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FOREWORD

This volume is one of the first to be produced by the Nuffield
Science Teaching Project, whose work began early in 1962. At that
time many individual schoolteachers and a number of organizations
in Britain (among whom the Scottish Education Department and
the Association for Science Education, as it now is, were conspicu-
ous) had drawn attention to the need for a renewal of the science
curriculum and for a wider study of imaginative ways of teaching
scientific subjects. The Trustees of the Nuffield Foundation con-
sidered that there were great opportunities here. They therefore
set up a science teaching project and allocated large resources to
its work.

The first problems to be tackled were concerned with the teaching
of O-Level physics, chemistry, and biology in secondary schools.
The programme has since been extended to the teaching of science
in sixth forms, in primary schools, and in secondary school classes
which are not studying for O-Level examinations. In all these pro-
grammes the principal aim is to develop materials that will help
teachers to present science in a lively, exciting, and intelligible
way. Since the work has been done by teachers, this volume and
its companions belong to the teaching profession as a whole,

The production of the materials would not have been possible with-
out the wholehearted and unstinting collaboration of the team mem-
bers (mostly teachers on secondment from schools); the consulta-
tive committees who helped to give the work direction and purpose;
the teachers in the 170 schools who participated in the trials of these
and other materials ; the headmasters, local authorities, and boards
of governors who agreed that their schools should accept extra
burdens in order to further the work of the project; and the many
other people and organizations that have contributed good advice,
practical assistance, or generous gifts of material and money.

To the extent that this initiative in curriculum development is
already the common property of the science teaching profession, it
is important that the current volumes should be thought of as con-
tributions to a continuing process. The revision and renewal that
will be necessary in the future, will be greatly helped by the interest
and the comments of those who use the full Nuffield programme
and of those who follow only some of its suggestions. By their



interest in the project, the trustees of the Nuffield Foundation have
sought to demonstrate that the continuing renewal of the curricu-
lum - in all subjects — should be a major educational objective.

Brian Young
Director of the Nuffield Foundation
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ESTIMATED ALLOCATION OF TIME

YEAR V

If it is assumed that a school year includes 30 weeks and that each
week includes 3 physics periods, each of which lasts 40 minutes,
then a very rough estimate of the number of periods suggested for
each section of this Year would be:

Chapter1 9
Chapter 2 15
Chapter 3 21
Chapter 4 12
Chapter 5 12
Chapter 6 12
Chapter 7 9

90

Although these estimates are rough they will, nevertheless, provide
some guidance as to weight to be placed on the various parts of the
programme. It should be noted that the relative amounts of print-
ing are not proportional to the teaching time required. Where sub-
ject matter is new and unfamiliar, it has been dealt with at length in
order to help any teacher who may wish to experiment with it. On
the other hand, more familiar subject matter has often been dealt
with briefly.



KEY TO MARGIN REFERENCES

C = Class Experiment

D = Demonstration Experiment

T = Teaching of material (lectures, discussions with pupils, etc.)
F = Film

H = Suggestions for optional experiments at home

*

* = Commentary (notes on methods, aims, etc., offered to
*  teachers)

The experiments are numbered serially through the Year, irrespec-
tive of the classification C, D, F or H. The same numbers will be
found for each experiment in the Teachers’ Guide to Experiments
and Apparatus. Where (a), (b) ... are added, these refer in some
cases to separate parts of the same group of experiments, in other
cases to alternative versions of an experiment.



PREFACE TO YEAR V

PLANS AND HOPES
Before describing the structure of this Year, let us take stock of our

position.

In Year V most pupils will be preparing for a public examination
and this will inevitably influence the work to some extent. But we
hope that examinations will not dominate the teaching. For a large
fraction of our pupils this will be the last year of formal instruction
in science. About one half of those dropping the subject will be
leaving school: the remainder will go on to pursue non-scientific
disciplines. What sort of scientific background do these people
need?

Consider the school leavers first. Apart from those who enter
engineering apprenticeships, they will not make direct use of their
scientific knowledge, so that facility in experimental techniques is
not of high priority ; but they should know what it is like to conduct
an experiment and something of the difficulties of interpreting the
results. The ability to solve numerical problems is not a skill which
is likely to survive the passage of years (dearly though one would
like to think that the future householder could make a quantitative
assessment of say the relative costs of using gas or electricity to heat
his home). But the realization that physics is a quantitative science,
in which it is possible to compute correctly from known data what
will happen in a hypothetical situation, is of first-rate importance.
As a citizen in a scientific world, he should neither be afraid of
science nor be overawed by it. He should realize that natural
phenomena usually have a rational explanation and that scientific
methods can be powerful tools in understanding and controlling
man’s environment. In other words, he should have an educated
person’s knowledge of what science is. This is the end to which our
scheme is directed. The details of which topics are included are
relatively unimportant — we teach a representative sample of
physics, not the whole of it —but it is important to remember that
at the age of fifteen, most pupils will grasp concrete examples more
readily than abstract principles.



In addition, there are certain key ideas that are so important, both
in physics and in the world as a whole, that they should become
second nature to everyone. These are:

The conservation of energy and the dominant role that energy plays
in scientific theory and in the economy.

Heat as a mode of molecular motion; and the statistical nature of
thermal laws.

The properties of electric currents (conceived as a stream of electrons);
‘electronics’ as powerful practical knowledge.

The nature of light and the properties of the electromagnetic spec-
trum.

The atomic nature of matter and existence of fundamental particles.

The nature of radioactivity and nuclear changes and the possibilities
and dangers of these.

The growth of atomic theory from early pictures to modern models.

Anyone with this background should be able to listen to a scientist
talking in general terms and follow at least the gist of his argument.
That is an ability which should make life more interesting and
meaningful for the average citizen and we hope that some pupils, at
least, will be impelled to find out more for themselves. In addition,
many people — businessmen, lawyers, shop stewards, nurses — may
have to carry on a discussion with technologists in the course of
their careers, while parents and teachers will have to answer the
questions of young children. A scientific background is, if not
essential, at least highly desirable in every walk of life.

There is nothing in the discussion above that does not apply
equally to the future arts student and the future scientist — good
science for citizens is also good science for specialists — but the
latter require something more. Nowadays, the student of almost
any of the humanities needs some knowledge of science. The his-
torian must be aware of the impact of scientific knowledge on the
thought and economy of the period he studies. The archaeologist
uses scientific tools in his work. The economist is concerned with
science as an economic force — also he aims at using scientific tools
and analogies. The philosopher is increasingly concerned with
scientific matters. To cater for these, it is important to include
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something of the history of science, more especially since new and
improved methods of teaching tend to obscure the original
approach. It is probable, too, that the future arts student will
appreciate a panoramic view of modern science (though the
potential science specialist might be content with traditional treat-
ment), and he will certainly want to look closely at the way in which
physical arguments are justified and how they hang together. We
hope that these things will be taken up again, at a greater level of
maturity, in general sixth-form studies; but the basis should be laid
now and the relevance of science to humanities made plain.

These aspects too will be valuable as part of the general education
of the school leavers, although some of the topics are more academic
and theoretical than would be chosen for that group alone.

Lastly, the course must make some provision for the needs of the
future science specialists — the future physicists, chemists, mathe-
maticians, engineers, doctors et al. In some ways this is the most
important group, since the economic well-being of the Country will
largely depend on their skill. It could be argued that the whole
syllabus should be designed for specialists and the others left to
make what they can of it. But that is not our policy. We believe that,
up to O level, education should be general and not vocational and
that the needs of ordinary people, as citizens and individuals,
should predominate — even over strong economic demands.

Nevertheless, it is important that the syllabus provided lay a broad
and firm foundation upon which later specialization may be built
and that nothing be done to turn the potential scientist from his
path. One hopes also to attract some of the waverers into a scienti-
fic career.

One hopes that the future scientist will be interested above all in
the 7deas of science — he will be a poor scientist if he is not. It must
be recognized, however, that many will be more attracted by the
power over the environment that science places in their hands. So
our teaching should include topics catering for this and giving some
facility in experimental techniques. And the proper place of for-
mulae — as servants, not as masters — should be taught. The em-
ployers of school leavers entering engineering apprenticeships will
expect such preparation. And for the very bright pupils, we need to
include some quite difficult problems to stretch their intellect, to
show that science is worthy of their mettle.



Thus our syllabus must cater for many needs: inevitably some
compromise is necessary. It is hoped that examinations will allow
the teacher to emphasize the aspects which are best suited to the
interests of his class. Some aspects will be treated mainly in
laboratory work or in homework problems, where the emphasis can
be changed to suit the class.

We have made no explicit mention of applied science topics. This
programme does not base its teaching on them directly. Yet pupils
should be aware of the way in which physics interacts with engineer-
ing and we should show them something of the nature of the latter
—one of the prime needs of the Country is that young people should
not despise applied science. We therefore recommend that the
topics in the syllabus be illustrated, wherever possible, by examples
of their application.

THE WORK OF THIS YEAR

This is a Year of important experiments and ideas, in which we
draw upon the work of previous Years but expect more imaginative
thinking, more reasoning, and new experimenting. We want to
develop some taste for theory and to explore further in ‘atomic
physics’, in both experiment and theory.

Newton’s Laws of Motion - so far treated as great principles and
tested in simple class experiments — are now put to the use that
Newton himself set forth: to form a grand theory of the planetary
system. For that we must have a quantitative treatment of circular
motion — to be done by an experimental approach if pupils find the
geometrical discussion too hard.

Then, armed with some understanding of orbital motion, we can
continue previous work on electron streams by bending their path
with a magnetic field. To analyse measurements, pupils must use
some knowledge of the force exerted by a magnetic field on a stream
of charged particles. That is difficult, but we shall not evade it (thus
losing our chance of clear knowledge of electrons) or spoil it by
announcing an unexpected ‘formula’. Instead we shall make a
direct experimental approach and measure the strength of the
magnetic field that we use by putting a simple current-balance in
it. For pupils who find this work too hard, we might offer a shorter
qualitative treafment that would leave more time for the other
topics of this year.

Essentially, however, this is a programme of reasonable intellectual
standards, for average O-level candidates. If one topic in this Year
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seems too hard, others are likely to appear hard too. If pupils find
the topics too hard, the proper solution is a change to a different
programme. If teachers consider the topics too hard, at a first
glance, we hope they will try teaching it — as they are experimental
scientists — fwice: a first round to see its possibilities, a second
round to see how their own version runs.

A simple study of waves and oscillations will be resumed from
earlier years. That will lead, on the one hand, to a discussion of
interference by waves — for use in building atomic models ~ and
on the other hand to experiments with alternating currents — for
use in ordinary life. And pupils will take a short, informal look at
simple harmonic motion.

Then while simple atomic models are being discussed, experiments
on radioactivity will be carried out. This work will open up new
knowledge and help to encourage the imaginative thinking by
which scientists formulate a ‘model’.

As the discussion of atomic structure continues, films and demon-
strations will carry pupils as far as the ability and knowledge of each
class will allow.

Class Experiments

The class experiments that are necessary for the teaching of this
Year will not take up all the available time. Some class experiments
with a.c. should be postponed from Year IV till now so that pupils
can enjoy working at them carefully: experiments with the electro-
magnetic kit; and experiments with slow a.c. — all with plenty of
use of oscilloscopes. Now is the time for a few pupils to make a
careful measurement of ‘J’; which would have taken up too much
time in Year IV - and might have been misinterpreted then.

Able pupils who have time and interest may want to do their own
Millikan experiment now; or some may even want to measure the
speed of light. Either of those experiments will take much time;
but the experimenters would gain so much experience of experi-
mental physics that they could well afford to miss other experiments.

Thus the class experiments this Year should have all pupils making
an estimate of e/m: and some pupils measuring ¢ or ¢ (or perhaps A
or even G). One such ‘great experiment’ can make a tremendous
contribution to a young person’s education. It need not make
great demands on the teacher’s time once the apparatus is pro-
vided — in fact it should not do so, since the point of the experiment
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is not to train the pupil in advanced experimenting but to give him
the experience of independent work. Teachers with heavy time-
tables and crowded laboratories may think this an unrealistic
dream; but we believe that pupils who have followed our pro-
gramme in spirit as well as in content will be ready to undertake
such work in a trustworthy and skilful and resourceful way that will
make that dream come true.

Aim

All through, the important thing for teachers to keep in mind is the
overall view that they are giving to pupils who will end physics
now: the knowledge of physics that those young ‘scientists for a
day’ are gaining, and their picture of nature, explored and well-
understood up to a point, then bounded by new regions of un-
finished knowledge. Here at the end, as in the earlier Years, we
hope pupils will conclude that ‘science makes sense’.



NOTES ON THE TEACHING OF THE ASTRONOMY
SECTION

Minimum Programme

With some groups, teachers will feel that the time available for
astronomy is short. So the treatment must be held to a minimum,
though it must be full enough to reach the principal aim: to show
pupils the development of Newton’s theory.

We suggest the following programme as a minimum:

1. Brief description of observed facts: motions of stars, Sun, Moon,
planets.

2. Brief description of early man’s use of astronomy for clock,
calendar, and compass. Mention astrology. Importance of heavenly
events promoted speculation about gods or demons as ‘explana-
tions’.

3. Describe, chiefly by pictures, a few Greek geometrical schemes
as reasonable machinery to explain heavenly motions. Suggested
examples:

Simple revolving sphere (Thales)
Concentric spheres with round Earth at centre (Pythagoras)

Many spheres, revolving about different axes to imitate observed
motions closely (Eudoxus)

Circles and sub-circles (with Earth short distance off the centre
of main circle); and elaboration of that (Ptolemy)

(If time permits and interest encourages, short descriptions of
Greek methods of estimating size of Earth, distances of Moon

and Sun)

4, Descriptions of Copernican system, demonstrating how it
accounted for observed motion of planets in orbits with loops.
Example of Copernicus’s calculation of orbit sizes. (With faster
group, Copernicus’ simple story for precession.)

5. Mention of Tycho Brahe as fantastically precise observer.

6. Kepler’s Laws described, possibly with brief account of his
work in extracting them.



7. Mention of Galileo contributing to development of astronomy
by teaching Copernican view clearly and by devising a telescope
and using it, among other things, to show Jupiter’s moons as a
model solar system. (For our teaching of astronomy only a brief
mention of these contributions is necessary. It is tempting to give
a much fuller account of his life and work; but, although that is of
great interest, it is not essential here.)

8. Description of Newton’s theory and its fruits: assumptions;
predictions or explanations of Kepler’s Laws, motion of comets,
shape of Earth, tides, precession of equinoxes and perturbations of
planetary motion ~ which led to the discovery of Neptune. We hope
teachers will be able to show this unrolling of great theory by
pointing to its fruits on a large chart.

Warning about Models for Greek Schemes

Ingenious Models: misleading here. We shall show Greek
schemes on the way to our farget, Newtonian theory. It is very
tempting to make mechanical models to illustrate the schemes;
but showing models is likely to take too much time and to divert
attention of both teacher and class from the main advance to the
target. The teacher who finds himself busy devising models would
be wise to pause and ask himself whether he is in danger of losing
the point of this teaching. We offer the following comments to
teachers who are considering mechanical models:

1. In this suggested programme of teaching astronomy for the
development of theory, mechanical models of Greek schemes are
not necessary. We recommend avoiding them, because they will
divert attention from ideas to machinery, from intellectual grasp to
interest in mechanical ingenuity.

2. Where a laboratory already has models, they might profitably
be shown, #f they can be introduced Zghtly and shown very briefly.

3. We positively advise schools #of to buy any mechanical models
however tempting the description.

4. Where a teacher has devised his own model, we should not dis-
courage him: the delight of making one’s own gadget to demon-
strate a new idea will often shine through the dangers of delay and
diversion and illuminate one’s own teaching. (But that does not
transfer to other teachers.) Even so, we offer him three warnings:



a. In making the great profusion of models in the past, inventors
have found that devices which involve spins about several axes
have to be more complicated than one would expect.

b. A ‘partial’ model, such as an umbrella, which shows only a
patch of the picture, helps the teaching quickly onward. A com-
plete’ model which shows the whole picture is very likely to mis-
lead pupils in the matter of ideas/gears. (We have seen  Meccano’
models which are testimonials to the ingenuity and skill of their
makers; yet we should not use them here.)

¢. Having made a model, one meets a further temptation: to put it
on film. That will make the dangers worse.

However, we shall suggest a few very simple models.

Models of Greek Schemes for Slower Groups?

Teachers who have slower groups may feel specially tempted to
substitute the making of some models for the studies of theoretical
schemes which promise to be too highbrow. That might seem wise
at the moment; but there the study of astronomy would end.
Newtonian Theory, our real target, would be none the easier for the
move into model-making. Instead, teachers faced with a real diffi-
culty, arising from a slower group’s different tastes and interests,
should consider making a major change of programme.

Theories for Slower Groups?

As this course has proceeded from Year III to Year IV to Year V,
the demands on intellectual skill and interest — of an academic kind
- have grown, we hope, in consonance with general growth in these
years. That has been intentional, in carrying out our plans for an
O-level programme of teaching science for understanding. Where a
slower group finds these later stages unfruitful or unsuitable in
demands, we should want the teaching to seek our aims (or corre-
sponding aims) in ways that are fruitful, and not to try to force
a standard shoe on every foot. We should not advocate half-
measures: keeping our ‘syllabus’ but just watering-down each
topic to a simpler form; or just changing the target from thought-
out knowledge to some more practical result; or just giving out the
results without basis or explanation. Any of these will lead to poor
science — neither confident understanding nor knowledge gained
with delight.

Nor would a patchwork treatment be good: teachers who enjoy the
sequence of topics in these later years may forgetfully take for
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granted the aims and connected scheme that underlie our teaching.
They may be tempted to select a few topics to make a programme
for a slower group. That might be a good programme; but it is
unlikely to be, because the interconnections of our teaching will be
lost in the selection process, and a new attempt to build-in corre-
sponding aims will be needed. A fresh start would be far better; not
saying, ‘Which items are nice ones for a simpler course?’, but
asking, ‘What are our aims in science teaching for this slower
group? What items (from anywhere) could be chained together well
to show how science makes sense? And what treatment of those will
be most fruitful?’ Those questions may lead to a programme with
little in common, as regards syllabus or equipment, with our present
one; yet, if it is fruitful, we shall be very glad.

Theories for Average Groups?

Returning to our present programme, for average O-level groups:
we earnestly hope that teachers who feel doubtful whether an
average group can follow our treatment of astronomy with fruitful
enjoyment will give it a full trial. (Remember the question to the
visiting explorer, ‘But how do you know you won’t like boiled
missionary?”)

This is a special topic and a special kind of teaching for teacher and
class to explore together: yet it deals with one of the greatest intel-
lectual developments in the scientific world. As A. N. Whitehead

putit,

‘... The moral of the tale is the power of reason, its decisive
influence on the life of humanity. The great conquerors, from
Alexander to Caesar, and from Caesar to Napoleon, influenced
profoundly the lives of subsequent generations. But the total
effect of this influence shrinks to insignificance, if compared to
the entire transformation of human habits and human mentality
produced by the long line of men of thought from Thales to the
present day, men individually powerless, but ultimately the
rulers of the world.’}

So, for an average group, we advocate neither half-measures nor
patchwork treatment, but rather ‘thin’ treatment: quick, confident,
rapid travel to the main target. With a slower group, the choice
should be either (1) the same ‘thin’ treatment — but running a bit

} Science and the Modern World by Alfred North Whitehead. Cambridge Univer-
sity Press, 1926, pp. 299-300.
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slower, or (2) omit this whole section. In the latter case, one
should either treat the other topics of the Year extra carefully, or
consider remaking the programme.

Much of the value of this part of the programme depends on our
own approach in teaching. So we urge teachers to give this a con-
fident trial, even if they have provisional doubts for their class. We
venture to guarantee that a teacher’s enthusiasm and skill will be
greatly rewarded in this.

TOO FULL A YEAR? ‘
Before they are half-way through the year, teachers will wonder
whether the year is too full. Can they reach ‘ matter waves’ and other
exciting topics in modern physics in time? If Year III has prepared
for Year IV and Year IV has had its full time, pupils and teachers
will cover Year V, happily. Just at the middle of the year in any
good teaching programme there is a stage of depression when
teachers feel things are running too slowly. The early topics have
proved more interesting or more difficult than one expected; and
the later topics loom ahead too forbiddingly.

Suppose we stand and survey our course from the vantage point of
the end of the first term:

Survey: Looking Backward and Looking Forward

In the suggested programme for this Year, we began with central
acceleration for motion in a circle, to be used for making measure-
ments on electron streams and used again to show how good theory
is developed in Newton’s explanation of the solar system. The
measurement for electrons also remains as a useful background that
we can refer to if we mention similar measurements for ions in a
mass spectrograph, alpha particles and beta particles from radio-
active material, etc.

We then looked at simple harmonic motion qualitatively, and con-
tinued the study of waves, started in Year III, on into interference
effects with light, estimates of wavelength, and a look at gratings
and spectra. That was intended to do three things:

1. Give factual knowledge of waves and interference, which is an
important part of one’s general knowledge of physics. (And it is a
beginning for some A-level physics.)

2. Let pupils see for themselves why we think light consists of
waves, and enable them to make their own estimate of the wave-

length of light.
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3. Provide a necessary background for introducing a topic of really
modern physics: matter waves. If we have any time to mention this
phenomenon and discuss it briefly and gently, we must prepare
pupils beforehand by making them familiar with the behaviour of
waves with gratings.

Teachers may feel tempted to continue from the discussion of inter-
ference and gratings to a further study of waves and spectra,
theories of light, and the contrasting behaviour of quanta or
photons of light. That lies ahead, and we hope pupils will hear
some of it, because it is an essential part of our modern view. Yet,
before we proceed to that we have two other things to consider:

(1) We must continue our building of atomic models, from the stage
of hard, round molecules or atoms that sufficed in kinetic theory, to
a picture of a Rutherford nuclear atom. We may feel tempted to go
farther still, but progress after that is likely to be difficult for pupils
at the present stage.

(ii) Pupils will need time for revision.

Revision will, of course, be a problem for each teacher to judge in
terms of his class and their work. We certainly do not suggest that
the Year should go right up to the examination without revision,
just because the atomic physics now at the end is so important. Yet
we do believe that many teachers will find, when they get to this
Year, that the kind of examinations suggested to fit our programme
do not need the same type of revision as the traditional ones.

True, our suggested examinations will dip back into the work of
Year IV and Year III; but in doing so they will look for under-
standing, in the sense discussed in the General Introduction.

There we gave a general account of our aims in teaching for under-
standing, to let pupils learn by doing their own experiments,
arguing things out (with help) and by answering problems and
questions that ask for thinking. We suggested that taking more
time for a topic to gain a sense of mastery might give lasting under-
standing.

However, such general descriptions of teaching are not very helpful
when we are thinking about the actual examinations. The com-
parison that was offered in terms of the French verbs, savoir, con-
naftre, comprendre, was again at best a helpful admonition. But we
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also gave a relevant and useful definition: we reminded readers that
most of us say, at one time or another, ‘I never really understood .
that part of physics until I came to teach it’, and we suggested that
in the same sense but on a much simpler scale, the test of a pupil’s
understanding can be whether he can teach it. We elicit his teaching
by asking him to explain something to someone else — his younger
brother or his non-scientist uncle, rather than to a mysterious,
fierce examiner who requires the knowledge to take on a formal
polish. We have been using that device for problems all through
our programme, both for current teaching and as preparation for
questions like those in examinations. If, as we hope, O-level exam-
inations for our programme are slanted in the direction of asking the
candidate to teach things to someone in his answer, they will have a
good chance of testing understanding. Of course, such questions
have always been used by good examiners: our suggestion here is
that the questions should take a less formal style and that the
answers should be read by examiners with this requirement of
understanding still more actively in mind.

In marking the answers for that, examiners will find they have to
make subjective judgments, since they are looking for the under-
standing that they see in the answer, and for the feeling of mastery,
rather than memory of facts. In doing that, examiners will be
doing great good on behalf of our teaching in particular and science
education in general. They may find that marking schemes of very
precise form are unsuitable for some questions; but they will
be able to judge whether the pupil understands in much the same
way that many of us judge in an interview whether the applicant
understands the work he is to do. With such hopes in mind, we urge
teachers towards careful teaching and good experimenting by
pupils, and away-from a great deal of revision of factual material
which might not be so useful in examinations as pupils’ demon-
strations of understanding. As with so many things in our suggested
programme, this is a matter where the first time of teaching will be
difficult and uncertain, and teachers will find that they know far
better what to do when they come to a second round.

Whatever revision seems necessary, in the view of both pupils and
teachers, must of course be done. But we hope that there will be
time to carry the teaching at least far enough to include the Ruther-
ford atom, and perhaps as far as matter waves.

This Guide is Very Long. This guide is long and discursive.
That is intentional, because these notes are offered to many different
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teachers with varied interests and experience, for guidance in
following a new programme of teaching.

Where one teacher wants to know our reason for suggesting a topic,
another may want to know why we advocate some crude apparatus
instead of a modern machine; and, elsewhere, why we recommend a
strange modern machine instead of simpler traditional apparatus.

Some teachers may welcome detailed instructions for running an
experiment. Others in turn will be distressed by the lengthy dis-
cussions of details; and they will ask for a short list of topics, such
as the following:

Motion in a circle: central acceleration

Measurement of e/m for electron streams

Planetary astronomy and gravitational theory

S.H.M. ; waves, alternating currents

Interference of light: Young’s fringes

Diffraction grating; spectra

Radioactivity ~ properties of rays with electroscope and counter

Alpha-particle scattering and Rutherford atom model

Photo-electric effect

Theories of light: waves and photons

Matter waves: particle and wave behaviour

Newer atomic models ... uncertainty? ...

Appendix on electromagnetic spectrum

Appendix discussing theories of light

Given like that in a dozen lines, our list can hardly satisfy any
teacher planning a new programme with changes of aims and atti-
tudes ~ in examinations as well as in teaching — such as we are
suggesting. At most it tells an external critic our topics, without
telling him our intentions.

Because our suggested programme is a new one and the format of
treatment of this final year is unfamiliar, we shall enter into long
discussions and give considerable details at some points.

We trust that teachers who would prefer a quicker summary will
bear with that profusion and will extract whatever they need.

A Fable. We have tried to make our course include some of the
modern physics of today. Rather than emphasize the atomic physics
of half a century ago, we suggest bringing the teaching nearer to
the present day, even with O-level pupils.
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Imagine a Conference on the teaching of physics, convened. in
A.D. 1700. A resolution might well be passed to the effect that .
teaching of Aristotelian mechanics is in good order, and should
continue; teachers in schools have good apparatus and are skilfully
expounding the dynamical principle that motion requires a force
proportional to velocity. The new ideas of Newton would be
recommended for advanced seminars in universities.

Now imagine a Conference in the early 1800s: the teaching of
Caloric would be endorsed and the unorthodox view of heat as
connected with motion — with the new name energy about to
appear — would be viewed with suspicion and restricted to graduate
discussion.

Now shift our imaginary Conference on teaching physics to the
early 1900s. Newtonian dynamics, energy and its conservation,
atoms, molecules and kinetic theory, are all being taught clearly and
well; but measurements of electron streams are regarded as very
difficult to teach and the rumours of a quantum restriction are
pushed away to professional studies.

The lag is natural enough: in each generation the older material
seems to be secure knowledge and easy to teach well; and the
newest material is not only strange but, as yet, difficult to teach.
Of course that is partly due to the different way in which teachers
have learned it. In many cases, the older material was taught them
in their own student days with firm authority - and if they were
given some of that material at a sufficiently early age by a strong
capable expounder they may have accepted it quite uncritically.
Whether we like it or not, we must accept that as one general
characteristic of education — we who are teaching now must be
giving strong dogmatic force to some of the physics we are teaching,
without knowing it.

On the other hand material that a teacher did not learn in student
days is apt to remain a little strange and not seem so strong a part of
the syllabus. For example, many an older physicist today regards
Relativity as somewhat uncomfortable ~ however well he now
understands it and, perhaps, teaches it. When he first met the new
ideas of Relativity they struck him as almost a misfortune: well-
assured geometry was being attacked and could be shown to be
‘wrong’. But, to the next generation of physicists, Relativity will be
a commonplace, heard about at school, used as a normal part of
student physics.
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Thus, the lag is there and forgivable; and in past ages it has been
harmless. There has been time for each generation to catch up.
Now with science growing and changing so rapidly, and ideas
travelling so fast around the world, is it any longer safe to let
teaching lag in a comfortable way? Trying to make the teaching
catch up and lessen the lag would be uncomfortable and even
dangerous, if done carelessly. Yet when we move our imaginary
Conference on teaching physics to the year 2000 we may feel uneasy
about the prospect. Will so much of today’s newest physics still
seem too strange to teach?

With that question in mind, we offer suggestions of teaching some
new physics in this Year.

The Newest Physics. In dealing with new, recent, physics ~ the
physics-in-the-making of the last quarter century — we can only
suggest topics and give some notes on teaching in this Guide.
Many teachers would like to read fuller accounts of such topics.
Yet when they look at books on modern physics they are dis-
appointed. There are up-to-date advanced texts for university
teaching or professional use; and there are some popular accounts
of the latest physics, written for laymen. Many a book that gives
the careful exposition of modern physics that one would like to
have as background for O-level teaching seems to stop short at the
state of physics fifty years ago, or at least treats later topics too
briefly. With that need in mind, we suggest the following books
which might be useful:

The New Age in Physics by Sir Harrie Massey (Harpers, 1960).
(This is a remarkable book, likely to be of great help in the
present matter. The author largely neglects the physics that was
‘new’ fifty years ago — the first magnificent measuring of e/ for
electrons, the early mass spectrograph with difficult geometry,
laborious sorting out of radiations by absorption characteristics —
and proceeds at once to the really new physics. The book is a
popular account and we must not expect it to provide detailed
training — yet it gives the right perspective.)

Turning Points in Physics by R. J. Blin-Stoyle and others (North-
Holland Publishing Company, Amsterdam, 1959).
(Six very useful lectures, on Fields, Quanta, Probability,
Relativity, Causality, and Elementary Particles.)
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Knowledge and Wonder by Victor F. Weisskopf (paperback,
Heinemann Science Study Series, 1964).
(A set of essays, which do not lose as much as most by being
short, because the author is a very powerful modern scientist.)

Accelerators, Machines of Nuclear Physics by Robert R. Wilson and

Raphael Littauer (paperback, Heinemann Science Study Series).
(This gives accounts of early machines, cyclotrons, linear
accelerators, etc. It gives solid physics and yet is elementary.
Without using mathematics, it nevertheless explains fully how a
cyclotron works, discussing difficulties of focusing; extends the
stories to synchrotrons, and even reaches the new story of clash-
ing beams of electrons.)

The Nature of Solids by Alan Holden (Columbia University Press,
1965).

(This is an excellent, simple, introduction to solid-state physics
and transistors.)

One, Two, Three ... Infinity by George Gamow (Macmillan, 1947).
(This is more light-hearted and scrappy but stimulating. Some
pupils would enjoy reading it.)

In addition, among the flood of new paperback books a series called
‘Momentum Books’ is appearing. We urge teachers to watch for
these because they are written by good physicists, with the aim of
helping the teaching of serious modern physics.
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¢ Scientific knowledge is knowledge, not fact — a gallery of pictures
painted by men to portray in some simplified, comprehensible
way the seemingly infinite complexity of nature. The pictures
are put up and taken down, cleaned, replaced, and destroyed.
Any account of scientific knowledge is therefore a “progress
report™ - an account of unfinished business.

‘... Indeed, in the eyes of those who have made them, all these
pictures are only fragments of a single picture. It is a picture of
nature that is always incomplete, but must always hang together
with the consistency contributed by the single palette used in
painting it: the mind of man.’

Alan Holden

in the Foreword to Conductors and Semiconductors
Bell Telephone Laboratories, Inc., 1964
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NOTE TO TEACHERS ON "CENTRIFUGAL FORCE’

In elementary teaching we must make a clear decision between
centripetal force and centrifugal force. A mixture of both is fatally
muddling for beginners.

Centripetal force, used with Newton’s second law will of course
yield the right answers, and forces will always be in the right direc-
tion — strings will pull and never push: lorries rounding a corner
will skid or fall outwards, . . . but the method will seem artificial to
pupils, who have all heard of centrifugal force. The following dis-
cussion with an imaginary pupil may be helpful to teachers dealing
with this question.

Motion in a circle needs a real inward force, provided by real
external agents. This view of centripetal force will help you to deal
with all real problems of circular motion. Then what is centrifugal
force? You often hear of it, may find yourself speaking of it when
you whirl something around, and will find books using it to
explain things in physics. Here are a variety of opinions on it. You
may choose according to your taste.

OPINION I: “Centrifugal force is a phomy force, imagined through a
misinterpretation of evidence confusing agent and victim.’

If you whirl a stone on a string, the string-tension pulls your hand
outwards (just as it pulls the stone inwards). This is a real centri-
fugal force on your stationary hand, not on the whirling stone. You
feel your hand being pulled outwards, so you say, ‘I feel the stone
and string pulling my hand outwards. That tells me the stone is
being pulled outwards, by some centrifugal force, and the string is

just transmitting that force.” That is where you are mistaken. There
is no outward force on the stone. Really the string, in a state of ten-
sion, pulls at both its ends. While it pulls your hand outwards it
pulls the stone inwards. The only real force on the stone is inward,
- centripetal.
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Bird’s-eye view

Again, suppose two boys, A and B, visit one of those amusements
in which people sit on a floor that rotates. Suppose A and B enter
the room while the floor is at rest, and sit on the polished floor.
Knowing the trick of the performance, A glues himself to the floor.
When the floor begins to spin A notes that a mysterious force
seems to pull him outward; and, but for the glue, it would make
A side slide out to the wall. B, without glue, slides out to the wall if
A does not hold on to him, exerting an inward pull on him. Each
feels he is struggling against ‘centrifugal force’. But now let a
stationary observer take a bird’s-eye view from above. Seen from
outside the spinning room, A and B are both moving in a circular
orbit, and both need real znward forces to keep them in orbit. For
B, the force is the inward pull A provides: for A it is the pull of the
sticky floor on him. Once again, A merely imagined an outward
force on B because he had to apply a real inward force to him. As
the outsider sees, these inward forces are not neutralizing a
mysterious outward force, they are making an inward acceleration;
they are making A and B move in a curve. The outside observer
offers a further comment. When A lets go B then continues along a
tangent (if there is no friction). B’s successive positions along that
tangent are farther and farther out from the centre of the circle; so,
as seen by A (spinning with the floor) B seems to be sliding out
along a radius. But really B is just continuing a straight (tangent)
path, a simple example of Newton’s First Law.
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OPINION 11: ¢ Centrifugal force is a delusion arising from living in the
rotating system and trying to forget it

The rotating-floor discussion leads straight to this view. To people
sitting on the table in a concealing fog — and ignoring its motion ~
there is an outward field of force, endowing every mass M with an
outward force Mv?/R. Unless some real agent applies an inward
force to balance this, any object left alone will seem to slide out-
ward with acceleration v2/R. Preferring to take a sober view from
outside, we say that both the outward field of force and the out~
ward sliding are delusions due to living in a rotating framework
and not allowing for its motion.

OPINION II1: The Novice’s Headache-Cure

Here is a good use for centrifugal force. Let us be rude and say,
with some truth, that some beginners prefer ‘ Statics’, the physics
of things at rest (in equilibrium), to the physics of motion. Prob-
lems involving acceleration and rotation make his head ache; and
the novice wishes they could be reduced to simple statics and prob-
lems that he is so good at — forces in bridges and cranes. And they
can. Consider, for example, the problem of a pendulum whirling
around in a conical motion. The two real forces acting on the bob
are its weight and the string tension. These two real forces must
add up to a resultant force Mv? R inward — otherwise the bob
could not continue around the orbit. Here then are two forces W
and T which have horizontal resultant Mv?/R inward. Let us turn
this into a statics problem with equilibrium (resultant zero) by

|
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adding an extra fictitious force. What fictitious force must we add to
W and T to make zero? The third force would have to be — Mv?/R,
or Mv?|R outward. So some teachers say this to the novice: ‘Yes,
you can turn any problem with circular motion into a statics prob-
lem if you fake all the real forces acting on the moving body and ADD
a fictitious centrifugal force, Mv2|R outward, and then write an
equation stating that these forces (including the fictitious one) have
resultant zero. Solving the equation will give you the same infor-
mation as the method of making the real forces combine to produce
inward acceleration v%/R.’

g F
SYI—<—0 THE HEADACHE

The spring (= agent) pirovides the real force, F,
10 make acceleration. v*/R

THE CURE
Inmgbwyfom--"%ﬁ + real force F

On this view, centrifugal force is a fictitious force, but a useful one,
to cure the novice’s headache, It is also used thus in advanced
physics, to save trouble — but then it is a sophisticated trick in the
hands of skilled craftsmen. As used by most students, it gives the
right answer but makes some of the theory harder to understand -
how can it help that when it reduces obvious motion to fictitious
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rest? The trustful user, with his right answer, is confused about the
forces: he is not sure which are real or which way they pull. If you
value your understanding of physics, avoid this headache-cure at all
costs. Of course, a mixture of this centrifugal headache-cure with
centripetal forces will produce utter confusion!

OPINION IV: Relativity

(This opinion sketches some comments from sophisticated
relativity theory. Read it for amusement or for a good moral
warning, but do not let it convert you to the headache-cure method
for novices. This relativity-view is true, but only within the frame-
work of definitions constructed for it.)

Can nothing better be said of centrifugal force? Returning to
Opinion I, some scientists ask, ¢ Why is it so wicked to view things
from a rotating framework? After all, we live on a spinning Earth.
Are the ‘centrifugal forces’ that arise from our rotating-framework
viewpoint really different from other forces, and less real? Who are
we to say which is really rotating, ourselves or everything else?’
(We are back to Copernicus vs. Ptolemy.) This last question is like
the problem of testing Newton’s laws in an accelerating railway
train. By building a tilted room in the train we could still find the
same laws, though we should find ‘gravity’ changed in size and
direction. We suspect that we cannot distinguish between the effect
of acceleration and a real change of gravity — Einstein built General
‘Relativity theory on an elaboration of that ‘cannot’.

Relativity theory starts with an axiomatic statement, that we can-
not tell which is moving, ourselves or ‘the other fellow’, that there
is no such thing as absolute motion. If that is so, ‘absolute space’
is meaningless; it should not be used, and cannot be needed, in
science. In that case, the working geometry of ‘space’ must be
such that we discover the same physics whether we think we are
moving or ‘the other fellow’ is. And that makes us modify the
simple geometry of space and motion that Euclid assumed and
Galileo and Newton used. For constant velocities, we have many
experimental failures to distinguish absolute motion even with the
help of light-signals, so we feel justified in accepting the Relativity
principle and its modified geometry. In practical life, the modifica-
tions are not noticeable, and they only affect experiments notice-
ably when very high speeds are involved, as they are in atomic
physics and perhaps in astronomy.
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Extending the Relativity attitude to accelerated motion we assume
that a local observer will find the effects of acceleration indis-
tinguishable from a local change of gravity; and thus we decide that
gravitational fields can be treated as local changes of geometry in
space-time. This is Einstein’s Principle of Equivalence. Though
the viewpoint is entirely new, its practical form shows only small
deviations from Newton’s law of gravitation.

Extending this idea to rotation, we suggest that a local observer
cannot distinguish between the effects of a rotating framework and
a local change of gravity, if he is moving with that frame. In that
case centrifugal force tugging outward would be just as real to him
on his spinning floor as an extra, horizontal pull of gravity. Then,
to a tiny creature in a centrifuge, centrifugal force-fields should
appear just like real gravitational fields, only some thousands of
times as strong as ordinary gravity and gravity would take on a new
direction — he would quite forget about its old direction. This
General Relativity view has proved useful in co-ordinating think-
ing; and so far we have not observed anything inconsistent with it.
In this way, centrifugal force has grown to be respectable. When
we want to test the effects of large gravitational fields, unattainable
on Earth, we think we may use a centrifuge instead.

The general principle of equivalence forbids us to call the motions
of the Earth absolute. It therefore leads to a new mechanics and
geometry that will predict the same effects whether the Earth spins
and moves around the Sun, or the stars and Sun move around us.
On General Relativity theory, a rotating universe would produce
‘centrifugal forces’ at a stationary Earth; so tests of a spinning
Earth, with a Foucault pendulum or equatorial changes of ‘g’,
could not distinguish between the two causes: Earth spinning or
everything-else-spinning. Faced with the old question, ‘Is Coper-
nicus right and Ptolemy wrong?’ we must demur at Galileo’s
cocksure insistence and say, ‘Both views may well be equally true,
though one is a simpler description for practical thinking and work-

ing’.
OPINION ON THE FOUR OPINIONS?

Make your own choice. However, for problems and experiments
in this course, you are advised to use only centripetal force.
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YEAR V

SYNOPSIS OF PROGRAMME FOR THE WHOLE YEAR
As explained in the Preface, this is a Year of putting physics to
work to build stronger knowledge, principally in understanding of
theory and in atomic physics.

We do not intend to provide new topics compactly taught for
examinations or to spend a major part of the time revising old
topics. The earlier Years will have taught many regions of physics
on which examinations can draw with questions that ask for con-
structive thinking. This Year should give pupils practice in such
thinking at a more mature level, but should not aim at packing in
new content where that is solely of use as examination material.
However, we shall survey a good deal of new atomic physics.

The attitude this Year should be: ‘Now we can extend and use
earlier knowledge to tackle great problems of the structure of the
world.’

Essentially, this programme introduces six new tools and uses
them together to develop five areas of physics:

1. We discuss motion in a circle and arrive at ¢ = v%R and
F = mv?*R.

2. We obtain from experiment a quantitative measure of the force
exerted by a given magnetic field on a current in a wire; and we
extend that, by argument, to a charged particle moving in a stream
across a magnetic field.

3. The idea of an inverse-square law, introduced for gravitational
fields, but applicable with the same geometry to electric fields, the
spreading of light, etc.

4. Devices using ions to exhibit ‘atomic’ events: cloud chambers,
geiger counters, scintillation counters, etc.

5. The use of alpha particles from radioactive substances (or
protons or electrons from accelerators) as projectiles with which to
explore atomic structure more deeply.

6. Studies of water ripples and light are combined to provide new
criteria for waves.
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With those tools, we develop:

A. Quantitative knowledge of electrons, positive ions, and nuclei
as parts of atoms.

B. An example of physical theory — seen in stages of construction.
We describe the history of man’s knowledge of the stars, Sun,
Moon and planets, from early observations through successive
stages of building a ‘theory’, to the age of Kepler and Galileo,
when man had a great body of empirical information, organized in
rules that were verified with precision but still disconnected pieces
of knowledge. Then we unroll Newton’s great gravitational theory
to show the use of good theory in science.

C. Knowledge of radioactivity.

D. The wave-particle idea. We touch briefly on the modern picture
of both radiation and matter having particle aspects and wave
aspects — the behaviour which we observe and measure being
determined by our choice of experiment.

We cannot, with pupils at this age, pursue this duality far; but we
should introduce our modern view, both for the sake of non-
scientists who will read about such things later and to set the stage
for further studies by physics specialists.

E. Atomic models. We develop successive models of atoms, from
hard billiard balls of kinetic theory to a hollow Rutherford model.
We may give a survey of later developments of atom models. We
owe some modern knowledge to our pupils, but the experiments
and reasoning that led to such knowledge (even if we show modern
simplified forms) are too complex for our teaching. All we can offer
at this stage is a survey of results, descriptions of models. However,
in this region of modern developments we feel justified in breaking
our resolution to offer supporting experiments so we suggest giving
only short descriptions. We can give occasional support and
elucidation by films, but there we must beware of two dangers:

1. A film which shows the real apparatus and working of a funda-
mental experiment may be merely confusing, owing to the pro-
fusion of auxiliary apparatus.

2. A film which describes either ideas or experiments by animation
may be very misleading in another direction. It can sketch the
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story we think or hope is true and fail to give real teaching of
science. However tempting such a film looks as a clarifier, we
should be unwise to show it.

Pupils should hear about:

A nuclear model with stable and unstable nuclei.

The photo-electric effect and its strong suggestion of quanta; the
idea of photons of light and their behaviour, possibly a mention of
specific heats and their suggestion of quanta; use of wave-particle
views to sketch an atom model. Perhaps even a comment on un-
certainty.

It is doubtful whether we can give more than a passing, brief
description of any of these; though we hope that, with a fast group,
teachers will be able to select some aspects of present-day physics
for expansion.

Experiments
Links with Earlier Years: the following experiments are essen-
tial, if they have not been done fully in previous years:

Millikan’s experiment: discussion and film (and possibly de-

monstration).
This should be done in two parts: first, a clear proof that electric
charges come in multiples of a single universal basic charge;
second, a measurement of the size of that charge. The first part
is both more important (for our present teaching), and easier to
show, though even that will have to be shown by film. The
measurement of the value of ¢ will have to be taught by assertion.

Young’s Fringes by ripple tank (class experiment)
Young’s Fringes for light (qualitative class experiment)
Young’s Fringes for light, rough measurement (class experiment)

Cathode rays: demonstrations of properties (except effect of
magnetic field, which will be studied this Year).

It will not be necessary to do experiments on Force, Mass and
Motion, even if pupils missed them. However, pupils must not only
know F = ma and Ft = change of (9) but have an understanding
of the nature of mass, force, weight, gravitational field strength and
kinetic energy. They must know that K.E.= {mo?
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Pupils need not do or see experiments with electric fields even if
they missed them, provided they know the pattern of the field
between parallel plates and are ready to accept the idea that field
strength X/? is given by P.D./distance between the plates.

Experiments this Year. The teaching of this Year involves some
important experiments: a test of F= mv%/R; measurement of
wavelength of light with a grating ; measurement of ¢/m for electrons;
and some radioactive experiments. These should be class experi-
ments as far as possible. Even so, they will not occupy the full
amount of time the laboratory has and deserves.

We suggest four categories of experiment that might be offered at
any suitable places:

a. Demonstrations and class experiments with alternating cur-
rents, including experiments with ‘slow a.c.’” (These should be
class experiments for everybody.)

b. A transistor eiperiment (instead of in Year IV).

c. A careful measurement of ‘J°. If pupils are at a stage where they
can see that this is at the same time very important and necessarily
inaccurate but yet worth doing, then they should do it.

Pupils embarking on this should take time to learn the ways of the
apparatus and discuss its troubles.

They should work in small groups, pairs if possible. This is an
experiment that should be done in an atmosphere of strong personal
involvement, with the odds against the experimenters.

This should not be treated as a measurement to ‘get the right
answer’. There s no accurate J-apparatus for student use that can
possibly yield the right answer except by a happy coincidence of
cancelling errors. An experiment done carefully with a detailed
series of cooling corrections can yield a result fairly close to the
accepted value — but those corrections are tedious and would be
puzzling to pupils at this stage: they would spoil the experiment.

If we look at the huge task of the experimenters who made the most
trusted measurements of J we shall suspect many difficulties; and if
we consider the nature of heat losses and the conditions of pupils’
thermometry, difficulties come to the forefront.
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With apparatus carefully devised to minimize errors, we shall still
be giving pupils an inaccurate experiment. It is good for them to
know that; and then it is good for them to do the experiment.

d. Difficult measurements for able groups or pupils with special
interests:

Millikan’s experiment done by a small team of pupils;
possibly a measurement of the speed of light;
measurement of e/m done by a small team.

These may seem to impose a great burden on organization of
apparatus and teaching — we only suggest them for those cases
where teachers find that they have a group that they can set to
work on some individual experiments. Needless to say, such
experiments should be given considerable time. For slower groups,
some of the experiments suggested for this Year, such as work with
electroscopes or investigations of pendulums, could be spread out
into longer experiments done by pupils on their own.
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Chapter 1
MOTION IN AN ORBIT

Central Acceleration and Satellites



Introduction to Circular Motion
Experiments and Questions about Motion in a Circle. We
start with three demonstrations and a class experiment.

1. A carbon dioxide puck on a smooth table travels in a straight
line at constant speed (a ring with cardboard lid and solid CO,).

We ask whether this is natural motion and whether any forces are
needed to keep it going.

2. We refer to the motion of the Moon round the Earth. We ask
whether that is natural motion and whether any force is needed
to keep it going — and leave the question unanswered.

3. The Leybold fine beam tube first without, then with, magnetic
field. We ask the same questions.

4. Then, feeling our way towards the need for a force, we ask
pupils to tie a small massive object (a ring or a hex nut) to a
string and whirl it round their heads and decide which way the
force must be on the object.

We ask pupils which way the force does act on them if they sit
on a smooth seat in a car that rounds a sharp corner. Which
way do they slide? Which side of the car then pushes on them?

(We might discuss the banking of a bicycle rounding a corner,
but this often leads to more confusion than help, because the
problem is better discussed by taking moments than by considering
a single force.)

‘Flying Off at a Tangent.” Now or later the teacher should give
a very important demonstration and discussion: the motion of an
object released from its orbit. He whirls a light block of wood on a
string, in a horizontal circle round his head. Each time the block
is in front of him, nearest the class, he says ‘Now’. He threatens
to let go of the string at that stage, when he says ‘Now’. He does
that. Some pupils will flinch, because they expect centrifugal
force to make the block rush out towards them. All will se<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>