a copy of five energy levels of a neptunium-237 nucleus. Draw arrows to
represent the ten possible energy level transitions.
b What are the wavelengths of the largest and smallest gamma ray photons that could be emitted from
these transitions?
65 Suppose that itis known that a particular nuclide emits gamma ray photons of energies 0.58MeV,
0.39MeV and 0.31 MeV. Determine the energies of another three different photons that might be emitted
from the same nucleus.

Beta particle energies are not discrete

If beta particle emission involved only the nuclei and the beta particles, the particles emitted
from a particular radionuclide should all have the same kinetic energy, in a similar way to alpha
particle emission. However, measurements show that although the maximun kinetic energy of
the beta particles is characteristic of the beta source, the particles are emitted with a continuous
range of kinetic energies (Figure 12.38).

Three particles can move apart in any combination
of directions and share the available energy in a
continuous range of different ways

recoil of nucleus

an(meu{wﬁ/“@ .\i\ec{mn

This unexpected observation was first recorded in 1928 and at first may have suggested that
energy and momentum might not be conserved. However, in 1933 the Austrian physicist
‘Wolfgang Pauli proposed that another undetected particle was also involved in beta decay. This
particle was hypothesized to be neutral (otherwise the electric charge would no conserved) and
have little or no mass (otherwise the energy curve of the beta particles would have a different
shape). This new particle was named the neutrino (and its antiparticle the antineutrino).
Because the neutrino has such a small mass and interacts very weakly with matter, it was not
until the 1950s that evidence for its existence was obtained.

Reviewing information about beta decay (Chapter 7): there are two kinds: (a) beta-negative
decay, in which a neutron changes into a proton with the emission of an electron and an
(electron) antineutrino; and (b) beta-positive decay, in which a proton changes into a neutron
with the emission of a positron (positive electron) and a (electron) neutrino. The full beta decay
equations then hecome:

Proportion of B-particles

Energy of p-particle

Beta-negative decay Beta-positive decay
nopte +v, ponte+v,
Because each of the three particles may move away in any direction, applying the conservation
of momentum, we see that the energy can be shared in any ratio, explaining the continuous
spectrum of beta particle energies.
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B The neutrino

As we saw in Chapter 7, neutrinos (and their antiparticles) are elementary particles. There

are three kinds of neutrino, each associated with either an electron, a muon or a tao particle.
Neutrinos are uncharged and have very small masses. They travel at speeds close to the speed
of light. It is now believed that they may be the second most common type of particle in the
universe (after photons). It is estimated thar over 102 neutrinos pass through a finger nail every
second, most of which were emitted in nuclear fusion reactions in the Sun. They usually pass
through the entire Earth almost without being affected.

The detection and properties of neutrinos is becoming an increasingly important area
of research in physics. It is hoped that deeper knowledge of neutrinos will increase our
understanding of such matters as the origin of the universe, the ratio of matter/antimatter and
the properties of ‘dark matter’ in the universe.

It is surprising that so little is known about such a common particle, but their properties and
associated penetrating power make neutrinos very difficult to detect. The probability of them
interacting with matter (in the form of sub-atomic particles) is very, very small, but finite. The
probability is increased by having large detection chambers containing a lot of dense matter.
Experiments are best located underground andjor in remote locations that are free from outside
influences or the passage of less penetrating particles. See Figure 12.39.

W Figure 12.39
The building at the
top of the ‘ice cube’
neutrino detector,
which is deep
underground near
the South Pole

Nature of Science [RVIIERE ing power: ing vast of data

‘A“- All particle physics and nuclear physics experiments require instruments to try to detect

‘g‘: energetic sub-atomic particles. Generally, these detectors are required to measure various
kinematic properties of each particle, such as its energy, momentum, the spatial location of
its track and its time of arrival at the detector. Neutrinos are not detected directly but by the
radiation emitted from the products of their interactions.

Scientific progress often emerges from advances in detector technology. Such advances
include: enhanced precision in kinematic properties; the rate at which particles may be detected,
leading to improved statistical precision; and in reduced costs, resulting in larger systems with
greater sensitivity to rare processes.

All particle detectors ultimately produce information in the form of electric signals that
must be processed by electronic circuits, digitized to produce numerical data, which in turn
may be further processed in real time and then recorded for further analysis. All this data
would be of less use without the internet and the data-handling abilities of computers around
the world.
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Additional
Perspectives

™ Figure 12.40
Intended paths of the
neutrinos

The long-baseline neutrino experiment (LBNE)

This USfinternational project is intended to be completed by 2022. An artificial, high-
intensity neutrino ‘beam’ will be created at Fermilab and detected by its rare interactions
with target material 1300 km away. The beam will originate about 1.5km under the Earth’s
surface at Fermilab, near Chicago, and travel through rock (at a depth of up to 35km) to a
detector in South Dakota. Because neutrinos are so penetrating no tunnel is required.

Sanford Lab,
South Dakota

1 Find out:

a  in what way this intended project will be able to provide information that is different
from other neutrino detectors

b why these particular locations, and length of path, were chosen for the project.

2 If neutrinos are so difficult to detect/control, how is it possible to refer to a ‘beam’ of
neutrinos?

ToK Link

nds

w all influenced and biased

i P s e ces and b
Much of our knowledge about sub-atomic particles is based on the models one uses to interpret data from
experiments. How can we be sure that we are discovering an ‘independent truth’ not influenced by our
models? Is there such a thing as a single truth?

Of course, scientists involved in research into sub-atomic particles (such as the neutrino) will laim to be
open-minded and receptive to new ideas. Undoubtedly, this is a primary aim of all scientists, but to some
extent we are all inevitably influenced and restricted by our previous experiences. Expensive projects need
1o have specific aims (or governments would not provide funding), and these will focus the thinking of the
scientists involved. However, it is clear from the development of science over the centuries that it is in the
nature of science and scientists to use their imagination to formulate new and original ideas.

It s possible that no ‘single truth’ about neutrinos (in the sense of certain knowledge for all time) will
emerge from the latest research, although t s to be hoped that our understanding of these elusive
fundamental particles will expand

M The law of radioactive decay and the decay constant

Radioactive decay was discussed in Chapter 7 but the mathematics was restricted to

examples involving only whole numbers of halflives. In this chapter we will develop a deeper
understanding of radioactive decay and, in particular, expand the theory to include calculations
for any length of time.

In the dice experiment described on page 300, increasing the number of dice thrown
increases the number of sixes that appear (this experiment provides a simple analogy for
radioactive decay). Similarly, if the decay of a radioactive material s investigated, then it is found
that the higher the number of radioactive nuclei in the sample, the greater the rate of decay, as
measured by the count rate.

This can be described mathematically by the expression:

N

where delta, A, represents ‘change i’ and N represents the number of undecayed nuclei in the
sample at that time.
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This relationship defines an exponential decay; that is, a change in which the rate of change
(decrease) ar any time is proportional to the value of the quantity a that moment.

(In Chapter 11 we met the idea of the exponential decrease of charge on a capacitor)
ANJA¢ represents the rate at which the number of nuclei in the sample is changing, and
~ANJAt represents the rate of decay.
Introducing a constant of proportionality, A, we get:

AN
-5 AN
The constant A is known as the decay constant. It has the units of reciprocal of time (for example
57). As we shall see later, the decay constant is closely linked to the halflife of the source. The
higher the value of A, the quicker the radionuclide decays and the shorter the half-life.

The decay constant is defined as the probability per unit time that any particular nucleus will
undergo decay.

The activity, A, of a radioactive source is the number of nuclei decaying per second. Activity is
the same as the rate of decay:
i AN
Activity, A, AE
and so:
A=AN
It should be noted that none of these equations are given in the Physics data booklet.
Activity is measured in becquerels, Bq, where ane becquerel is defined as one decay per

second. The becquerel is named after Henri Becquerel, who shared a Nobel Prize for Physics
with Pierre and Marie Curie for their pioneering work on radioactivity.

Worked example

12 The activity of a radioactive sample s 2.5 x 105Bq. The sample has a decay constant of 1.8 x 10!
Determine the number of undecayed nuclei remaining in the sample at that time.

A=IN
25x10-5=(18 x 10§ x N
= 1.4 10'" undecayed nuclei

66 A radioactive sample emits alpha particles at the rate of 2.1 x 10'2 per second at the time when there are
5.0 x 10% undecayed nuclei left in the sample, Determine the decay constant of the radioactive sample.

67 A sample of a radioactive nuclide initially contains 2.0 x 10° nuclei. Its decay constant is 0.405™". What is
the initial activity?

68 Explain why the count rate detected from a radioactive sample reduces with time,

Solutions to the decay equation

Although the equation A = ~ANJAt = AN defines the mathematics of radioactive decay, it does
not directly provide us with what we are most likely to want to know — the value of A, or N, at
any time, t. For that we can use the following equations, which may be described as solutions
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to the original equation. These equations are similar to those used in Chapter 11 for the
exponential decrease in current (or p.d. or charge) for a discharging capacitor.

N =N

This equation is given in the Physics data booklet.
In this equation N, represents the number of undecayed nuclei in a sample at the beginning
of a time t, and N represents the number of undecayed nuclei at the end of time . Similarly:

A=A

where Aq represents the activity from a sample at the beginning of a time t, and A represents the
activity at the end of time t.
Since Ay = AN, the equation can also be expressed as:

A=ANgeH

Tiseqonisven e Physes darabooils
The count rate, C (a non-standard symbol), measured by a radiation
defiector in 3 lshoratory smof divectly measuring the activity.of the source; but
aion  iewilbisnally Becisopartional i The servityEs Rt we s Al wies
letector o
radioactive C=Cpe
source

Figure 12.41 shows that a detector can only receive some of the total radiation
area A from a source. We could use the ratio A/4mr? to determine the fraction
arriving at the detector, but that would need to assume that no radiation was
absorbed between the source and the detector, and also that the radiation was
emitted equally in all directions. Determining the activity of the soutce would
also be difficult because ot all of the radiation passing into the detector will
be counted.

Worked examples

13 The number of radioactive atoms in a sample decays by%m 12 days. Calculate the fraction of radioactive
atoms remaining after 24 days.

W Figure 12.41 Aradiation detector
receives only a fraction of the
radiation emitted from a source

This can be done in a straightforward way without using exponentials: the sample passes through three

half-ves to reduice to.g, so the haltlfe is four days. In 24 days there are six ha-ivs, so the fraction

rediuices to . We can get the same answer using the exponential equation N = Nge

After 12 days:
N

e-i12)

o
8=
ing
A=02-0173
After 24 days:

N _o-oimpe_ ik
e =00157 =7

14 The decay constant for a radioisotope is 0.054y™. If the activity at the start of the year 2014 was
4.7 x 102Bq, calculate the activity at the start of 2018

A=At

Ay =470 x @005 x4
In(A;15) = IN470 ~ (0.054 x 4)
Asyg = 37989
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69 Asample of radium contains 6.64 x 1023 radioactive atoms. it emits alpha particles and has a decay
constant of 1.36 x 10-1"s~1. How many atoms of radium are left after 100 years?

3

A radioactive nuclide has a decay constant of 0012657 Initially a sample of the nuclide contains
10000 nuclei.

a What is the initial activity of the sample?

b How many nuclei remain undecayed after 200s?

 The count rate from a radioactive source is measured to be 6735, If exactly three hours later the count
rate has reduced to 6685, determine a value for the decay constant.
b Explain why the value may be unreliable.

A source has an activity of 4.7 x 104Bq. If the background count average is 0585, what is the maximurm
possible count rate that could be recorded by a detector that has an effective receiving area of 0.85cm? if
it was placed:

a 50cm from the source

b 5cm from the source?

© Why are your answers maximum values?

The activity from a radioactive source is 8.7 x 10° B, I its decay constant is 6.3 x 105!, how many
minutes wil pass before the activity falls to 1.0 x 104Bq?

2

A radioactive source of gamma rays, cobalt-60, is commonly used in school demonstrations. If the
maximum allowable activity is 200kBa, calculate the maximum mass of cobalt-60 in a school source
(Decay constant for cobalt-60 is 0.131y)

Decay constant and half-life

The concept of the halflife of a radioactive nuclide was introduced in Chaprer 7. Using the
equation N = Nye™, we can easily derive an equation that relates the halflife, T;,, to the decay
constant, A.

For any radioactive nuclide, the number of undecayed nuclei after one halflife is, by the
definition of halflife, equal to Nyf2, where N, represents the original number of undecayed
nuclei. Substituting this value for N in the radioactive decay equation at time ¢ = T;, we have:

Yo - N
Dividing each side of the equation by Nyt

LoeMior2 = s

Taking natural logarithms (to the base ¢):
In2 = AT,
So that:

In2
A

This useful equation is not in the Physics data booklet. Alternatively, inserting a value for In2:

Worked examples

15 A radioactive sample gives a count rate of 1005~ at a certain instant of time. After 100s the count rate
drops to 205! The background count rate is measured to be 10s~". Calculate the half-life of the sample.
Assume that the count rate is a measure of the activity.

initial count rate due to sample = 100 - 10 = 905"

count rate due to sample after 100s = 20 - 10= 105~
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C=Get
10 = 90e-1004
_nlo
90
A=—28=0022
0693
0022 -
16 The radioactive element A has 6.4 x 101" atoms and a haff-lfe of .00 hours. Radioactive element B
has 8.0 x 101 atoms and a half-life of 3.00 hours. Calculate how much time will pass before the two
elements have the same number of radioactive atoms,

25

For A:
693 _ o
A= 55g =0347h
ForB:
-0693 <l
ly=555 =0231h
Attime t:
Ny = (6.4 x 10Me-0347¢ N, = (8.0 x 1010)e-0221¢
For N = Ny:
(6.4 x 101e-0397t = (8,0 x 1010)e-0231t
o0zt
8=
=g
§ = 06t
In8 = In(e®'1%%; 2.079 = 0.116t
t=18h

The two elements will have the same number of active atoms after 18 hours.

75 Radioactive carbon-14 in a leather sample decays with a half-life of 5730 years.
a What is the decay constant?
b Calculate the percentage of radioactive carbon remaining after 10000 years.

76 At a certain time a pure source contained 3.8 x 10'° radioactive atoms. Exactly one week later the number
of radioactive atoms had reduced to 2.5 x 10, What is the half-le of this source?

77 The half-life of strontium-90 is 28.8 years. How long will it take for the count rate from a sample to fall by.
a1%
b 99%?

78 A cobalt-60 source used in radiotherapy in a hospital needs to be replaced when its activity has
reduced to 70% of its value when purchased. If it was purchased in mid-February 2011 and replaced in
mid-November 2013, what was its half-life?

79 The count rate from a radioactive source is 47251, If its haff-lfe is 13.71 minutes, what will be the count
rate exactly 1 hour later?

80 Uranium-238 is the most common isotope of uranium. It has a half-life of 4.47 billion years. The age of the
Earth is 4.54 billion years.
2 What percentage (to one decimal place) of the original ranium-238 is stil present in the Earth's crust?
b Suggest, in principle, how the ‘age’ of rocks may be determined by analysis of the radioisotopes they

contain.

© Why are such methods unlikely to be very accurate?

Measurement of half-life

The method used to measure the half-life of a radioactive element depends on whether the half-
life is relatively long or short. If the activity of the sample stays approximately constant over a
few hours then we can say that it has a relatively long half-life. However, if its activity decreases
significantly during a few hours, then the radioactive element has a relatively short half-life.
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Tsotopes with long half.lives

AN

A== AN

If the activity, A, of a source can be determined, then the decay constant (and therefore the
halflife) can be calculated if the number of undecayed atoms at the time of the measurement,
N, is known. Theoretically this s straightforward, but experimentally determining the number
of atoms in a source is not easy, especially when the isotope in question is usually in a sample
containing a mixture of other isotopes. This requires sophisticated equipment such as a mass
spectrometer.

For a pure sample of mass m, the number of atoms of the isotope can be determined from the
relative atomic mass, A, and Avogadro’s constant, N, as follows:

N= "ﬁ"‘

Therefore, if the activity (A = AN/Ar) is measured, we can calculate the halflife, Ty, from the
equation:

AN _ —AmN, _ 0.693mN,

N A T,A,

Isotopes with short half-lives
If an isotope’s halElife s a few hours or less, then it can be determined by recording the count
{9{‘;) rate (minus the background count) at regular time intervals. A radioisotope with a short halflife
" can used in a school laboratory by extracting it from the other radioisotopes in its decay chain
just before the experiment is due to begin. The extraction process can be based on any chemical
or physical property that is unique to the required isotope.

The adjusted count rate is assumed to be proportional to activity. If a graph of count rate, C,
against time, t,is plotted, the halfife can be obtained directly from the graph as discussed on page 301,

Alternatively, a graph can be plotted
of natural logarithm of the count rate, C, InC,
against time, t. This will give a straight line
with a gradient of -2 (Figure 12.42). Since
T,,= 0.693/4, the halflife can be calculated.
This is a better method because the
reliability of the data can be more readily
assessed by seeing how close to the straight
line of bestit the data points lie.

This method relies on transforming the
equation C = Cge™™, which describes the
count rate in radioactive decay.

Taking natural logarithms:

0

W Figure 12.42 A logarithmic-linear graph to show
exponential decay of a radioactive nuclide
InC = InC, - At

The equation can be compared to the equation for a straight line (y = mx + c), so the gradient is
equal to =A.

‘When the halflife of the isotope is very short, less than a second, then both of these
methods are unsuitable. (Such half-lives may be found from tracks in a cloud or bubble chamber.)
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Utilizations Mass spectrometers
The first direct investigation of the mass of atoms (and molecules) was made possible by
the development of the mass spectrometer. The first mass spectrometer was built in 1918

detector
plate —
path of ion with
smaller 1
9 o uniform
magnetic
x field into
uniform RcHgm: Ppaper
magnetic field .
into paper
\ x x
gaseous %
unipositive d
ions from ion *
source x| %
&% x b3 x
—
accelerating  velocity deflection
plates selector chamber

B Figure 12.43 Essential features of a Bainbridge mass spectrometer

by William Aston, a student of

J.J. Thomson. It provided direct evidence
for the existence of isotopes. A more
accurate mass spectrometer was developed
by William Bainbridge in 1932,

This device uses the interaction of charged
ions with electric and magnetic fields to
measure the relative masses of atoms and
to find their relative abundances. Figure
1243 shows how a simple Bainbridge mass
spectrometer works. There is a vacuum
inside the machine; no air is allowed to
enter. This is to avoid collisions with
particles in the air that would disrupt

the flight of the ions produced inside the
instrument.

Positive ions are produced in the mass
spectrometer by bombarding gaseous atoms
or molecules (M in the following equation)
with a stream of high-speed electrons:

M(g) +e > M (g) + e +e

The ions are accelerated (by a pair of positive plates) and then pass through a velocity
selector, Here electric and magnetic fields are applied to the ions so that only a narrow beam
of ions travelling at the same velocity continue in a straight line to enter the next chamber.
These ions then travel through a uniform magnetic field. This causes the ions to move in a
circular path with radius, r, which depends on the ion’s mass to charge ratio. For ions with
mass, m, and charge, 4, travelling with velocity, v, through the magnetic field, B:

centripetal force = force due to magnetic field

If the ions have the same charge, q (usually unipositive, i.e. with a single positive charge), and
they are all selected to be travelling at the same velocity, v, then the radius of the circle of each
fon's path will depend only on the mass of the ion. An ion with a large relative mass will travel
in a wider circle (for the same magnetic field strength).

A number of vertical lines will be obtained on the detector plate, each line corresponding to a
different isotope of the same element, The position of a line on the plate will allow the radius, 7,
to be determined. Because the magnetic field strength, B, the charge on the ion, e, and velocity
of the ion, v, are all known, the mass of the ion, m, can be

B Figure 12.44
A mass spectrum
obtained by a mass
spectrograph

d. The older type of Bainbridge mass spectrometer

shown is actually a mass spectrograph, since the beam of
ions is directed on to a photographic plate (Figure 12.44).
The relative intensities of the lines allowed an estimate to be
made of the relative amounts of isotopes.
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g Modern mass spectrometers neutralize the positive ions with

s electrons and count the number of ions directly, before amplifying

£ the signal. The results are displayed on a computer screen in the

L form of a ‘har chart” (Figure 12.45).

b Mass spectrometers are sensitive detectors of isotopes based on

50 their masses. Some satellites and spacecraft are equipped with

& mass spectrometers to allow them to identify the small numbers
of particles intercepted in space. For example, the SOHO satellite

20

uses a mass spectrometer to analyse the solar wind. They are also
used in carbon dating (page 305).

1 Find out how mass spectrometers on missions to Mars have
been used to study the planet. What information have they
provided to scientists?

23 4 B 2%
Mass of positive ion detected
W Figure 12.45 The mass spectrum of naturally

e s 2 Unipositive neon-21 ions, %Ne, travelling with a velocity of
> & ;

Sl e 250 % 10°ms™, enter a magnetic ield of value 080T, which

e deflects them into a circular path. Calculate the radius of the

circular path.

B Nuclear medicine

The use of radionuclides in hospitals for the diagnosis and treatment of disease is increasing
rapidly worldwide. Any particular source of radiation has to be carefully selected for its purpose.
This includes consideration of (interrelated) factors such as:

B types of radiation emitted

W energies of individual particles and rays

B length of time patients can be exposed to radiation
B activity of sources

B halflives of sources.

81 The experimentally determined activity from 1.0g of radium-226 was 1.14 x 10'® alpha particles per year.
Calculate its half-life.

82 Radium-226 has a long half-life (1000 years); radium-227 has a half-life of 42 minutes. Outline how the
two half-fives of these radium isotopes can be determined experimentally.

83 The following data were obtained from the decay of caesium-130. Plot a graph of In A against tto determine
the decay constant, and hence the half-ife. (The figures have been adjusted for background count)

Time/s Activity/s
0 200
500 165
1500 113
2500 79
3500 54
4500 38
5500 26

24 A sample contains atoms of radioactive element A while another sample contains atoms of a radioactive
element B. After a fixed length of time, it is found that 7 of atoms A and % of atoms B have decayed.

. half-ife of element A
Calculate the value of the ratio: ialtlifeofelement A,

45 Research the properties and applications of any one particular radionuclide that is used in hospitals
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B Examination questions — a selection

Paper 1 1B questions and IB style questions

Q1 In the photoelectric effect, light incident on a clean metal surface causes electrons to be ejected from the
surface. Which statement is correct?

A The de Broglie wavelength of the ejected electrons is the same as the wavelength of the incident light.

B Electrons are ejected only if the wavelength of the incident light is greater than some minimum value.

€ The maximum energy of the electrons is independent of the type of metal.

D The maximum energy of the electrons is independent of the intensity of the incident light.

Ultraviolet light is shone on a zinc surface and photoelectrons are emitted. The sketch graph shows how the
stopping potential V, varies with frequency f.

Q

©

Planck’s constant may be determined from the charge of an electron e multiplied by:
A the y-intercept

B the x-intercept

C the gradient

D the area under the graph.

Q3 In the Schrédinger model of the hydrogen atom, the probability of finding an electron in a small region of
space is calculated from the:
A Heisenberg uncertainty principle (time—energy)
B de Broglie hypothesis
C (amplitude of the wavefunction)?
D square root value of the wavefunction
Q4 A nucleus of potassium-40 undergoes B* decay to an excited state of a nucleus of argon-39. The argon-39
then reaches its ground state by the emission of a y-ray photon. The diagram represents the p* and y energy
level diagram for this decay process.
ground state energy
B level of potassium-40

excited energy level
of argon-39

ground state energy
level of argon-39

The particle represented by the letter X is
A an antineutrino
B a neutrino
C an electron
D aphoton.
© 1B Organization
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el

Q!

Q6

<

Q

Q

@

©

Q

If an alpha particle and a proton have the same de Broglie wavelength, the ratio speed of alpha particle/
speed of proton is approximately equal to:

A Y

B %

c1

D2

The diagrams show the variation with distance x of the wave function ¥ of four different electrons. The
scale on the horizontal axis in all four diagrams is the same. For which electron is the uncertainty in the
momentum the largest?

© 18 Organization

Which of the following provides evidence for the existence of discrete energy levels within the nucleus?
A Alpha particles are emitted with discrete energies

B Beta particles are emitted with discrete energies

C Neutrinos are emitted with discrete energies

D Light is emitted with discrete energies.

The equation AN/At = —AN can be used to represent radioactive decay. In this equation:
A A represents the half-life of the nuclide

B the negative sign represents a decay

C N is known as the activity of the source

D the magnitude of A decreases with time.

Nuclear diameters can be determined from:

A mass spectrometer measurements

B gamma ray spectra

C decay constants

D the diffraction of high-energy electron beams.

Q10 The quantisation of angular momentum was used in the Bohr model of the atom to explain the

emission of:

A line spectra

B alpha particles
C beta particles
D gamma rays.

Q11 The probability of a particle quantum tunnelling through a potential barrier does not depend on:

A the charge of the particle
B the mass of the particle
C the energy of the particle
D the width of the barrier.

Q12 A photon may be converted into a particle and its antiparticle. In order for this to be possible:

A the frequency of the photon must be below a certain threshold value
B another particle must be involved with the process

C the two created particles must move in the same direction

D momentum cannot be conserved in the interaction.
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Q13 An electron is accelerated from rest through a potential difference V. Which one of the following shows the

variation of the de Broglie wavelength A of the electron with potential difference V2

A B, C,;

i i Dy

Paper 2 IB questions and IB style questions © B Organization

Q1

Q2

a The diagram represents some of the energy levels of the mercury atom.
0
~156
-373

-554
Energy/eV

-104

Photons are emitted by electron transitions between the levels. On a copy of the diagram, draw
arrows to represent the transition, for those energy levels, that gives rise to:

i the longest wavelength photon (label this L) (1)

i the shortest wavelength photon (label this S). (1)
b Determine the wavelength associated with the arrow you have labelled S. 3)
¢ A nucleus of the isotope bismuth-212 undergoes a-decay into a nucleus of an isotope of thallium.

A y-ray photon is also emitted. Draw a labelled nuclear energy level diagram for this decay. @3}
d The activity of a freshly prepared sample of bismuth-212 is 2.80 x 10'3Bq. After 80.0 minutes the

activity is 1.13 x 10'3Bq. Determine the half-life of bismuth-212. @

© 1B Organization

A metal is placed in a vacuum and light of frequency f is incident on its surface. As a result, electrons are
emitted from the surface. The graph shows the variation with frequency f of the maximum kinetic energy E,
of the emitted electrons.

5.00

3
¥

4.00

3.00

2.00

1.00

0

0 050 100 150 200 250
x10'5Hz
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a The graph shows that there is a threshold frequency of the incident light below which no electrons
are emitted from the surface. With reference to the Planck constant and the photoelectric work

function, explain how Einstein’s photoelectric theory accounts for this threshold frequency. (4)
b Use the graph in a to calculate the:
i threshold frequency ()

Planck constant m
i work function of the metal. 2
© 1B Organization

Q3 In a simple model of the hydrogen atom, the ‘size” of the atom determines the kinetic energy of the
electron. Its de Broglie wavelength is equal to the wavelength of the standing wave bounded by the
nucleus and the ‘edge’ of the atom, as shown below.

‘edge’ of atom
nudleus
5x107"'m
The ‘edge’ of the atom is 5 x 10-"m from the nucleus.
a i State the de Broglie wavelength of the electron. (1)
ii The ‘edge’ of the hydrogen atom is moved closer to the nucleus. Describe what changes occur
in the kinetic energy of the electron. (2)

A different model of the hydrogen atom takes into account the fact that the electrical potential energy
of the electron depends on its distance from the nucleus.

b i Explain the variation with the distance from the nucleus of the electrical potential energy of the
electron. 3)
i Use your answer to b i to explain the variation with distance from the nucleus of the kinetic
energy of the electron. 2)
iii Use your answer to b ii to suggest how the wavelength of the standing wave of the electron
varies with distance away from the nucleus. (3)

© 1B Organization



Answers to self-assessment questions in
Chapters 1 to 12

1

Measurement and

uncertainties
1 a 10°kg c 10kg
b 10%kg d 10" kg
2 a 10m c 10°
b 10° d 10*m
3 a 2x10%
b 10°s
c 1x10%s
4 a About 10to I; 1 order of
‘magnitug
b About 10% to 1; 25 orders of
magnitude
c About 10 to 1;9 orders of
magnitude
5 a *3g b 0.63%
6 a 42(m) c 19%
b a47%e71% d +08(m)
7 +003

N

ES

Mechanics

a Acceleration for the first 100s;
then a constant speed until
200 5 followed by a deceleration to
restat 300s

b 3600m

¢ 0mst

d Rmst

©  Swimmers can accelerate by pushing
on the end walls of the pool.

The runner starts from rest and
accelerates towards a reference point
(zero displacement); after that the
runner has a constant speed away
from the reference point.

a,¢ The object is moving (oscillating)
backwards and forwards about a
reference point; its greatest speed is

in the middle of its motion and it
decelerates as it moves away until

its speed is zero at the maximum
displacement; then it accelerates back.
Equal magnitude; opposite
directions

8ems? and O em s

A pendulum or a mass on the end
of aspring

Starts from rest, constant
acceleration for 2 s followed by

o

a

o

o

i
8

B8

constant velocity for 4 s; and finally
adeceleration for 1 s to rest.

b 15ms%0ms%-30ms?

¢ 165m

d 24mst

28ms?and 190 m

a The object experiencesa constant
acceleration for 8's.In the first 45
this decelerates the object to rest;
then it accelerates in the opposite
direction. Between 8 s and 125 it
has a constant velocity:

b -30ms?
c 9%m

d 48m

e 8ms?
10ms?

Graph should show a constant velocity
changing very quickly to another
constant velocity of the opposte sign.
The acceleration should be zero except

during the impact.

a 19mst

b 27m

¢ 10ms?

a 150m b 358s

a 4100m b 1600s

a 30ms? b 4ms

a 5.3 safter the police carstarted to
move

b No; private car has travelled 210 m;

police car has travelled 192 m
After12s

c
a -Bms? b 32ms?

a 872kms' b 301 x 10°km
a 0655

b 78ms?

¢ 18ms?

After1.2s0r33s

0.34s later

a 3775 later

b 4lms!

c 299m

a 284m

b 396m

55ms?

The acceleration of the driver was
twice the acceleration due to gravity,
s0 the force acting on him was twice
the driver’s weight.

w
8

a The distance increases as they fall

b Considers = ut + a2 for both
stones from the moment the
second stone is dropped; the first
stone will always have travelled
an extra distance of ut, which
increases with time.

a 17 em, ignoring air resistance

For example, a 60 em height results

from a take-off speed of 34 m s,

¢ For example, a 30 cm height
reduction suggests an acceleration
of about 20 m s,

-

d About0.2s
a 130s b 127ms?
b the acceleration will be equal to

twice the gradient of an s~ graph.

769 ms™ and 273 ms*

a Tkmh? b 2 min
a 15ms!

b i Same i Smaller
a 0167s

b 0137 m below the centre

a 46 mabove sea

b 30 ms” downwards
c 41s

d 9%m

¢ 36ms at 56° to horizontal

58m

a 2%y,=15ms!

v, =35mst

9Bem

b There was no air resistance or
friction (and the ball did not have
any significant kinetic energy of
rotation).

-

 Larger masses will experience
greater gravitational forces, but
the same acceleration, a = Fim
(assuming there is no friction or air
resistance).

Bmst

a LBxI0N

b 318N

© 243x10°N

133N

a 560x 10°N

b Approximately 50 000 ke;
about 9%

©  The forces stopping the motion of
the plane when it lands are not as
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50

61

62

2
2

66

67

large as the forces accelerating the
plane when it is taking off.

d The mass has reduced by 180
tonnes; most of the fuel it was
carrying has been burned.

There isless of the mass of the Earth

beneath it, and some of the mass of

the Earth is above it.

89 N kg™ this is about 10% less than

on Earth.

A has twice the circumference, four

times the surface area and cight times

the volume, mass and weight.

ON, 2N, 4N, 6N

107 N atan angle of #4° to the

12N force

91 Natanangle of 32° to the

77 Nforce

76N at an angle of 14° to the

4N force

b 37N in the direction of the

applied force

33N

112N

b 14N parallel to the slope; 30N

perpendicular to the slope

668 % 10'N

174 % 10VN

0045 ms?

The component of weight (acting

down the slope) of a heavy train

is 50 large that it may be larger
than the resultant forward force
provided by the engine.

All arrows identical; pointing

downwards

a A force vector of 300N acting
downwards from the middle of the
suitcase, labelled weight; an equal
and opposite arrow pushing up
on the suitcase, labelled normal
reaction force

b Add an arrow upwards from the
handle of half the length of the
previous vectors, labelled pull of
hand, 150N; the normal reaction
force reduces to 150N

The reading rises when a force

is needed to accelerate the book

upwards; and falls when the book is

accelerated downwards.

a Notif the elevator is moving with

constant velocity; this is because

the forces acting on you would be
the same in all three cases.

In all diagrams the weight veetor

will be the same; if the person is

accelerating, the force from the

-

oo

-

N
£
®

floor will be greater or less than
the weight.

i Weight and air resistance
on the sky diver’s body will
be equal and oppasite; then
there will be an upwards force
from the parachute on the
skydiver.

The upwards forces from the
parachute and air resistance
on the skydiver will together
be equal and opposite to the
weight.

6 4N
70 Weight acting downwards from

climbers centre of mass; tension
acting along the rope, away from the
climber; push of rock acting from
climber's feet to the point where the
other two forces cross. (This could
be resolved into a normal force and
friction.)

a The weight of B will be eight times
greater than A; the air resistance
acting on Bwill be four times
greater than A.

A moves with constant velocity
because the forces are balanced;
B accelerates because there is a
resultant force, since its weight

is greater than the air resistance
acting on it.

Zero friction

Yes. There is no reason why not,
but it would mean that the object
was casier to lift vertically than
move horizontally. Which is
unusual and may require further
explanation.

a =9%N

~20N

The angle of the slope can

be slowly increased until the
object just begins to slide down.
At that angle the component
of weight down the slope equals
the frictional force up the
slope.

o71

92x 1PN

L1 x 10N

The extra weight will increase
frictional forces between the tyres
and the road and improve safety,
but the extra mass in the car will
mean that the car needs a greater
force to stop it (than with anly a
driver).

-

-

-

®

0 -ws oo

76

8283

0w

RRE

100 a

101

Sand or very small stones (frit') can
be spread on the road. Salt can also be
used to help mel the ice.

256X 1°N
24N

a 239ms?
S35ms?
027ms?
A much greater force would be
needed for the larger acceleration;
the thin rope may not be strong
enough, and may break.

a 044 b 047ms?

a 25degrees b 068ms?

The hard ball cannot change shape

so much and will therefore decclerate
quicker. (It will have a greater negative
acceleration.)
L7 107N
a 14N

a Léms?

b 33N

¢ (Tension =164 N)
a 458ms!

b ISTON
c

d

e

b 120m
b 4200N

b 933N

BION

Pushed down hard on the ground
The impact takes longer;
reducing the size of the
deceleration and the force
needed to stop him.

a The impact takes longer,
reducing the size of the
deceleration and the force
needed to stop.

b Asa. The force isalso spread
overa large area, reducing the
pressure.

a 20ms?

b OM4s

The moving air from the fan will

collide with the sail and exert a

forward force. But, in order for the

air to be pushed forward by the
fan, the air pushes backwards with
an equal force on the fan. The
resultant force on the boat will also
depend on how the air flows past
the sail.

The two forces are acting on the

same object and they are different

types of force.

The weight will be the same.

a 9] b 130]

9]

54N

ollj

b 140]
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102

104

106

107

108

109

110

111
12
13
115

1
17
18

1y

a

R T = N - aooBo oo

-

a

b

Yourweight (say 600 N); 20 em
60

d)
i055] i =22]
The plastic gets warmer.
320N mt
10]
3B em
A mass of 10 kg would exert a
force of approximately 00N,
which is well beyond the range
shown on the graph; the spring
may not continue to stretch
proportionally to its load for such
a large force.
Loudspeaker
Battery
Nuclear power station
Microphone
Flame
Car
Bow and arrow
Electrical generator
Gas cooker
Photovoltaic cell

(Other answers are possible)

20%100]
The field strength isslightly less
at the top of the mountain; the
difference is too small to affect
the answer.

15x107]

Energy s dissipated in the
electric motor; because of friction
and air resistance.

5110

As the clevator comes down a
significant amount of its decrease
in gravitational poential energy
is transferred to the rising
counterweight, rather than being
dissipated as internal energy.
i130] i 2100]

3000]

15mst
41x 10°%]
900K

a
b

c

75em
037]
201N, it is not overstretched

About 100]
12Tm
10m

a 2m

b

Measuring the time accurately;
determining when the ball has

reached the right height; the ball
s not released from ground level.

120

121

122
123
124

126
m

128

129

130

131

137

a 28ms?

b 28mst

© Itmoves a smaller distance ata
greater average speed because it
has a greater acceleration (the
average component of is weight
down the slope is greater).

a Elastic strain energy

o

kinetic energy; to strain energy
(and internal energy); to kinctic

energy; to gravitational potential

energy. This assumes that air
resistance was negligible.
44mand34m

22 cm assuming that i loses
the same fraction of its kinetic
energy each time it bounces.
Llms!

Q16 m

34m

LLx 10Nt

30 1N

The average force exerted in the
accident can be calculated from

the kinetic energy before the
collision divided by the distance the
vehicles ‘crumple}, the greater the
deformation, the less the force.

o

o

a 16000]
b The work done in stretching the
cor

¢ Equal increases in force produce
smaller and smaller extensions
(except for the first 250 N the
cord becomes stiffer.

d Approximately 25 m

a 2190]

b Probably not; because this is
quite a large mass falling a short
distance

¢ 3400N

To increase the length (and time) of

the impact; and so reduce the force

and prevent injury to the knees and

legs.
a 600N

b The hammer comes to rest.
a 240]

b BW

About 25 kW

1400N

a 17x10°W

b 170000 homes

900 MW

a 38N

Gravitational potential energy to

141
142

143

145

147

14

3

150

151

152

15
154

156

159

b 54N friction helps to stop the
boxsliding down the slope when
the force is reduced.

< 830]

d 086 (86%)

10% 10" kg m s o the west

33x 10N

a 85kgms?

8.5 kg ms

2%6mst

6800N s b 2mst
5m s to the left

25kgm s to the left

74N to the left

Force changing (linearly) from 0
t0 48 Nin 017 s; then back to
zero in another 017 s

Shorter times; greater forces
Identical, except the forces are in
opposite directions

anoe s o0 o

520kgm st
26 km bt
339% 10'kg m st
100]
911 x 107 kg
145 m 5 1o the lef
535 mst
Air resistance under these

-

circumstances will be almost
insignificant; so the actual speed
will be close to the predicted value.
About 5 x 107 m & cannot be
measured

260mst

The ball is not an isolated system;
itisacted on by the external force
of gravity; the Earth loses an equal
amount of momentum.

She moves in the opposite direction

with a speed of 20 cm s an

exernal force is needed to stop her

motion.

228 cm 5% in the original direction

of A

a 18mst

b The total (Kinetic) energy of the
balls would have increased.

At the 20 cm mark on the ruler

340N

0034 ms?

10000N s

10ms*

19ms

06mst

10ms?

b 95%
b 035]
b 9%

B e anow
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Thermal physics

BIK 84K b 38K

127°Cc b 32cm?
Probably nof; they may have the
same temperature, but they are
different substances; there will
probably be different numbers of
molecules with different masses
and different speeds.

Probably nor; different substances
require different amounts of energy

for the same temperature rise.

a i A relatively large attractive

force pulls the molecules

back together.

ii A large repulsive force
pushes the molecules apart.

Forces between gas molecules are

-

much, much smaller; almost zero.

o

If the separation s ten times
greater in cach dimension, the
average volume occupied by one
molecule must be 10 times greater.
Each ‘sparkle’is so small that it
contains very little internal energy,
although it has a high temperature. If
a sparkle comes info contact with the
skin it transfers only a tiny amount
of thermal energy as it cools down
rapidly.

95x 10t]

1370 ket Kt

48K

3gC

48%101]

40°C

1285

3°C

41°C

980 W

a 3670]

To reach thermal equilibrium with
the oven

-

o

To reduce the thermal energy
transferred to the surroundings
33] ket Kt

To make sure that it was all at the
same temperature

Underestimate; the final
temperature would have

been higher if there had been

no transfer of energy to the

o

surroundings.
437 % 10T ket
a 383C

88

21

N

8

b Allof the thermal energy that
flowed out of the hot water went
into the cold water; none went
into the surroundings

n3c

3205

34x 0] K

840

a 180x10°]

b 61°C

¢ There would have been less time
for energy to be transferred to the

surroundings.

a 14C

b All the kinetic energy of the bullet
is transferred to internal energy in
the block and bullet.

¢ Half the speed hasa quarter of the
kinetic energy; so the temperature
rise would be 036°C.

a 4x10)

b 198°C

¢ The temperature rises are too
small to be casily measured with
accuracy

a 1I°C

b This assumes that all of the
gravitational potential energy of
the lead is transferred to internal
energy in the lead; no energy is
transferred to the surroundings.

¢ Twice the potential energy has to
be spread to twice the mass.

a1rc

1600]

256 % 10°] kgt

More bonds between molecules have
to be broken during boiling than
during melting

a i 12x10] i 144]

b The energy transferred from the
steam as it condenses is much
greater than that from the water as
it caols

Some ice will melt because of
thermal energy absorbed from the
surroundings; by comparing the
two masses of melted ice we can
estimate the amount melted by the
heater in A.

40% 10°] kg

Some energy from the heater is
transferred to the surroundings.
Carry out the experiment in a
refrigerator; insulate the apparatus.
52x10)

80x100]

1°C

®

o

a

36

-

@
8

41

s

LS

a OIN

b 15X 1PN

©  Because there is equal pressure
inside the body.

Because of the extra weight of the

water above them.

a Pressure under our feet is due to
the force with which we push
down — our weight, if we are
standing still. The pressure in a gas
is explained by random molecular
collisions with surfaces, which can
be in any direction.

b The pressure in a liquid also acts in
all directions.

a 621x10%]

b 210°C

c 120x10)

a 46lms! b 4Bmst

a 108g

b 57g

© 167 mol

d L4 105 molecules

a 0062 mol

b 19 10" atoms per second

a 200kg

b 6700 mol

¢ 40% 107 molecules

a 10cw’

b L7x10% e’

¢ 26x10%cm

L7 % 107 m?
39°C

130 mol

a 32g
21x10°Pa

a 251x10°Pa
Molecules collide with the walls
more frequently.

a 756 10°Pa

Onaverage the molecules are
travelling faster; collide with the
walls more frequently; and with
greater force.

Helium may not behave like an
ideal gas at low temperature and
high pressure.

17m?

83

307°C

When the gas is burned, hot gases
enter the balloon and displace cooler,
denser gas out of the bottom; in this
way the overall weight of the balloon
can be adjusted to be less than the
upthrust.

b 0.60m’

-

-

o
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57 a
b

The molecules are closer together.
Electric forces act across space,
without contact, and in theory
they will never go completely to
zero; but the forces become very
small (negligible) i the separation
of molecules is more than a few
molecular diameters.

When the molecules of the
warmer gas hit the molecules of
the colder surface, on average,
kinetic energy will be transferred
to the molecules in the wall.

-

Internal energy and the
temperature of the wall will
increase; the internal energy

and temperature of the gas will
decrease.

The molecules will have stopped
moving, and stopped colliding
with the valls

A gas will condense to a liquid if
its molecules do not have enough
kinetic energy to overcome the
electric forces between them when
they get close together.

o

60 The graphs have the same shape;

but for all volumes at the higher
temperature, the pressures will
be greater.

4 Waves

1

14 a

08725 b LISH: 344
The absolute uncertainty in
measurement remains the
same; but the percentage
uncertainty decreases with larger
measurements.

1% 1045
20% 10°Hz
200 MHz
i0 i 24.cmtotheright
Zem
Exactly out of phase
Probably not
Because the extension of
the rubber is unlikely to be
proportional to the force

a 40em  c -l4em

b 055 d +l4em

Each successive maximum would

have less energy. The period would be

unchanged.

a

TE o Ts T W

o

4510ms

The particles are closer together;
there are much larger forces
between them.

o

w
-3

39
40

a 54xI10Hz
b i 47x10%s
i 0lls

iii Between 180 sand 1300's
a  6.8x 10" MHz

b (Photons of) higher frequencics
transfer more encrgy.

a 55x107m

b Green

¢ Ultraviolet

36s

a 0295 b Maybe50%

b The distance needed for hand
timing is much greater than can be
found indoors. There are too many
sound reflections indoors.

At the same temperature the

molecules of different (ideal) gases

have the same average kinetic energies.

This means that molecules with less

mass must have greater speeds (so that

Vome? is the same).

a Scawater is denser than pure water.

b 65s

¢ Noise pollution caused by human
activities in recent times

d 3m

32 MH:

a Increases bya factor of 4
b Energy is dissipated to the
surroundings.

40X 10VW m?

30w

6.3 minutes

BWm?  b52cm
50%107W b 6m

10m

No gamma rays are absorbed in
the air

200 kW

Wave power is proportional to
amplitude squared; efficiency of
power station s independent of
wave amplitude.

2m

31w

a2 The resultant should have twice
the amplitude of the individual
waveforms.

The resultant should always

be zero.

Look through the sunglasses at light
reflected from glass or water; if they
are Polaroid, the intensity of the image
will change as the glasses are rotated.
61%

63°

ce e 0 os

-

o

a

-

=

@
%

ww
g8

"
]

The sky appears blue because blue
light is scattered from air molecules;
simple scattering, like reflection, can
result in polarization.

A UmW

b 2AmW

© 11 mW (or almost unaffected)
26

Wavefronts in shallower water will be
at 27° to the boundary.

a 135 b 35

51°

Because that would mean that the
waves travelled faster than 3 x 10°m
sin the medium.

a 136 b 474

Microwaves have a wavelength
suitable for diffraction by gaps

and obstacles with a size of a few
centimetres.

60 cm and 600 Hz

Destructive interference

8 a  When he is the same distance

from both speakers, the waves he
receives have both travelled the
same distance and will interfere
constructively. If he moves in any
direction there will then be a path
difference between the waves
and they will no longer interfere
perfectly constructively.

b 7lem

The waves from the two sources of

light are not coherent.

2 Tomaximize diffraction of the
waves emerging from the sits; so
that they cross over cach other and
interfere.
12,6,4,3em...

Slowly move the receiver until it
detects an adjacent maximum,
the difference in the two path
differences will equal the
wavelength.

9m

586mst

714 Hz

0492 m

i0 iim

216 cm; 127 Hz

N5mst

20Hz

The chain has significant weight,

so that the tension in it is not

constant (greatest at the top).

2 The wave speed will increase
because of the larger forces in
the system.

cmoas 6o
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5

b The fundamental frequency
increases hecause f = v/l and vis
higher but | has not changed.

¢ The oscillating string will
aceelerate more slowly because it is
more massive.

d The fundamental frequency
decreases because f = y/A and v is
smaller but & has not changed.

360 Hz

Bmst

094m

a 149m

b 342 He

¢ 0M5m

d To produce the same fundamental
frequency, they can be half the
length of pipes closed at both ends.

a M6ms! b 256Hz

Electricity and

magnetism
2 a 14xIONC!
b 40x10*N
3 a 24 x10"Nupwards
b Force of gravity is 89 x 10N
(there is a factor of about 10¥
difference).

5 a 17 x10°NC to the south

b 39x10°NCH

6 a l5cm

b Decrease. Because the paper of the
book is not as good at transferring
the electric field as air.

¢ About02N

d  The book will not fill the space
between the charges, it does not
surround the charges; the exact
properties of the material of the
book are not known.

7 a Three forces are acting: weight,
tension and the repulsive force
between the charges.

b 43x104N
c 54nC

8 37 x 10N to the left

9 54x 10 N, diagonally away from the

square

10 82x 105N

12 21x10™

13 Conductors would allow charges to

move and so change the situation
being considered.

14 a 025C b 16x10®

15a 40C b 830s

20 63 x10*ms?

21

8

a Speed must increase in order for
the same number of clectrons to
pass any point every second ina
thinner conductor.

Ifthe conductors had the same
dimensions and the size of the

charges are the same, in the

semiconductor they would have to

travel one million times faster for

the same current. A typical drift

speed would then be about 100 ms.

a 85x10%m?

a 4V

The magnitude of the pd. would
be the same, but ts sign would

be negative, meaning that, in the

second example, the energy would
be transferred from the clectric
ield.

s517]

9100C

57x 102

n0v

4cC

The current would fall to a very low

value because the voltmeter is a poor

conductor. The value shown on the

voltmeter would be almost equal to the

pd. across the battery.

T7x107] i 480eV

Noj its kinetic energy is not large
enough to overcome the repulsive
force.

a 35x10%]

80x 10%]

a 32x10%]
b 1x 10° photons every second

9 A to the right

01A,L1A,20A

15Vand 14V

35V

na

12% 104 A (012 mA)

136V

a 30Q b 48V

In the 2 Q resistor; 4 Qand 6 Q in
parallel have a total resistance of 24
50 that the voltage across them is
(only) slightly higher than the voltage

across the 2 2 resistor; because

P=V?R, the lower resistance of the
2Q is the dominant factor.

emoos

a i

b 10X 10"ms™

a Low: two in series; medium: only

one; high: two in parallel

605 W, 1210 W, 2420 W

a  The ammeter will show a very
low reading because the large
resistance of the voltmeter

4

prevents a greater current; the
voltmeter will show (almost)

12V because it has a resistance
very much larger than 30 @ ina
series circuit the voltages are in the
same ratio as the resistances.

40V and 04 A

Because of the resistance of the
voltmeter; the toral resistance
between the terminals of the
voltmeter s not just 10, it is
caleulated from the two resistances

-

o

in parallel.

d 600

©  Negligible resistance

a 4

b 52036W

© The lamp becomes dimmer; the
current reduces when the overall
resistance of the circuit increases.

d 34V (assuming R is constant)

Caurrent through the 2 Qs 039 A to

the left; current through the 3 Qs

108 A upwards; current through the

495069 A to the lefe.

a Ll7m b 1200

They are inversely proportional

55%10*m

21x10°Qm

a {005A i 060W iii 72]

b 120Q

a 907A b 20V

a 2xI0W

b A power ‘loss’ of only 10 W m!
may scem quite low; but it can be
considerable for long cables.

a 150W

b Heater, ammeter and power supply
connected in series; voltmeter
connected across the heater

a 086A

b Energy is dissipated; because of
friction and resistive heating.

a 9680 b 114A

¢ The heater’ resistance is lower
when it is colder.

a 60V b 24Q

The student does not understand
that the value of 60 V will change
when the bulb is connected because
the total resistance between A and
Bis no longer 100 Q.

d 028Vino

e Connect the lamp in series with an.
equal resistance (24 Q).

a The circuit should include

a variable resistance and a
thermistor connected in series
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o
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6 oo oo

Booe om0 o

o

to.a power source; the output
to the refrigerator control

circuit will be taken across the
variable resistance, so that if

the temperature rises the output
voltage to the control circuit also
rises and turns the refrigerator on.
Refrigerators, water heaters, room
heaters, irons, air-conditioners,
ovens

The encrgy of the light releases
more free electrons.

It would not be possible to plot
or interpret the graph accurately
for low values if a linear scale was
used; (because of the very large
difference in the magnitude of
different values)

logR =52 - (08 x log )

3000

5000

202%

0942V, assuming the voltmeter
has very large resistance

0944V

The voltage would only be 6 V
if the potentiometer was used on.
its own; the lamp is in parallel
with half of the potentiometer,
and their combined resistance
is less than the other half of the
potentiometer.

550

037A

Internal resistance is constant.
390 b 30V
i20W i 02W

125V

0%

470

To get a high power from a low
voltage (P = V).

The voltage across the battery falls
because of the lost volts’ (Ir) due
o the internal resistance of the
battery.

a 48A

b No resistance in the wires

causing the short circuit;
internal resistance constant.

¢ 580w

d Rapid rise in temperature; the

battery may be damaged.

Usually a voltmeter would be

connected across the resistor; but

a voltmeter connected across a
battery does not measure the p.d.
across its internal resistance.
45Vand30Q
15Vand033 @

About 107 min

About 37 000]

About 1000]

Qdownwards; R o the right
The field strength at R is one-
third of the field strength at Q
(it s three times further away).
The needle will become more
aligned with the axis of the
solenoid.

Towards the northwest
43x10°N

15%10°N

86x10°N

0

24%10°Nart

From west fo cast

31A

3 b 95X 102N
Only f it is moving parallel to
the magnetic field.

Unlike magnetic forces, electric
and gravitational forces exist
regardless of the direction of
motion (indecd, motion is not
needed for the forces to exist).
68x 10N

Helical

13T

L1 % 10%kg

0em

i M50V

i 119x 10

512% 107 ms?

197 10°T

105 cm

10X 107 ms*

20X 10°V !

The fields need to be
perpendicular to cach other;
and to the direction of
movement of the particle.

6 Circular motion
and gravitation
1

e ooe

91

s o

9 a

9

R
B oTe oo o

o

Boos o

101

6o a6 o

a 304 (@nd
b 157 (/) rad
¢ 0785 (/) rad
d 19rad

2 40cm

3 a 0877

©

aoeos oo

0.08716
0.1%
26rads™t
42H:
0.361 Hz
227 rad st
29 mst

There is no force acting on it in the
direction of its instantancous velocity:

a

b

e e T oo

aoe o

b

o

0093 m s

Q040 N towards the centre of

the circle

s

256ms?

862N

10rad st

60s

1010 m s

27%10°ms?

4500N

Friction between the tyres and
the road

The force needed will be four times
great and there may not be enough
friction to provide the extra force.
There will be less friction.

The centripetal force needed

will increase to 6400 N, but the
extra weight will also increase the
friction.

30mst

053 revolutions per second

2IN

631N

The normal reaction force acting
upwards on the boy is 635.6 N.
068N

13mst14s

19mst
Around 4 x 101N
6x 10N

36% 10°N

37x 107N

37N kg*

a

BIN kgt b 91%

103Nkg!
981 N kg

b

142N kg

6N kgl towards A

a

s 0o

3010t ms?

59%10° ms?

20104 kg

5400577 x 10 m st

Because it is close to the Earth
communication is easy; it requires
less energy to put it in orbit; it
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36
38

7

is better placed to monitor the
surface of the Earth. But it may be
affected by a very small amount of
air resistance; it does not remain
above the same location on the
Earthis surface.

15% 0% m

44 days

Atomic, nuclear

and particle physics

1

Sns e

5

RN

N

a 24x10°H: b Gammarays
12em

a 12x10°] b Infrared
388 % 10

about 1% 10°

a L61x107m

b Ultraviolet

o

From the ground state up to =5.55
&

124% 104 m

Gascous atoms of different
elements are absorbing specific
frequencies of light from the solar
emission spectrum.

Each element has its own unique
emission spectrum,

Iodine-129: 53 protons, 53 electrons
and 76 neutrons

Caesium-137: 55 protons, 55 clectrons
and 82 neutrons

Strontium-90: 38 protons, 38 electrons
and 52 neutrons

$B20x104C

us

3

a #ClandJCI

A typical sample of chlorine has a
mixture of isotopes and 3545 is an
average nucleon number.

0216 MeV

134 % 107 ms?

Because there are three particles after
the decay, each of which may move

in any direction. The momentum of
the beta particle must be equal and
opposite to the vector sum of the
momenta of the other two particles,

a

-

-

which can have a range of possibilitics.

BMg— ENa+ e+ v

lem

Because of their relatively large mass,
alpha particles transfer more cnergy
(than beta particles) in collisions with
atoms.

At lower pressure the number of
particles per m? in the air is reduced,

2

s

52

so that the number of collisions per
centimetre is decreased.

Alpha particles cannot penetrate

the outer layers of the skin, but when
released inside the body they come
into direct contact with organs and
tissue.

about 1500 s

about 35 5

a Al radioactivity measurements
show random variations because
individual decays are unpredictable.
0635t

Low count rates have a greater (%)
variation than high count rates,
and are therefore more likely to be
indistinguishable from the varying
background count, which may be
of similar magnitude.

The activity of a radioisotope witha
short halflife will quickly decrease to
a level that will be undetectable. This
means that it must be made available
onlya short time before it is needed.
80 mint

®

o

a 132
b 1506

¢ 625x10°Bq

d 160 min

e i B i 1/16
a 3%

b 13 million years
45% 104
2010

467% 105 kg

48 MV

73MeV

101 MeV/

8.5666 MV

a TMYV

b 1800 MeV.

b 61479 MV

a 163 107 ms?

b 294 10° ms?

a 2361324235918 u
b 02l4u

¢ 1993MeV

d 814x10°]

H + Ip — 3He; 496 MeV
2He — $He + 1p + 1p; 1392 MeV
Neutrons would not have been
deflected because they are not
charged. They may be involved with
reactions within the nucleus.

a Two up antiquarks and one down
antiquark (@ud).

Two down antiquarks and one up
antiquark (ddu).

54

55
58

@
B

2
3

-]

o

=©

-~

a i (this isa neutral pion)

b An up quark and an anti-up quark
can join together (a neutral pion is
unstable and quickly decays).

Neutron

a strong nuclear, weak nuclear,

electromagnetic (+ gravity)
b strong nuclear, weak nuclear
(+ gravity)
¢ weak nuclear, electromagnetic
(+ gravity)
d strong nuclear, weak nuclear,
electromagnetic (+ gravity)
e weak nuclear, electromagnetic
(only charged leptons)
(+ gravity)
electric force = 9 x 109 N and
gravitational force= 4 XI0# N;
ratio = 10%: 1
The strong nuclear force has a very
short range and only acts between.
quarks (and gluons) within the
nucleus. The electromagnetic force
can act on all charged particles.

Energy production

121X 104] em®

Higher; some thermal energy

transferred from the burning fuel

was spread into the surroundings,

rather than into the water.

LLx 10M]

3600 W

1%

Factories, schools, offices, shops,

transportation, ctc.

204

27gst

710] gt

i3lkg

541kg

Oil and renewables sources would have

a lower percentage; the others would

be higher.

About35%

a lkgofwaterat 35°C

b The source of energy must be
hotter than its surroundings.

© Because all the things that surround

us are at similar temperatures; the

temperature differences are not

-

a0 ow

i 19% 10k

ce o0 oow

great enough for cfficient transfers
of energy to oceur.

57kg

a 62m?

b 37x 16N

c 13x1Cw

LM kgt
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a 3%
b 65x10'kgs?
© 9B00kg

a L4x10ms'
b 14x10tmst

Their physical properties depend on
their masses, but there is only about
19 difference between the masses of
the isotopes. In any mixture there will
be a considerable overlap of the ranges

of kinetic energies and momenta of the
isotopes.

a 76x10°

b 26kg

a 78 108] kgt

b 23x10?) kgt

¢ Uranium releases about 107 times

more energy from every kilogram

than coal.
a 32x10°]
b 0dg
The three naturally occurring isotopes
of uranium have very long half-
lives; the hal£life of uranium~238 is
comparable to the age of the Earth.
The answer, of course, depends on
what level is considered to be safe; for
example, after about 60 years the level
will still be about double the acceptable
safety level.
a 100 000 years s a long time and
the area may become prone to
carthquakes, volcanoes or other
unexpected natural disasters or
dramatic changes in climate.
There would be a small risk that
something might go wrong during
the launch; resulting in the
radioactive material being scattered
over a wide area of the Earth.
a 92N
b 28x107ms?
A large wind generator is required to

-

produce a relatively small power.

24x16W

a Oms!

b 320kW

44m

a Diameter = 140 m (assuming
efficiency = 25%, effective average
wind speed = 8 m s, density of air
=13 kgm?)

b A larger generator would be

expected to be more cfficient; but
design and construction problems
(and the cost) of such a large
structure may be too great.

-

36 km?
So that each generator docs not
affect the flow of wind to the

others.

o

37 Caleulations involve the wind speed
cubed, and the cube of the average
wind speed is a lot less than the
average of the speeds cubed.

39 22%10°W

40 17x 104]

4 a %cm
b All the rain tha falls over the

arca flows into the lake and
there is no evaporation from the
surface. These are not reasonable
assumptions.

42 6lkg

460 59x10%]

b The total amount received is of
the order of 10+ times greater than
the energy used.

49 Variation in the Sun's activity;
variation in the distance between the
Sun and the Earth

50 The metal pipesare good conductors
of thermal energy; the glass cover
prevents convection currents; black
surfaces are good absorbers of thermal
radiation.

520 003W
b 001A
o 2200
4 039m

55 a 94x107]

b 33C

¢ Allof the incident energy was
transferred to the water in the
tank; none was transferred to the
surroundings, or retained in the
solar panel.

56 ¢ Greater angle of incidence and

more atmosphere to pass through
60a 18x10°W

b ltwasa perfect black body.

¢ 025Wm?

6l a 15m?

b 700W

¢ Conduction from the skin into
the air; convection of warm air
currents away from the body

d The body will also receive thermal
energy from the surroundings.

6 a #%

b 75C

63 2500°C

64a 83x107m

66

n

©o

ENIOIS

b The light from the incandescent
lamp will appear more
yellowfwarmer’.

a 593 Wm?

b 460 W m?

About 14 billion km

049 W m?

a Difference in the growth of trees

and other plants; snow and ice in
winter; variation in cloud cover;
variation in angle of incidence

b Variation in cloud cover; variation
in angle of incidence

600W m?

93K

a 36Wm?

b 6K

a If the emissivity and albedo were
the same as for the Earth the
temperature would be about 160 K.

The received power and the radiated

power would both be four times greater.

Carbon dioxide: about 15%; nitrous

oxide: about 9%; methane: about 14%

a4 226 10°] are needed to turn 1

kg of water into steam at [00°C.

11x 107

The gravitational energy is very

much smaller.

d About an hour

-

o

Wave phenomena

59 cm

36N m

21Hz

Force may not sill be proportional
to displacement; the coils of the
spring may come into contact with
cach other.

a T-vm

ke can be found from the gradient
of the graph (= 2m/\k).

0045 5; 140 rad 57

0Te s

o

450 rad s
a 13x105radst
b 72rad
0131 s
4em
a 92radst
b 0685
a 39ms?
Mass was undergoing SHM

-35cmand -11 cms™

a 023ms?and12x10%]
b -29mm

563 Hz
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15

N

30

36

a 039mst b 60em
161 m above the low tide level

The arca under the graph for one
quarter of an oscillation (from v = 0) is
equal to the amplitude.

a 432s

b The accelerations are equal
because a = Ffm; the heavier
pendulum has twice the mass, but
also twice the weight.

Amplitude does not affect period;
if the amplitude is doubled, the
restoring force is also doubled (for
small amplitudes).

o

d 145mdst
e 397)

f 1Bmst

083 mand 444 m 5
a 058s

b 22ms!

Same time period; reducing amplitude

a Ultraviolet

b By fluorescence

¢ 504x107rd

57x107m

0.085 mm.

a  Like Figure 9.12 — minima should
occur at angles of +7.8 X 10° rad
and £156 % 10° rad.

a 45x10%rmd

¢ léem

The light that would fall on

the slits would not be coheren,

monochromatic or intense.

154 mm

a 48x107m

b The wavelength would be
smaller than in air, so the fringe
separation would decrease.

a Sothat the gaps were
approximately the same size as the
wavelength, to achieve maximum
diffraction at cach slit.

b Aboutlm

a The spacing of the fringes will
increase.

b The spacing of the fringes will
increase.

¢ The spacing of the fringes will
increase.

d The fringes will have coloured
edges.

260mst

160°

80 lines mm!

16m

a Aboutlm

-

8

~
]

v

2

I AR

g

59

b Red light has a greater speed in
glass than blue light, so that it
is refracted less by a prism; but
its greater wavelength means
thata greater angle is needed to
introduce the path difference of a
whole wavelength that is needed
for constructive interference.
Too
Because three times the wavelength of
violet light s less than two times the
wavelength of red light.
a 30nm
b Ultraviolet
¢ Byfluorescence or a suitable
photovoltaic cell
This would have an cffect similar to
reducing the line separation, so tha
the pattern would broaden.
The line spacing is not comparable to
the wavelength of Xrays; Xerays are
too penetrating, so that they would
pass through all of the grating largely
unaffected.
Maxima atsin 8 = 0.272, 0544 and
0816

0267°

110X 107m

461 107 mor 692 x 107 m

14

a There s less diffraction with
bigger lenses; they receive more
light.

It will be more difficult for a larger
lens to focus all the light in the
right places on the image.

Blue is near the short wavelength end
of the visible spectrum and diffracts
less.

A larger pupil at night means that

diffraction is reduced, suggesting that

resolution improves; but the mucl

lower light intensity will reduce the

quality of the image.

12km

Ql5m

a 14x10%m

b Aline joining the starsis
perpendicular o a line joining
them to Earth.

Yes; the angle subtended at the

telescope by the writing is 1.6 x 10

rad and this is much bigger than

1.22Mb (about 5 x 10°).

About 100 km
a 610
b No

¢ Increase width of beam

60 413 He

61 338 ms?

62 3lms?

63 a The sound will become louderas
the train gets closer to P (allowing
fora time delay for the sound to
reach the obscrver). A pitch higher
than that emitted by the train will
be heard, but it will gradually fall
as the train approaches (because
the component of velocity towards
the observer is decreasing). These
processes are reversed as the train
moves past P

b The pitch and loudness will
femain constant.

64 59H:

65 a 3000H:

b More casily absorbed and scattered
in air; diffract and spread out
more; slower speed

66 260 ms*; 12.6km

68 Moving away with a speed of

845 x 10° m s

10 Fields

1 96V

2 —41x10°]

3 23x100]

4 a 98x10°]

b towards

5 4]

6 240]kg!

8 a 15]

b By the charge

15 Field lines would have double the
separation and would point in the
opposite direction.

16 Field lines would be straight lines
pointing radially outwards from
the centre. Equipotentials would be
circular with increasing separation.

19 77pC

2l a 49x10%kg
b L1xI0*N

23 a  Any location below the Earth’s

surface will have mass distributed
all around it and not just ‘below’ it.

b Mass is equally distributed around
the central point.

4 a 64x10%kg
c -250M]

25 a +25nC
b -35x10*]

26 a 2200N
b —4x10°]
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a

49

84x10°C

53%107]

a 63 x10' would have to be given
to 1 kg to move it to infinity from.
the Earths surface

<
a 33%10°) kgt

b 13x107]kg!

c 28x107]

d Itignores the gravitational fields

of Jupiter and its other moons (and
the effect of los thin atmospherc).
43x10°V
1“v
68cm
18N kg
a 50V
b 26nC
About 6000V
50% 100V !
Q039N
Downwards
3000V
23x10°]
Gains kinetic energy
16x 10°C
25 % 106
20% 10 ms!
0x10°C
153N Cat 179° to the direction
of the field due to ¢,
8V
Positive
6x10m
1% 107kg
76%10°m
052N kg
24kms?
An object escaping from the
Moon also has to escape the
Earthis gravitational field.
© The Earth is nearcr than infinity
and will attract the vehicle.
109 km s
63%109m
a 30x10m
b The Sun’s radius is roughly 200
000 times bigger.
a The escape speed increases by
about 1%.
This may be considered
insignificant.

BN6 T e me Lo o

B a0 o0 o

o

&

66

41x 10 ms?

a B0ms!

b 256h

715 days

956 % 10°m

a 3Tx10s

b Orbitis not a perfect circle.

a Decreases

b E;=-UGMmjr: if E, is decreasing
it must be changing to a larger
negative number, so that r must be
getting smaller.

¢ The satellite will gain kinetic
energy as it loses graviational
potential energy; as it goes faster
itwill encounter greater air
resistance.

a The work done against air

resistance is transferred to
internal energy of the satellite;
which s destroyed because it gets
s0 hot that it vaporizes and/or
chemically reacts with the air.

a -49x10°]
b +24x10°]
¢ 24x10°]
d LIx10tmst
35800 km.

a The periods for the rotation of
the Moon on its axis and its
rotation around the Earth are the
same.

b 88x100m

The length of the day (24 hours) may

be considered as the duration between

successive times when the Sun isat its
greatest clevation. This is  little more
than 23 hours and 56 minutes that the

Earth takes to complete one revolution

because the Earth is also orbiting the

Sun.

a The time for a signal to travel

from the Earths surface toa

geostationary satellice and back

again is about 0.24's.

For example, compare satellites at

heights of 358 km and 358 000 km

(a ratio of 1/1000): if a transmitter

on Earth sends the same signal

to both, the geostationary

satellite would receive a signal

strength 1000% (10°) times smaller,
which suggests that a much

larger receiving acrial would be

necessary to receive sufficient

power.

-

11 Electromagnetic
induction

1 Because it has no free electrons;
that can move to cause a charge

separation.
2 a Into,or out of, the plane of the
paper.
b Perpendicularly between the poles

of the magnet, or along the line of
the wire.
 Itisnotin acircuit.
A coil connected to a galvanometer
should be moved quickly close to, or
surrounding, the magnet.
4 a Useastronger magnet; move it
quicker.
b Reverse the motion; reverse the
polarity.
Caurrent flows in the opposite
direction.
The induced emf increases as the
speed of the falling magnet increases
and also as the magnetic ficld passing
through the coil gets stronger. The emf
reverses direction when the magnet
leaves the coil. The second peak is
higher and quicker than the first
because the speed s greater.
035 ms!
0028T
9 a 0V
b The vertical component of the
Earths magnetic ficld is greater.
No; any connecting leads would
have the same volage induced
across them.
10b 39mst
< 9V
d 198VandOV
1113 %105Wh
12 72 %104 Wb
13 45% 104 Wh
4a i

«

o

o

The pointer on the
galvanometer will deflect and
then quickly return to zero.
At the moment the current
in the solenoid is switched
on, a changing magnetic
field through the loops of
wire induces a current. There
is no induction when the
current in the solenoid is
steady.
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5

S

i Asini, but the deflectionon 26 a  The changing magnetic field a 3xXI°W
the meter is in the opposite passing through the loop induces a b 49W
direction. current, which sets up a magnetic Mo e (o gven
b i Induced current will be field in opposition to the original current).
doubled. field; the resulting force on the So that most of the transmission line
i Induced current will be much loop causes it to decelerate. is at high voltage.
greater. b North pole a  The cables will have less weight;
¢ Zero; no deflection ©  Into the plane of the paper are easier to support on pylons.
Increase the number of turns; move d The magnetic flux through the b Does not react with air andjor
the coils closer together; place an iron loop is not changing, water.
core through the coils; increase the e The directions of current and a 2280
magnitude of the current in P induced magnetic ficld are b 4500V
a 88X 10°Wb opposite from those when the loop ¢ Novoltage drop along the
b 30x107V Enteeed the magnetic feld, transmission lin; transformer is
The amplitude and frequency would f  Transferred to internal energy in 100% efficient.

double; the maximunm induced emf
doubles because the current in A (and
the resulting magnetic flux) is changing
at twice the rate.

the loop because of the current in
it.

a Its movement is parallel to the
magnetic field.

a Hystoresis effects increase
b Lower rate of change of magnetic

14400V

21

23

2%

a 46x104Wb b Faster movement; stronger field; i iaxivw
b The magnetic field strength at A is wind into a coil of many turns; < BA
negligible compared with the field place coil on an iron core §. miew
acB, a oW
¢ 02Wh b 890 2
4 00V a 35V
56x10°C
B “The e s R e b 332A %5 ;V
parallel o che direction of the c 9BA 4 W noan
Earths magnetic field. 32 40V i LI
b 90x10°V Ba 4OW ;; h"‘“’ Shrte
a 760 b 1880W
b The coil and the solenoid should ¢ Theresisorwasohmicand did €1 The efectve area berween the pltes
have the same axis. not overheat. Saaness
a The change of flux linkage a Peak power = 40KW; V, = 350V Capacitance is proportional o area,
e LotA but resistance is inversely proportional
toarea.
linkage when the magnet enters b Similar to Figure 12.27 period of
the coil is equal to the flux linkage voltage and current variations = & [eddiaten Ghpmetna
e e ot oo the ol b intense flash of light in a short time.
« Tedmten o B B 64 Any imperfections in the insulating
b 125V b 50 d 004A :ZZ:(‘::K‘::E;‘::"’W ctelipgeand
¢ The answer for Question 101s a Tarns ratio = 22/1 &5 ZEeInY]
the maximum induced emf as b 0072A " v
the sides of the coil cut the field 2 1640 i )
perpendicalarly. This amswer is the ) b The thin layer of insulation
b 0012 A;60W e ok
average during each rotation of the o tween the plates may breal
e Resistance of the wires; cost; magnetic domn
coil field screngeh in the core 591
a The oscillations will be C @ a A
approximately simple harmonic. b 2300 W
; b OISA 64x10°
b Alternating volage with the same s : ]
frequency as a; voltage peaks when Z % “W a 6000 uF
the magnet is passing through the o) b 540 F
middle of s owcillatior. £ ligolld gt 450 uF
¢ The motion will be damped Power losses are a smaller percentage o D14
because kinetic energy of the ‘[’f‘:;“"e:“ poeen Al ““l‘;‘h‘s b 0054]and 0042 ]
magnet will be transferred to the i ¢ I
s i ger core; wires have less resistance.
luce ) o i thermal energy when the current
Currents are induced in the tube that 42 Copper wires can be thinner and more flowwa between thern
ctup # gnetic ficd opposing the flexible and the properties of copper 7550 10
i A are better when making electrical as

connections.
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80
82

83
84
85
86

About 10V and 1000 0

b Ts

d A graph is a good way of assessing
uncertainties and improving

accuracy.
e TmF
33x10°C
51V

80kQ

a 13V

b 13x10*C
c 2Ix10°A

12 Quantum and
nuclear physics

@~

©

1

TESS

138 x 102

2:1

100

a 5xI105]3x100eV
a 491 x 10*Hz

b 326x10%]

© 354x10°]

d No

£ 534x 104H:
20x10]

a 362x10%]

b 55 107 m; yellow light

© Red

144 % 105 Hz

38% 10424V

681 % 10M] s

66%104]s

35 % 10 m

495 % 0P ms?!

90% 107 m

105V

a The wavelength of the de Broglie
wave associated with a particle
is inversely proportional to the
mass of the particle (for the same
velocity). The mass of an electron
is less than that of a proton, so the
wavelength of the de Broglic waves
associated with the electron would

be higher.

23

2y

s

b Electron, neutron, alpha paricle,
gold nucleus

An airplane has a relatively large mass;

hence the wavelength of the de Broglie

waves associated with it is too small to

be observed and measured.

67%10%m

0719 MeV

13x105m

Momentum could not be conserved

with only one photon.

25h; 5.3 x 10 kg m? s*

a 85x10%m

Infinite

217 % 10%)

—434x 107]

217 % 10%)

-6V

Energy would have to be added to

the atom to separate the proton.

and the electron, and when they

are separate they are said to have

zero potential energy.

a 45x104Hz

b Redlight

c 066V

LIx10Mkgms?

58% 107ms?!

146 % 10 m

37x 100V

5x 108 kgmsh 1V

a 13x10%]

b 12x10%m

¢ The uncertainty principle will
only allow the exchange particle to
have a short lifetime because of its
large mass-energy.

1075

1045

a 166x10%m

b 609x10%m

20X 10 ms!

26

65000 MeV/

That s the separation at which the

attractive nuclear strong force s equal

and opposite to the electric repulsive

e

oy
38

CEE

£

28333

84

a 70x10%m
30%x10%m
¢ Theyare in close agreement;
within 2%.
6:1
About 10
About 200 m
The masses of the A protons and
neutrons are each approximately
equal to u, but vary depending upon
the binding energy of the nuclei in
which they are located.
a Typical nuclear energies are about
10° times greater than typical
clectron energies.
14X 104 m
¢ Gamma radiation
b 797 10 mand 478 X 10 m
027 MeV; 019 MeV and 0.08 MeV/
42x10°51
80 10+Bq
6.36 % 10% atoms
a 126Bq
805 nuclei
249% 10° 1t
The small difference between the
two count rates will be affected by
random fluctuations in the activity
of the source and the background
count.
a 196
1304
 Radiation may be absorbed in the
air; all radiation passing through
the detector may not be counted.
12 minutes
48x10%g
a 1210 x 104yr!
b 30%
026 weeks

-

E



Answers to examination
questions in Chapters 1 to 12

1 Measurements and

uncertainties

Paper 1

1B 2B 3 cC 4 A 5 C
[ > 7 A 8 A 9 B 0 C
2 Mechanics

Paper 1

1B 2B 3 € 4 D {54
6 B 7 C 8 A 9 C 10 C
1 C 12 A 13 B 14 C B
6C 17D 18A 19D

The equation can only be used for motion that has
constant acceleration; the force on the bullet changes, so
the acceleration cannot be constant.

i 66x10'ms?

i 280ms!

i 026 MW

Newton's third law states that for every force there is an
equal and opposite force acting on a different body; the
forces of the bullet and gun are a pair of Newton's third
law forces; the forward force on the bullet is equal to
the backwards force on the gun.

18m

The initial velocity remains horizontal; the curve is
steeper than the original because the horizontal distance
travelled at any particular height becomes less and less;
compared to that without air resistance

a i wwo

Diagram should show normal reaction forces

acting vertically upwards from the ground on both
wheels; weight of bicycle acting downwards from its
(approximate) centre of mass; force of foot pushing
down on pedal (a downwards push of the hands may
also be included); the total lengths of the upwards
and downwards vector arrows should be about the

Ed

o

-

same.

il The forwards force on the bicycle is equal and
opposite to the resistive forces (ai resistanceAlrag/
friction; so the resultant force is zero and therefore
there is no acceleration.

320W

i 05Tms?

o=

iii - The total resistive force is not constant (as assumed in
the calculation); air resistance decreases with speed
(the braking force may also change).

The coefficient of dynamic friction applies to surfaces

when there is relative motion. The coefficient of static

friction is the maximum value just before motion begins.

b %

3 Thermal physics

Paper 1
16 2B 3D
7A 8D
Paper 2

1 a 38x10°)kg!

Thermal energy will be transferred to the calorimeter and

the surroundings;so less energy is available to boil the

Iqu-d (than used in the calculation).

a Internal energy is the total potential energy and

kinetic energy of the copper atoms; heating is

the transfer of thermal energy to the copper from

something hotter.

240] k' K

The molecules gain energy and move faster.

il Onaverage, each molecular collision with the walls
exerts a greater force; so for the pressure to remain
constant, the frequency of collisions must go down;
which means that the volume must increase.

low pressure, moderate temperature and low density

b L72x10°Pa

¢ ‘Some of the water would evaporate and the pressure

and volume would be greater.

o

Paper 1

Ie 2cC 3 A 4 € 5§ €

6 D 7€ 8 D 9 e 10 C

nD 2c BB

Paper 2

1 a i A wave that transfers encrgy away from a source.

i amplitude = 40 mm; wavelength = 2.4 cm; frequency
=33 Hzj speed =80 cm s
6
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i The three wavefronts are parallel to cach other,
cquidistant and closer together than in medium A.
They should make an angle of (approximately) 27°
with the boundary. Two of the wavefronts should be
continuous with the two leading wavefronts in A.

© The graph is a straight line through the origin,

indicating that acceleration is proportional to
displacement.
® The graph has a negative gradient, indicating
that acceleration and displacement are in opposite
directions.

© i Thewaveis progressive because it is transferring

energy; the oscillations of the medium are parallel to

the direction of encrgy transfer.

i 09%4m

3 2 Noenergy is transferred; all oscillations between nodes
are in phase; amplitude remains constant at each position
(neglecting energy dissipation).

b 450H:

5 Electricity and magnetism

1B 1B 3 A 4D 5D
6 D 7D 8 C 9 D 10 B
1 C 2 A BB KA I5C

Paper 2

1 a Thecell should be connected across the ends of the
variable resistor; the lamp and the ammeter should be
connected in series between one end of the variable
resistor and its sliding contact; the voltmeter should be
connected in parallel across the lamp.

o

o

A curve passing through the origin (may be straight at
first), with equal increases in voltage producing smaller
and smaller increases in current.

potential difference

~

i resistance =
current

i s4Q

There are many possibilities: for example, one heater in
series with a switch connected to the supply, and the other
two heaters in parallel with cach other, connected across

o

the supply with a switch in series with the combination.
Metal electrodes of two different metals placed inside
the potato, variable resistor and ammeter in series with

electrodes. Voltmeter connected across the electrodes.
Voltage (pd) and current, and how they vary with time.
25% 10N

The force is always perpendicular to motion, so the path
will be along the arc of a circle, curving downwards.

o

-

6 Circular motion and gravitation

Paper 1

1B 2A 3A 4D 5C 6D 7D

Paper 2

gravitational force

1a field strength =
s
GM
b i
i 19 107kg
2 a friction
b Mms!

©  The normal reaction force of the surface on the car will
have a component acting towards the centre of the circle.

7 Atomic, nuclear and
particle physics

1D 2C 3B 4D 5 A
6D 7C 8B 9D 10A
1 c 2B BD

Natural radioactive decay is the emission of particles;
andjor electromagnetic radiation from an unstable
nucleus; it is not affected by temperature or the

isa
random process with a constant probability of decay
(per unit time); the activity/number of unstable nuclei
in 2 sample reduces exponentially.
Tonising means that when the radiation collides with
a neutral atom, it will cause one or more electrons to
be released, leaving behind a (positively) charged ion.
b i fission
i U shown near the righthand end of the line;
Srand Xe shown between U and the peak, with St to
the left of Xe.
i 760 MeV (122 % 1072])

iv The binding energy of the neutrons is zero because

neutrons are separate particles.
= Rn— 6, Po+1He

i L0Ix10%]

i E = Vime%; 101 x 102

Vx4 x 166 % 107 x o
v=174x 10 ms"

b i The polonium nucleus moves in the opposite
direction from the oparticle
i By the conservation of momentum,
= m o

o= 1 10=322 %10 mst
26

The polonium nucleus has forward momentum; if the
oparticle is emitted along the line of motion, there
is no change in direction; but if it is emitted in any
other direction, the polonium nucleus will deviate
from its original path.

Decay is a random process; so it is not possible to
state when nuclei will decay.

Halflfe is the time taken for half of the radicactive
nuclei in a sample to decay.
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produce destructive interference; so when | = A the first
minimum of the diffraction pattern will be produced.

8 Energy production

b The waveform is identical to the first, bu the central
Paper 1 maximum of one coincides with the first minimum of the
1A 2D 3C 4C 5A other.
6B 7B 8D 9C 100D ¢ The smaller the value of Afb, the better the resolution.
Since the radio wavelengths received are relatively large,
Paper 2 the width of the receiving aperture (dish) needs to be as
i B large as possible.
B oo g d  Calculations show that they cannot be resolved; the angle
b The natural rate of production of the fuels is much lower cubronde by the vousces o Eath 1 smalle thas 1220,
Dnibe s ol ssgeuio eyl e 4 a Force proportional to displacement and in the opposite
¢ Using the wideh of the arrows; efficiency = 5/14 = 036 or e 2 2
36%. )
b i Same shape as the ki b, b 4
d Higheneydedtyeadivavalibidipounet B

electrical energy; used widely by transport, etc.
2 i
i Nitrogen dioxide absorbs infrared radiation radiated
from the Earthis surface; which it then re-radiates in
random directions; thus reducing the net radiated
energy transferred away from the Earch.
power radiated by a surface

10 Fields

Paper 1

1C 1B
5B 6 A

infrared

3B 4C
7TA 8

Y = € e radiated from a black body

of the same temperature and area

Paper 2
1

The work done per unit mass; in bringing a small test mass

from infinity; to that point.

78 Nkt

29% 10 m st

i Thefield strength is constant at A and decreasing
atB.

total scattered power
albedo =PI
total incident power
i 154 W m? i 402 W m?
e 2K 2

a
-

® o

i Because it would mean that the force on a charge at
that point acted in two different directions.

(See the red ficld lines in Figure 10.10)

Because infinity is chosen to be the location for

zero potential and gravitational forces are always

9 Wave phenomena
Paper 1 3

-

1 A 2D 3 € %€ 5D
G B 5 A 3T 5aB Lh attractive, so that work has to be done to move any
W E G A mass to the position where it has zero potential.
b +31nC
Paper 2 c 2800V
d 2800V
1 a The wavefronts should all be circular, with their centres
moving between S and P, . .
b “The dingrasmslinald shiow:that e wivdlengt moving 11 Electromagnetic induction
towards P is shorter than that moving towards Q; so that
P hears a higher frequency. Paper 1
¢ i Dopplereffect 1A 2C 3B 4C 5B 6D
i Change in frequency of the sound fromacarmoving 7 5 8 B 9 A 10 C 11 C 1D 13B
past an observer.
2 a diffraction Paper 2
b The central maximum of the diffraction pattern of one
image coincides with the first minimum of the diffraction 1 a Faradays law states that an induced emf is
e of che othes. proportional to the rate of change of flux (linkage);

® 0

94x 10" m

Lis equal to the path difference between the rays from
the edges of the slit; if | = &, these rays will interfere
constructively, but rays from the top of the slit and rays
from X will interfere destructively because their path
difference will be half a wavelengths; in a similar way,
pairs of rays across the slit width can be paired off to

in this example, the alternating current in the cable
produces a changing magnetic field around it; so that a
(time) changing magnetic flux passes through the coil.

b The graph should have the same shape and frequency as
the current graph, but show a phase shift of 2.
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©  Thessize of the induced emf is proportional to the rms
value of the current if the coilis abvays placed the same
distance from the cables; with the same orienation.

2 a i Theclectrons are moving perpendicularly across the
magnetic field and experience forces along the rod,
which results in some separation of charges. The
emf arises because work has been done to move the
electrons.

i The rate at which the rod passes through an area of
magnetic field.
b i 20mT
i Len?s law states that the direction of the induced
current will oppose the change that produced it. In
this example there is a foree on the induced current
in the rod in the opposite direction from its motion.

3 a Capacitor, resistor and ammeter in serics. Voltmeter

connected across the capacitor.

b 1005

¢ Should show exponential decrease, falling from an initial
value of 12 V.

12 Quantum and nuclear physics

Paper 1

LD €

e
7A 8B 9D

Paper 2

ahii .
*:[ —1.56
M
+—— 554

Energy/eV
3
Y os
”
b E=d . BEXIONNIXIP _yggyq00m
* 104 % 16 % 10%
bismuth
a
excited state of thallium
v
ground state of thallium
or
excited bismuth
&

ground state thallium

2

3

a

a

b

A=00113 (min™);

_06%

“~ 0013
Light consists of photons; the energy of each photon is
Hf, where h s the Planck constant; a certain amount
energy; called the work function ¢, is required to remove
an clectron from the metal surface; iff is less than djh, no
electrons will be emitted.

=6l min

Ve, so slope of graph = hfe

slope =42 (£04) x 10 giving h

2 (204) x 1075 x 16 x 109

7 (:04) x 10%] 5

iii 6 = hf; using the value of h from b ii,
§=67x10%x L1 x 108 = 74 x 10°]
or
From the intercept on (the extended) Eyaxis,
$=45(02) &V

i 1x10%m

ii The wavelength is smallerffrequency is higher; hence

the kinetic energy is greater.

i The clectron is attracted to the nucleus, so work must
be done (on the clectron) to move it away from the
nucleus; and so electrical potential energy increases as
the distance from the nucleus increases

The potential due to the nucleus is:

vai®)

where Q is the nuclear charge; because E, = V]| the
potential energy of the electron becomes less negative as
the electron moves away.

ii The total energy of the clectron is constant, so the

kinetic energy decreases as the distance increases
(because the potential energy increases)

iii Because the kinetic energy decreases, the wavelength

must increase as the electron moves away from the
nucleus.



Glossary
Standard level

The glossary contains key words, equations and terms from
 IB Physics Diploma course. This section takes words from
Chapters 1-8.

A

Absolute zero Temperature at which (almost) all molecular
motion has stopped (OK or ~273°C).

Absolute temperature See Kelvin scale of temperature

Absorption When energy of incident particles or radiation is
transferred to other forms within a material.

Absorption spectrum A series of dark lines across a continuous
spectrum produced when light passes through a gas at low
pressure.

Acceleration, a Rate of change of velocity with time,

/At (unit: ms2). Can be determined from the gradient
of a velocity—time graph. Acceleration is a vector quantity.

Acceleration due to gravity, g Acceleration of a mass falling
freely towards Earth. Numerically equal to the gravitational
field strength. On or near the Earth's surface, g = 9.8 =
10ms

s

Accuracy A single measurement is described as accurate if it
is close to the correct result. A series of measurements of
the same quantity can be described as accurate if their mean
is close to the correct result. Accurate results have small
systematic errors.

Air resistance Resistive force opposing the motion of an object
through air. It depends on the cross-sectional arca and shape
of the object, and it is approximately proportional o the
object’s speed squared.

Albedo The total scattered or reflected powerfeotal incident power
(on part of a planet’s surface). Albedo depends on the nature of
the surface, cloud cover and inclination of the radiation to the
surface. The Earth's annual mean albedo is

Alpha particle A fastmoving helium-4 nucleus emitted by
a radioactive nucleus, consisting of two protons and two
neutrons tightly bound together.

Alternating current (ac) A flow of electric charge that changes
direction periodically.

Ammeter An instrument that measures clectric current.

Ampere, A SI (fundamental) unit of electric current. One
ampere is that current that, when flowing in two parallel
wires 1 m apart in a vacuum, produces forces of 2 x 107N m
1A=1Cs!

Amplitude, xg or A The maximum displacement of a wave or
oscillation.

Analogue instrument Measuring instrument that has an
indicator moving over a continuous scale. Compate with.
digital instrument.

Analogy Applying knowledge of one subject to another subject
because of their similarities.

Angular velocity,  Change of angle/change of time,
©= A6/At = 27T = 2f (unit: rads™). For regular motion in a
circle, = 27T = 2xf and linear velocity = angular velocity x

ius, v = @,

Annihilation (pair) When a particle and its antiparicle
interact, they annihilate and their mass is converted to
clectromagnetic energy.

Anode An electrode into which (conventional)
current flows.

Antincutrino Low-mass and very weakly interacting particle
emitted during betanegative decay. Antiparticle of neutrino.

Antinodes The positions in a standing wave where the
amplitude is greatest. See also nodes.

Antimatter Matter consisting of antiparticles.

Antiparticle Every particle has an antiparticle that has the same
mass, but oppasite charge and/or quantum numbers. (Some
particles, for example photons, are their own antiparticle.)

Aperture A hole or gap designed to restrict the width of a beam
of light (for example).

Atomic energy level One of a series of possible discrete
(separate) energy levels of an clectron within an atom.

Audible range Range of frequencics that can be heard
by humans.

Avogadro’s constant, Ny, The number of particles in
1 mole of a substance (the number of carbon atoms in 12g of
carbon-12).

Background radiation Radiation from radioactive materials in
rocks, soil and building materials, as well as cosmic radiation
from outer space and any radiation escaping from artificial
sources.

Ballistics The study and use of projectiles.

Banking The use of sloping surfaces to enable faster motion
around curves.

Barometer Instrument for measuring atmospheric pressure.

Baryons Particles made from the combination of three quarks —
for example, protons and neutrons.

Battery One or more clectric cells.

Beta particle A high-speed clectron that is relcased from a
nucleus during beta negative decay, or a high-speed positron
released during beta positive decay.

Bias A preference for one opinion, one side of a discussion etc.,
often without fair consideration of the other.

Binding energy The energy released when a nucleus is formed
from its constituent nucleons. Alternatively, it is equal to the
work required to completely separate the nucleons, Binding
energy is the energy equivalent of the mass defect.

Binding energy per nucleon (average) Binding energy of a
nucleus divided by the number of nucleons it contains. It is a
measure of the stability of a nucleus.

Biomechanics Appllcauon of the principles of mechanics to
humans and animals.

Black body An idealized object that absorbs all the
electromagnetic radiation that falls upon it. A perfect black
body also emits the maximum possible radiation.

Black-body radiation Radiation emitted from a ‘perfect’ emitter.
The characteristic ranges of different radiations emitted
(spectra) at different temperatures are commaonly shown in
graphs of intensity against wavelength (or frequency).
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Boil Change from a liquid to a gas at a well-defined temperature.
Occurs throughout the liquid.

Boltzmann constant, ky Important constant that links
microscopic molecular energics to macroscopic temperature
measurements. Linked to the universal gas constant, R, by the
equation: kg = R/N,.

Bosons A class of sub-atomic particle that includes gauge
bosons, the Higgs boson and mesons.

Boundary (between media) Surface where waves can be
reflected or transmitted (and maybe refracted).

Boundary conditions The conditions at the ends of a standing
wave system. These conditions affect whether there are nodes
or antinodes at the ends.

Calibrate Put numbered divisions on a scale.

Caloric fluid An old, discredited theory about heat flow.

Calorimeter Apparatus designed for experiments investigating
thermal energy transfers.

Carbon dating Using the radioactive decay of carbon-14 to
estimate the age of once-living biological material.
thode An electrode out of which (conventional) current flows.

Cell (electric) Device that transfers chemical energy to
the energy carried by an clectric current. Also called an
electrochemical cell or a voltaic cell. See also primary cell and
secondary cell.

Calsius (scale of temperature) Temperature scale based on the
melting poin (0°C) and boiling point (100°C) of water.

Centre of mass Average position of all the mass of an object.
The mass of an object is distributed evenly either side of any
line through its centre of mass.

Centripetal acceleration and force Any object moving in a
circular path has an acceleration towards the centre of the
circle, called its centripetal acceleration. It can be calulated
from the expression a = 13 The force producing this
acceleration is called a centripetal force, F = muZf:

CERN European organization for nuclear research.

Chain reaction (nuclear) I, on average, one (or more) of the
neutrons produced in a nuclear fission process causes further
fission, the process will not stop and will become a self-
sustaining chain reaction.

Charge Fundamental property of some sub-atomic particles that
makes them experience clectric forces when they interact with
other charges. Charges can be positive or negative.

Charge density, n Number of mobile charges in unit volume of
a material.

Charge (to) Add or remove clectrons, so that an object acquires
an overall net charge.

Charging characteristic of  secondary cell p.d—time graph for
the length of recharging process.

Chemical potential energy Encrgy related to the arrangement of
electrons within the structure of atoms and molecules.

Circuit (clectrical) A complete conducting path that enables an
electric current to continuously transfer energy from a voltage
source to various components.

Circuit breaker Electromagnetic device used to disconnect an
clectrical cireuit in the event of a fault.

Classical physics Physics theories that pre-dated the paradigm
shifts introduced by quantum physics and relativity.

Climate model A complex computerized model that attempts to
predict the future climate of the planet, especially how it will
be affected by global warming,

Cocfficients of friction, u Constants used to represent the
amount of friction between two different surfaces. Fy < R (for
static friction), Fy < R (for dynamic friction).

Coherent waves Waves that have the same frequency and a
constant phase difference.

Collaboration (scientific) Two or more people sharing
information or working together on the same project.

Collision Two (or more) objects coming together and exerting
forces on each other for a short length of time. In an elastic
collision the total kinetic energy before and after the collision
is the same. In an inelastic collision the total kinetic energy
is reduced after the collision. If the objects stick together it is
described as a totally inelastic collision.

Combustion (of fuels) Burning. Relcase of thermal energy from
a chemical reaction between the fuel and oxygen in the air.

Compass A device for determining the direction of north.
Small plotting compasses are used to investigate the shapes of
magnetic fields in the laboratory.

Components of a vector For convenience, a single vector
quantity can be considered as having two parts (components),
usually perpendicular to each other. The combined effect of
these components s exactly the same as the single vector. See
also resolve.

Composite particles Particles that have internal structure
because they contain other particles.

Compression (force) Force that tries to squash an object or
material.

Compressions (in a longitudinal wave) Places where there are
increases in the density and pressure of a medium as a wave
passes through it.

Condensation Change from a gas (or vapour) to a liquid.

Conduction (thermal) Passage of thermal energy through a
substance as energy is transferred from particle to particle.

Conductor (clectrical) A material through which an electric
current can flow because it contains significant numbers of
mobile charges (usually free electrons)

Confinement (quark) Term used to describe the fact that free
individual quarks are never observed.

Conservation laws
Charge: the total charge in any isolated system remains constant.
Energy: the total energy in any isolated system remains
constant. Energy cannot be created or destroyed.

Momentum: the total momentum in any isolated system
remains constant. The total (linear) momentum of a system is
constant provided that no external forces are acting on it.
Quantum numbers: in an equation describing a nuclear
interaction, the total quantum numbers must be the same on
both sides.

Contact (normal) forces Forces that occur because surfaces
are touching each other. Contact forces are perpendicular
(normal) to the surfaces.

Continuous spectrum A spectrum in which all possible
wavelengths are present. A continuous visible spectrum shows a
smooth and uninterrupted change from one colour to another.

Control rods Used for adjusting the rate of fission reactions in
nuclear reactors by absorbing more or fewer neutrons.

Controlled and uncontrolled nuclear fission In a nuclear
power station the number of neutrons in the reactor core is
carcfully controlled in order to maintain the rate of the nuclear
reactions. In nuclear weapons the number of neutrons is
sncontrolled.
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Convection Passage of thermal energy through liquids and gases
due to the movement of the substance because of differences
in density.

Conventional current The direction of flow of a direct current
is always shown as being from the positive terminal
pover source, around the circui, to the negative ol
Conventional current is opposite in direction from electron flow.

Correlation There is a correlation between varying data if they
show similarities that would not be expected to oceur because
of chance alone.

Coulomb, C The derived uni of measurement of electric
charge. 1 coulomb of charge passes a point in 1 second if the
current is 1 amp.

Coulomb constant, k The constant that occurs in the
Coulombs law equation. k = 899 x 10°Nm2C2, k = 1/(4me,),
where € is the clectrical permittivity of free space.

Coulomb’s law There is an electric force between two point
charges, g and g, given by F = kqqylr?, where r is the distance
between them and k is the Coulomb constant. The law may
also be applied to charged spheres that are relatively far apart.

Count rate (radioactivity) The number of nuclear radiation
events detected in a given time (per minute or per second) by
a radiation ‘counter’.

Crest Highest part of a transverse mechanical wave.

Critical mass The minimum mass needed for a self-sustaining
nuclear chain reaction.

Current (clectric), I A flow of clectric charge. Equal to the
amount of charge passing a point in unit time:
I= Ag/Ar, 1A = 1Cs™. See also ampere.

Cyele (oscillation) One complete oscillation.

Data logging Connecting sensors to a computer with suitable
software to enable physical quantities to be measured and
recorded digitally.

Daughter product The resulting nuclide when a radioisotope decays.

Decay series A series of nuclides linked in a chain by
radioactive decay. Each nuclide in the chain decays to the
next until a stable nuclide is reached.

Deceleration Negative acceleration. Reduction in the magnitude
of a velocity (speed).

Deformation Change of shape.

Degraded energy Encrgy that has spread into the surroundings
and cannot be recovered to do useful work.

Derived units Units of measurement that are defined in terms
of other units

Determinism The belief that future events are completely
controlled by past events, so that full knowledge of the
present can only lead fo one outcome.

Diffraction The spreading of waves as they pass obstacles or
travel through apertures (gaps).

Diffusion Movement of randomly moving particles from a place
of higl to places of lower

Digital instrument Measuring instrument that displays the
measurement only as digits (numbers). Compare with analogue
instriment.

Dipole Two close electric charges (or magnetic poles) of equal
magnitude but of opposite sign (or polarity).

Direct current (de) A flow of electric charge that is always in
the same direction.

Discharge Flow of electrons to or from an object that reduces
the overall charge on it.

Discharge characteristic (of a battery) p.d—time graph for the
duration of the battery’s use.

Discrepency An inconsistency, usually when some information
is not as it was expected o be.

Disperse (light) Separate, usually into different wavelengths/
colours (e.g. to form a spectrum).

Displacement, linear, x The distance from a reference point in a
specified direction. A vector quantity.

Displacement, angular, 8 The angle through which a rigid body
has been rotated from a reference position.

Dissipate Spread out so that it cannot be recovered.

Drag Force(s) opposing motion through a fluid; sometimes
called flid resistance.

Drift speed The net speed of charges moving in an clectric current.

Dynamo A type of electric generator that (usually) produces
direct current.

E

Earth (ground) connection A good conductor connected
between a point on a piece of apparatus and the ground. This
may be part of a safety measure, or to ensure that the point is
keptat OV,

Echo A reflected sound that is heard distinctly from the original
sound.

Efficiency The ratio of the useful energy (o power) output from
adevice to the total energy (or power) input; often expressed
as a percentage.

Elastic behaviour A material shows clastic behaviour if it
regains its original shape after a force causing deformation has
been removed.

Elastic strain potential energy Form of energy that is stored
in a material that has been deformed elastically. The energy
is transferred when the material returns to its original
shape.

Electric field strength, E The electric force per unit charge
that would be experienced by a small test charge placed at that
point. E = Ffg (unit: NC™).

Electric forces Fundamental forces that act across space
between all charges. The forces between opposite charges
are attractive. The forces between similar charges are
repulsive.

Electrode Conductor used to make an electrical connection to a
non-metallic part of a circuit.

Electrolysis Passage of an electric current through a
substance in a liquid or molten state, which causes chemical
changes.

Electromagnetic force Fundamental force acting between
charged particles that is responsible for electric and magnetic
forces. It reduces with an inverse square law with distance
vElectromagnetic induction Process used by a generator to
convert kinetic energy into electricity.

Electromagnetic spectrum Electromagnetic waves of all possible
different frequencies, displayed in order. In order of increasing
frequency: radio waves, microwaves, infrared, visible light,
ultraviolet, X-rays, gamma rays. The visible spectrum in order
of increasing frequency: red, orange, yellow, green, blue,
indigo, violet.

Electromotive force (emf), & The total energy transferred in a
source of electrical energy per unit charge passing through it.

Electron Sub-atomic particle with a negative charge
(-1.6 % 10°C) and mass of 9.110 x 10! kg; present in all
atoms and located in energy levels outside the nucleus.
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Electronvolt, ¢V The amount of encrgy transferred when an
electron is aceelerated by a pd. of 1V. 1V = 16 x 10°9]

Elementary particles Particles that have no internal structure.
They are not composed of other particles. For example,
electrons.

Elliptical In the shape of an ellipse (oval)

Emission spectrum Line spectrum associated with the emission
of electromagnetic radiation by atoms, resulting from electron
transitions from higher to lower energy states.

Enmissivity, e The power radiated by an object divided by the
power radiated from a black-body of the same surface area and
temperature.

Emit To send out.

Empirical Based on observation or experiment.

Endoscope A medical device that uses the total internal
reflection of light to obtain images from inside the body.

Energy density The energy transferred from a unit volume of
fuel (units: Jm™). See also specific energy.

Energy mass cquivalence Any mass is equivalent to a certain
amount of energy, according to the equation
E=mc

Equations of motion Equations that can be used to make
caleulations about objects that are moving with uniform
acceleration.
v=uta
5= (s o2
=+ Jas

s = ut+ Yat

Equation of state for an ideal gas, pV = nRT Describes the
macroscopic physical behaviour of ideal gases.

Equilibrium position Position in which there is no resultant
force acting on an object.

ilibri lational) An object is in
equilibrium if there is no resultant force acting on it, so
that it remains at rest or continues to move with a constant
velocity.

Error When a measurement is not exactly the same as the
correct value.

Error bars Vertical and horizontal lines drawn through each
data point on a graph to represent the uncertainties in the
two values.

Evaporation The change from a liquid surface to a gas at any
temperature below the boiling point of the liquid. Occurs at
the liquid surface.

Excitation The addition of energy to a system, changing it from
its ground state to an excited state. Excitation of a nucleus, an
atom or a molecule can result from absorption of photons or
from inelastic collisions with other particles.

Exchange particles Also known as gauge bosons. The exchange
of these particles is used to explain fundamental forces
(interactions). Photons, gluons and bosons.

Excited state When an lectron in an atom is at a higher energy
level than its ground state.

Expansion Increasing in sizc.

Exponential change Occurs when the rate of change of the
quantity at any time is proportional to the actual quantity at
that moment.

Extension Displacement of the end of an object that is being
stretched.

F

Feynman diagram A graphical means of representing particle
interactions by the use of one or more vertices.

Field (gravitational, electric or magnetic) A region of space in
which a mass (or a charge, or a current) experiences a force
due to the presence of one or more other masses (charges, or
currents — moving charges).

Field lines and patterns Representation of fields in drawings by
a pattern of lines. Each line shows the direction of force on a
mass (in a gravitational fiekd), of force on a positive charge (in
an electric field), or on a north pole (in a magnetic field). A
field is strongest where the lines are closest together. See also
uniform field and radial field.

Filament lamp Lamp that emits light from a very hot metal
wite. Also called incandescent lamp.

Finite Limited.

Fission fragments The nuclei produced in a fission reaction.

Flavours (of quark) There are six different kinds (flavours) of
quark: up, down, strange, charm, hottom, top. The different
types of lepton are also called flavours.

Fluid Liquid or gas.

Fluid resistance Force(s) opposing motion through a fluid;
sometimes called drag.

Fluorescent lamp Lamp that produces light by passing electricity
through mercury vapour at low pressure.

Force constant, k Ratio of force t extension for a stretched
material or spring, k = AF/Ax. (Sometimes called the spring
constant) Unit: N

Force meter Instrument used to measure forces. Also called a
newton meter or spring balance.

Fossil fucls Naturally oceurring fuels that have been produced
by the effects of high pressure and temperature on dead
organisms (in the absence of oxygen) over a period of millions
of years. Coal, oil and natural gas are all fossil fucls.

Foucault’s pendulum Very large pendulum designed to show the
rotation of the Earth.

Frame of reference (for motion) Location to which
observations and measurements of motion are compared. For
example, the speed of a car might be 10m ™! compared to the
Earch's surface.

Free electrons Electrons (most commonly in metals) that are
not attached to individual atoms. Also called delocalized
electrons. They provide the mobile charges that are needed for
an electric current to flow in solid conductors.

Free-body diagram Diagram showing all the forces acting on a
single object, and no others.

Free fall Motion through the air under the effects of gravity but
without air resistance. In common use free fall can also mean
falling towards Earth without an open parachute.

Free space Place where there is no air (or other matter). Also
called a vacuum.

Freeze Change from a liquid to a solid. Also called solidify.

Frequency, f The number of oscillations per unit time,
or number of waves passing a point per unit time
(usually per second). f = I/T (unit hertz, Hz)

Friction Resistive forces opposing relative motion, particularly
between solid surfaces. Static friction prevents movement,
whereas dynamic friction occurs when there s already motion.

Fuel A store of energy (chemical or nuclear) that can be
transferred to do useful work (for example, generate clectricity
or power vehicles).
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Fuel enrichment Increasing the percentage of 25U in uranium
fuel in order to make it of use in a nuclear power station or for
a nuclear e

Having no simpler

Fundamental forces (interactions) Strong nuclear, weak nuclear,
electromagnetic and gravitational forces.

Fundamental units Units of measurement that are not defined
as combinations of other units.

Fuse A device used to disconnect an electrical circuit in the
event of a fault. It comprises a thin wire that melts if the
current gets too large.

Fusion (thermal) Melting.

G

Gamma radiation/ray Electromagnetic radiation (photons)
emitted from some radionuclides and having an extremely
short wavelength.

Gas laws Laws of physics relating the temperature, volume and
pressure of a fixed mass of an ideal gas: Boyle's law, Charles’s
law and the pressure law:

Gauge bosons Sec exchange particles

Geiger-Marsden experiment The scattering of alpha particles
by a thin sheet of gold foil, which demonstrated that most
particles passed through the foil completely undeflected,
while a few were deflected at extremely large angles.
demonstrated that atoms consist of mostly empty space with a
very dense positively charged core (the nucleus).

Geiger-Muller tube Apparatus used to detect the radiation
from a radioactive source.

Generator (electrical) Device that converts kinetic encrgy into
electricity.

Global warming Increasing average temperatures of the Earth's
surface, atmosphere and oceans.

Gluon Exchange particle for the strong nuclear force.

Gravitational field strength, g The gravitational force per unit
mass that would be expenenced by a small test mass placed at
that point. g = Ffm (unit: Nkg"

Gravitational forces Fundamen(al attractive forces that act
across space between all masses. Graviational force reduces
with an inverse square law with distance between point
masses.

tional potential cnergy, B, Energy that masses have
because of the gravitational forces between them. Changes
in gravitational po(enrial energy in a uniform field can be
calculated from AEp =

Greentisnse efsee The it et it planet’s atmosphere
has on reducing the amount of radiation emitted into space,
resulting in a warmer planct (warmer than it would be
without an atmosphere).

Greenhouse effect (enhanced) The reduction in radiation emitted
into space from Earth due to an increasing concentration of
greenhouse gases in the atmosphere (especially carbon dioxide)
aused by human activities; believed by most scientists to be the
cause of global wanming.

Greenhouse gases Gases that absorb and emit mﬁmd radiation
and thereby affect the temperature of the
principal greenhous gases are water vapou, © carbon dioxide,

Gravit

Hadrons Particles made from the combination of quarks for
example, baryons and mesons.

Half ife (radioactive) The time taken for the activity or count rate
from a source, or the number of radioactive atoms, to be reduced
by half; the halflife is constant for a particular radioisotope.

Harmonics Different frequencies (modes) of vibration of a given
system. They are mathematically related and numbered as
first, second, third ctc. Wavelengths are related to the length
of the system.

Heat engine Device that uses the flow of thermal energy ta do
useful work.

Heat exchanger Equipment designed to efficiently transfer
thermal energy from one place to anol

Hertz, Hz Derived unit of measurement of frequency.
1Hz = one oscillation per second.

Higgs boson The exchange of Higgs bosons s responsible for
giving particles the propertics of mass.

Holistic theory A theory that is more concerned with the

‘hole of an issue rather than concentrating on parts.

Hooke’s law The force needed to deform a spring is proportional
to the extension (or compression).

Human science The study of how people interact with each
other and the world around them

Hydroclectric power (HEP) The generation of electrical power
from falling water.

1

LV characteristic Graph of current—p.d., representing the basic
behaviour of an electrical component.

1deal gas The kinetic model of an ideal gas makes the following
assumptions. i The molecules are identical. ii The molecules
are point masses with negligible size or volume. iii The
molecules are in completely random motion. iv There are
negligible forces between the molecules, except when they
collide. v All collisions are elastic, that is, the total kinetic
energy of the molecules remains constant.

Tdeal meters Meters that have absolutely no effect on the
clectrical circuits in which they are used. An ideal ammeter has
zero resistance, and an ideal voltmeter has infinite resistance.

Imagination Formation of new ideas that are not related to
direct sense perception or experimental resuls.

Immersion heater Heater placed inside a liquid or object.

Tmpact Collision involving relatively large forces over a short time.
The effect of such an impact may be greater than from the same
impulse (Fo) delivered by a smaller force over a longer time.

Tmpulse The product of force and the time for which the force
acts. It is equal to the change of momentum. (Unit: Ns)

Incidence, angle of The angle between an incident ray and the

normal (or between the incident wave and the boundary).

Incident wave or ray Wave (or ray) arriving at a boundary.

Inclined plane Flat surface at an angle to the horizontal (but not
perpendicular). A simple device that can be used to reduce the
force needed to raise a load; sometimes called a ram.

Infinite Without limits.

Inspiration Stimulation (usually to be creative).

Insulator (electrical) A non-conductor. A material through
which a (signif electric current cannot flow, because it

methane and nitrous oxide. of
the last three of these have been increasing significantly in
recent years.

Ground state The lowest energy state of an atom/electon.

does not contain many mobile charges. See also conductor.
Insulator (thermal) A material that significantly reduces the
flow of thermal energy.
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Intensity, I Wave powerfarea: I = P/A unit: Win™2. The intensity
of a wave s proportional to its amplitude squared, I o< A2

Interaction Any event in which two or more objects exert forces
on each other.

Interference Superposition effect that may be produced when
similar waves meet. Most important for waves of the same
frequency and similar amplitude. Waves arriving in phase
will interfere constructively because their path difference =
nA. Waves completely out of phase will interfere destructively
because their path difference = (n +

Tosemal sesey Tow! poteovial energyund ranfion: Kinetle
energy of the molecules of a substance.

Internal resistance, r Sources of electrical energy, for example,
batteries, are not perfect conductors. The materials inside
them have resistance in themselves, which we call internal
resistance. This results in energy dissipation in the battery
and a reduction in the useful voltage supplied to the circuit.
See lost volss.

Intuition Immediate understanding, without reasoning.

Tnverse square law For waves/energyfparticles/fields spreading
equally in all directions from a poin source without
absorption or scattering the intensity is inversely proportional
to the distance squared. [ o x°

Tonization The process by which an atom gains or loses one or
more electrons, thereby becoming an ion. The required energy
is called the ionization energy.

Tonizing radiation Radiation with enough energy to cause
ionization.

Tsochronous Describing events that take equal times.

Tsotopes Two or more atoms of the same element with different
numbers of neutrons (and therefore different masses). A
radioisotope is unstable and will emit radiation.

Jet engine An engine that achieves propulsion by emitting a
fastmoving stream of gas or liquid in the opposite direction
from the intended motion.

Joule, J Derived SI unit of work and energy. 1] = INm

Joulemeter Electrical meter that displays the energy transferred
in a circuit.

Kelvin scale of temperature Also known as the absolute
temperature scale. Temperature scale based on absolute zero
(0K) and the melting point of water (273K). The kelvin, K.
is the fundamental SI unit of temperature. T/K = 6/°C + 273.
The kelvin (absolute) temperature is a measure of the mean
random trgnslation kinetic energy of one molecule of an ideal
gas: Ex = 5 kgT. The total translational kinetic energy of one
mole of an ideal gas = $RT.

Kilogram, kg SI unit of mass (fundamental).

Kilowatt hour, kWh The amount of electrical energy
transferred by a 1 kW device in 1 hour.

Kinematics The study of moving objects

Kinetic energy, Ey Energy of moving masses; translational KE
is calculated from Lme?.

Kinetic model of an ideal gas The idealized motions of the
molecules in a gas used to predict the macroscopic behaviour
of gases. See also ideal gas.

Kirchoff’s first circuit law 21 = 0 (junction).

Kirchoff’s second citcuit law ZV = 0 (loop).

L

Lagging Thermal insulation.

Latent heat Thermal energy that is transferred at constant
temperature during any change of physical phase. Sce specific
latent heats of fusion and vaporization.

Left-hand rule (Fleming’s) Rule for predicting the direction of
the magnetic force on moving charges, or a current in a wire.

Lens Curved transparent surfaces used o refract waves to a focus.

Leptons Elementary particles of low mass (electrons, taus and
muons and their neutrinos).

Light-cmitting diodes (LEDs) Small semiconducting diodes that
emit light of various colours at low voltage and power.

Light-dependent resistor (LDR) A resistor that has less
resistance when placed in light of greater intensity.

Lincar relationship One which produces a straight line graph.
Line of action (of a force) A line through the point of action of
a force, showing the direction in which the force is applied.

Liquid crystal display (LCD) A display that uses liquid crystal
layers between polarizing filters. Voltages applied to the liquid
crystal change its plane of polarization.

Longitudinal wave A wave in which the oscillations are parallel
to the direction of transfer of energy, for example sound
waves. Sometimes called a compression wave.

Lost volts Term somerimes used to describe the voltage drop
(below the emf) that occurs when a source of electrical energy
delivers a current to a circuit.

Macroscopic Can be observed without the need for a
microscope.

Magnetic ficld strength, B The force acting per unit length
on unit current moving across the field at an angle
6:B = F/(ILsin6). (Unit: tesla; 1 T = IN A" m-)

Magnetic forces Fundamental forces that act across space between
all moving charges, currents andjor permanent magnets. The
forces are perpendicular to the direction of the current.

Magnitude Size.

Mains electricity Electrical energy supplied to homes and
businesses by cables from power stations.

Malus's law Used for caleulating the intensity of light
transmitted by a polarizing filter: I = I,cos?®. I is incident
intensity and 8 is the angle between the polarizer axis and the
plane of polarization of the light.

Manometer A U-t