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Foreword

It is almost a decade since the Trustees of the Nuffield Foundation decided to
sponsor curriculum development programmes in science. Over the past few years

a succession of materials and aids appropriate to teaching and learning over a wide
variety of age and ability ranges has been published. We hope that they may have
made a small contribution to the renewal of the science curriculum which is
currently so evident in the schools. '

The strength of the development has unguestionably lain in the most valuable part
that has been played in the work by practising teachers and the guidance and help
that have been received from the consultative committees to each Project.

The stage has now been reached for the publication of materials suitable for
Advanced courses in the sciences. In many ways the task has been a more difficult
one to accomplish. The sixth form has received more than its fair share of study in
recent years and there is now an increasing acceptance that an attempt should

be made to preserve breadth in studies in the 16—19 year age range. This is no easy
task in a system which by virtue of its pattern of tertiary education requires
standards for the sixth form which in many other countries might well be found in
first year university courses.

Advanced courses are therefore at once both a difficult and an interesting venture.
They have been designed to be of value to teacher and student, be they in sixth
forms or other forms of education in a similar age range. Furthermore, it is expected
that teachers in universities, polytechnics, and colleges of education may find some
of the ideas of value in their own work.

If the Advanced Physics course meets with the success and appreciation | believe it
deserves, it will be in no small measure due to a very large number of people, in the
team so ably led by Jon Ogborn and Dr Paul Black, in the consultative committee,
and in the schools in which trials have been held. The programme could not have
been brought to a successful conclusion without their help and that of the
examination boards, local authorities, the universities, and the professional
associations of science teachers.

Finally, the Project materials could not have reached successful publication without
the expert assistance that has been received from William Anderson and his
editorial staff in the Nuffield Science Publications Unit and from the editorial and
production teams of Penguin Education.

K. W. Keohane
Co-ordinator of the Nuffield Foundation Science Teaching Project
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This Handbook is intended to give teachers an overall view of the Nuffield Advanced
Physics course, to assist them in planning their work and in making provision for
such things as apparatus, books, and films, and to offer suggestions about how the
course might be taught so as to achieve certain aims.

Teachers will naturally want to know what the practical and financial implications of
starting the course will be. Chapter 8, ' Guide to apparatus’, lists all the equipment
suggested for the experiments proposed, including items both from Nuffield O-level
Physics lists and new items for the Advanced course. Listed with each item are the
experiments it is needed for, in a form which shows which items are required for
each Unit, so that teachers who wish to use only some Units can make their
selection of apparatus. Lists of books, films, film loops, and slides complete the part
of the book concerned with equipment.

The course leads to an examination, and teachers and students will want to know
what they can expect. Chapter 5, ' Examinations’, outlines the policy developed
during the trial périod and gives samples of examination questions, with some
account of why such questions might be set. Class tests will no doubt form part of
most teaching schemes, and Chapter 6 on this subject tries to help by offering
sample questions.

All teachers will feel the need to know where they are in the course as a whole
when they are teaching any one part, and many will wish to modify the order of the
suggested material, or to omit some of it. The synopsis of the whole course in
Chapter 2 attempts to meet the first need and to give assistance with the decisions
arising out of the others.

The physics given in the synopsis is not the whole course. The course also includes
individual investigations by students of topics of their own choice. Chapter 7, on
‘Individual investigations’, offers some guidance on the organizing of this work and
gives a list of sample topics.

The content of the course could be taught in many ways. Some ways will be more
helpful than others, so far as the aims of the course are concerned. Chapter 4,
‘Teaching the course’, besides discussing such problems as the links with earlier
physics courses, also suggests some teaching methods which are likely to be
relevant to the aims of the course. There is, of course, no suggestion that these
methods are the only appropriate ones.

The examination, the teaching methods that stem from it, the design of the course,
and many of the detailed choices of topics and of ways of approaching topics were
all influenced by certain general aims. These have formed an important part, to us at
least, of our thinking. Some of them were stated in our earliest policy papers, while
others were clarified as the work of the Project went ahead and we could see, as it
were, what we were trying to do. All, in the end, have guided the construction of
the course, both in general and in detail. Chapter 3 on *General aims’ tries to set
them out as clearly and simply as possible, so that teachers can make their own
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judgments as to how nearly our aims coincide with those that they have and
believe in. '

All these matters take up much space. This may be a book to read through once,
and then to return to from time to time for practical information or for general
guidance. Those whose need is for a brief survey of the course, linked to a review of
the main decisions which shaped it, so that they may see whether this course is one
in which they would be interested or so that they may quickly call to mind its
general shape and purpose, should find some help in the first chapter, ' The

Nuffield Advanced Physics course”.
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Chapter 1

The Nuffield Advanced Physics course

"If a man burns to learn, and sets himself to comparing his ideas with
experimental results in order that he may correct those ideas, every
scientific man will recognize him as a brother, no matter how small his
knowledge may be.’

C. S. Pierce

‘It would be well if they could be taught everything that is useful and
everything that is ornamental: but art is long and their time is short. It is
therefore proposed that they learn those things that are likely to be most
useful and most ornamental.’

Benjamin Franklin

‘The first object of any act of learning, over and beyond the pleasure it
may give, is that it should serve us in the future. Learning should not only
take us somewhere; it should allow us later to go further more easily.’
Jerome Bruner




The Organizers, and the Nuffield Advanced Physics team, like to think that the
books to which this volume is an introduction will enable teachers to improve
their sixth form physics courses. Our own contribution is necessarily only a small
part of the whole: clearly the success of the course will depend very much on the
teachers teaching it and on their ability to transform the written word into an
effective and exciting piece of education.

The making of a curriculum begins and ends with judgments of value. In
constructing the course, we have asked ourselves what it is that we value most
among the many things that a person might be led to know, to feel, to understand,
or to experience. No doubt different people would have made different judgments,
and would have produced different ideas for a course based on those judgments.
We have done our best, guided by our particular vision of what physics is like, and’
of what education is for, having had the privilege of being given some time and
resources with which to produce and try out new ideas for a sixth form physics
course. We do not regard our materials as either perfect or final; indeed we are very
conscious of the many problems we have left unsolved, and of the many avenues we
have left unexplored. It is our hope that teachers will take these materials and
extend, adapt, and improve on them. The task of making this course has been an
enjoyable one, and we hope that some of that enjoyment will be shared by those
who teach it and by those who study it.

Principles underlying the plan of the course

The general aims of the course are discussed at greater length later in this Handbook.
The thinking behind the plan of the course and its aims is summarized below.

The Nuffield Advanced Physics course is intended to be useful to the student in his
or her future life. Although a substantial proportion of sixth form students go on to
further education, they do so in courses of a wide variety, though usually within
some pure or applied science.

We believe that it is impossible to teach a sixth form student all the variety of things
that he or she might be expected to know in the future. But we think that it is
possible to select a limited number of important ideas, each of rather wide
usefulness, and to teach these well. One of our basic decisions has been to
sacrifice a wide acquaintance with many ideas for a deeper understanding of a few
ideas. We have done this because we think that if the right ideas are chosen, and

if students do understand them, they will be able to use these ideas in later
learning of many sorts. It is certain that many different kinds of demands will be
made on students, both in further education and in their careers. It is equally
certain that many of these demands are unpredictable at the time students are at
school, both because they do not know what they are going to do, and because of
continual changes in science and technology. So in planning the course, we have
tried to concentrate upon the deepest, most generally useful concepts and modes
of thought within physics. We hope that a good grasp of these ideas will enable
students to learn new ideas as they need them, in the future.
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For the same reason, we have tried to build a course that could reveal the structure
of physics: the kinds of argument physicists use and the kinds of problem they
tackle. We hope, also, that students will be helped to learn in the future by

finding that new problems fit into a recognizable framework.

But understanding fundamental ideas and knowing how they fit together are not
enough to enable someone to learn effectively in the future. Some skill in learning
and in thinking is also needed; in particular the skill required to enable one to learn
from one’s own reading, without the immediate assistance of a teacher. So the

course attempts to develop this kind of ability, and the independence-and maturity
that go with it.

We have also tried to produce materials that will encourage students to become
more thoughtful. While we see this as a valuable end in itself, we also see it as a
necessary part of actually using ideas when one is faced with some problem,
whether this arises as a part of further education or in one’s later career. Furthermore,
in physics, the ability to think effectively depends upon having some rather definite
skills and knowledge, particularly on having some mathematical understanding. So
our proposals include some teaching of mathematical ideas and techniques within
the teaching of physics.

In short, the course is intended to hang together, to tell a connected story, and to
make sense in ways which students will later find are a fair reflection of the shape
of the subject. It is meant to show students which are the fundamental ideas, and
to help them to become better at using these ideas.

~ We also think it important that the course should show that physics is useful, and
should illustrate the kind of impact discoveries in physics have had on the way
people live. More than that, we hope that parts of it will show something of the

" differences between the work of physicists and of engineers; the first continually
probing and analysing, the second having to put things together for a purpose,
using inventiveness and intuition especially where the problem is too complex to be
analysed in terms of fundamental principles. Therefore some parts of the course are
deliberately designed with this in mind, and nearly all parts are provided with
background reading about the uses of the physics they discuss.

Planning the course

Figure 1 is a block diagram of the Advanced Physics course. While the final
selection of material, its treatment, and its organization were much influenced by the
experience gained in trials in schools, those features of the plan which reflect our
basic approach to the job of constructing a course have been a constant part of the
pattern proposed.

One of these features is the way the ten Units into which the course is divided lead
towards a few end points. While each Unit is intended to be to some extent a
complete thing in itself, and to be usable within a variety of patterns of teaching,
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E_Iectricity: . The nature of matter and Motion and the analysis
fields, action at a distance of atoms of change

Deformation and fracture of
materials — structure (X-ray
evidence); strength;

composite materials. Unit 1
Conduction’; chargé gféfriersf ‘Electrons; Ar‘;;iwergy'l;velsxl . Dynarﬁi}:s: energy change;s. y
current and potential difference; (electron-atom collision Unit 2
electrical energy. Electric charge evidence). _Unit 2 R = -
stored by capacitors. Unit 2 Exponental decay of charge on

a capagcitor. Unit 2

Electric field: &o; V‘gravitationa‘i . lonic bonding ; structure,
field; G; inverse'square law;-» forces between and energy
gravitational potential ; ,  stored by pairs of ions. Unit 3

electrical potential. Unit 3

‘Waves, superposition ; the
electromagnetic spectrum;
mechanical waves; example of
theoretical calculation of wave
velocity. Oscillations: analysis
of simple harmonic motion;
resonance; standing waves.

Unit 4.
Radioactivity ; Rutherford atom ; Exponential decay , N/Ngy = eHt;
Periodic Table ; photons, £ = Af, randomness. Unit 5
Unit 5
Electronics; reactive circuits.
Unit 6.
Magnetic field - electromagnetic
induction; transformers,
inductors, motars. . Unit 7
Electromagnetic waves (simple Optics: diffraction; gratings;
description). Constancy of ¢; polarization. Brief account of
relativity effects. Unit 8 time dilation. Unit 8
One-way and two-way ¢
processes; world fuel .
resources; statistical mode! of -
heat flow; absolute -
temperature. Unit 8
Waves, particles, atoms. Duality
for photons and electrons.
Atoms as standing wave
systems.  Uses of wave-
i mechanical ideas. Unit 10
Figure 1

Block diagram of the course (omitting individual investigations).

the choice of the Units’ content and their arrangement in this course are not
arbitrary. Unit 10, Waves, particles, and atoms is an end point at which ideas first
discussed in earlier Units (mainly Units 1 to 5) are brought together again to bear
on a new problem, that of understanding the nature of atoms in terms of electrons
behaving like waves trapped in an electrical potential well.
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This and the other end points are intended, therefore, to produce a course which
seems to be going somewhere for a purpose. The work on electronics in Unit 6,
Electronics and reactive circuits, forms an end point of another sort, both drawing
together ideas not used again elsewhere (mainly ideas to do with circuitry,
oscillations, and pulses) and doing it in a way that reflects something that Unit 10
does not, the practical creative use that applied scientists can make of physical
principles.

The other two end points are the descriptive work on electromagnetic waves, in
Unit 8, E/lectromagnetic waves, and the statistical discussion of heat.flow and of
absolute temperature, in Unit 9, Change and chance. The former, while modest
in scope, draws together ideas about fields and about waves, and illustrates the
importance of the magnetic field. The latter is more ambitious, though still strictly
limited in scope. It tries to show how crucial the idea of a statistical process is for
much of science, and to give the concept of randomness something of its proper
importance.

Themes running through the course

Figure 1 is divided vertically into three themes, which run through the course as a
whole. We believe these to be important kinds of thinking within physics.

The blocks down the centre of figure 1, under the heading, ‘The nature of matter
and of atoms’ all concern the continual shifts physicists make from looking at
things on the large scale to looking at them on the small scale: the constant
attempt to find.a microscopic understanding of macroscopic events, or to create
models of what matter or atoms might be like "inside’.

A quite different theme runs down the left of figure 1. Most of the items there
revolve around the problem of action at a distance and, in particular, they develop
the various field concepts physicists use to help them to understand the
interactions of one thing with another.

The third theme, running down the right of figure 1, is different again. Its concern
is with the ways physicists and others handle, describe, and analyse problems
involving the way things change. For example, it pays special attention to
differential equations, treated in a simple way, these being vital tools in scientific
thinking.

These themes are visited and revisited throughout the course. Some Units cover
more than one theme, while others illustrate aspects of only one. Ideas from one
theme are later found useful in handling problems in another, as when the electrical
inverse square law and the idea of electrical potential prove helpful at once in
studying ionic crystals, and later on in understanding Rutherford scattering. We
hope that this too will help the course to seem to hang together and to make sense.
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The selection of material

We have no reason to be sure that we have made the best possible selection of
material for the course. What remains has had to compete with much that, in the
end, found no place. For a topic to survive, it had to serve not one, but several of
the purposes already outlined. For instance, work on magnetic fields is dispensable
so far as most of the structure of the rest of the course is concerned. With some of
it included, the course gives a more balanced picture of what physics is like, and
the theme concerning fields and action at a distance is strengthened, especially if
the ideas are linked by a description of electromagnetic waves.

But as strong a case could be made for many other topics that are not included.
Therefore, to find a place, work on magnetic fields must offer something more. In
this course it is used to give a much needed practical, technological bias to a part of
the course, as is work in Unit 1 on materiais and in Unit 6 on electronics. It also
provides an occasion for some fairly accurate experimenting, unlike a number of
other parts of the course. Given a few more virtues of this sort, especially those

that redress deficiencies elsewhere in the course, we begin to think that such a
topic might find a place.

We have also tried to choose material, and more especially to find ways of
approaching it, which will make the study of physics an active, thoughtful process.
We have tried to arrange that there will be experiences and problems out of which
spring new arguments, new experiments, new problems, and new ideas. We have
not necessarily followed a logical or a historical order. For example, energy levels
appear early, in Unit 2, Electricity, electrons, and energy levels, the treatment being
completely empirical. They are shown in Unit 5, Atomic structure, to raise problems
for a Rutherford model of the atom, and in Unit 9, on the other hand, to be useful
in a discussion of quantized energy of atoms in a solid. Finally, in Unit 10, some
effort is made to resolve the question, using wave mechanical arguments.

Not every concept is developed fully at its first appearance; difficult ideas are
given time to grow. For example, the methods used for studying differential
equations appear in the course bit by bit, developing only as much as is needed
on each occasion.

One overriding need is to end up with little enough material to allow time to teach
it well, time to teach the skills of learning and of doing physics, and also some time
to relax, to talk, and to follow up particular interests. We have tried to achieve this,
but if we have not, we would prefer to see further cuts made than to see the
addition of more topics whose omission is perhaps felt to be shocking.

Flexibility and the division of the course into Units

The discussion so far has emphasized a belief in the value of structure in a course,
and may suggest a certain rigidity. Yet from the start of our work on the Project, it
was clear that the sixth form pattern for which the course was to be designed might
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vanish almost as soon as the materials were published. What was not clear, and is
still not clear at the time of writing, is the form a new pattern would take.

Our way of attempting to meet this situation has been to divide the course up into a
number of Units. Each of these is to be thought of as a building brick which one
may fit together with other Units to make a different course. If necessary, parts of
several Units could be omitted, or be transferred to others. This division into Units
may have the further advantage that teachers in colleges and universities can easily
take from the course those Units which offer them something of value.

As they stand, Units 1 to 10 make up a two-year sixth form course that has been
tested as far as possible, and has been modified in the light of that trial experience.

It is not essential to teach the course in numerical order of Units. The Teachers’
guide for each Unit indicates the connections with other Units, and the possibilities
for, and constraints upon, various rearrangements. In general, Units 2 to 5 contain
introductory material needed later, and must come early. After that, the order is
fairly free. Unit 1 is a special case, being designed specifically as an introductory
Unit for the course as a whole. If it is not used as such, it will probably require
considerable amendment.

Nevertheless, the course as it stands has, we believe, certain virtues of shape and
structure. We do not wish to discourage teachers from reorganizing or modifying it,
but we do wish to encourage them, when they do so, to build courses of their own
with even more of these virtues.

Table 1 shows some of the more important ways in which the various Units depend
upon one another. It cannot be complete, but it may help to guide those who have
either to construct a different course, or to modify the sequence of this one. The
introduction to each Unit contains further remarks about how that Unit fits into the
total pattern, and unexpected difficulties will only be avoided by using table 1 in
conjunction with a more detailed consideration of the material in each Unit.
Nevertheless, it will be clear from table 1 that, for example, Unit 10 depends upon
Units 1 to 5 but not so much upon others, so that these others might be omitted
from a shorter course leading towards Unit 10. It should be equally clear that if
Unit 10 is not used as an end point, attention will need to be given to the content
of Units 1 to 5 to remove material not now relevant to whatever other end points
are being considered.
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Unit 1

Unit 2

Unit 3

Unit 4

Unit 6

Unit 6

Unit 7

Unit 8

Unit 9

Materials and structure
Electricity, electrons, and energy levels

Field and potential

Waves and oscillations

Atomic structure

Electronics and reactive circuits

Magnetic fields

Electromagnetic waves

Change and chance

Relevant parts of other Units

Unit 1: existence of atoms, Avogadro constant.
Unit 1: crystal structure, forces between atoms,
stress and strain.

Unit 2: electric charge, potential difference,
charge on an electron, work and energy.

Unit 1: nature of X-rays, wave behaviour, force
constant of an atomic bond in a solid.

Unit 2: dynamics, differential equations.

Unit 3: forces on ions in an ionic crystal,
background ideas about fields.

Unit 1: atoms in solids, size of an atom,
Avogadro constant.

Unit 2 : charge on an electron, evidence for energy
levels, energy, the exponential decay equation.

Unit 3 : electric field, electric potential,

inverse square law.

Unit 2: electric current, potential difference,
charge, capacitance, and exponential decay.
Unit 4: period of an oscillator, existence of radio
waves.

Unit 2: electric current, potential difference,
ideas about rate of change (d/dt).

Unit 3: field concept, measuring fields,
superposition of fields.

Unit 5: importance of magnetic deflection of
moving charges.

Unit 2: electric charge, current, and potential
difference.

Unit 3: electric field (uniform field in a parallel
plate capacitor), value of .

Unit 4: wave properties, existence of
electromagnetic waves.

Unit 7: magnetic field, electromagnetic
induction, field of a solenoid, value of 4.
Unit 1: crystal structure of solids, Avogadro

constant.

Unit 2: existence of energy levels, exponential
change.

Unit 4: frequency of oscillations.
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Unit 10 Waves, particles, and atoms

Table 1
Connections of later Units with earlier ones.

Relevant parts of other Units

Unit 5: first ideas about randomness,
exponential function, photons, and the Planck

constant.
Unit 1: wave nature of X-rays, size of atom,
Bragg's Law.

Unit 2: charge on an electron, existence of
energy levels, dynamics.

Unit 3: inverse square law, electric potential.

Unit 4: standing waves, mathematics for
describing oscillations.

Unit 5: nuclear atom model, photons, Planck
constant, ionization energies, ideas about
randomness, spectra, and energy levels.

Unit 8: diffraction.
Unit 9: ideas about probability.
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Chapter 2

Synopsis of the course
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This synopsis is intended to give teachers an overall view of the content of the
course. It indicates the subject matter of each Unit briefly, and gives a short
account of how this subject matter fits into the course as a whole.

The Teachers” guide for each Unit contains a fuller summary of the content of the
Unit. Especially where novel proposals are involved, we have found that these
summaries can easily mislead because of their brevity, while they remain valuable
as a way of showing how the whole course develops. It may therefore be necessary
to turn to the detailed text and commentary in a Teachers’ guide to discover what
is implied by parts of the synopsis that follows.

Unit1 Materials and structure
Part One ‘The variety and behaviour of materials’

The variety of mechanical properties of materials, and their uses.

Part Two ‘X-rays and structure’

Models of the arrangement of atoms in solids. Use of X-rays to investigate
the structure of solids (microwave analogue). Bragg’s Law. The structure
of copper.

Part Three ’Stretching and breaking’

The Young modulus and tensile strength. Forces between atoms.
Interpretation of behaviour of glass, rubber, and copper in terms of
structure. Slip in ordered structures; dislocations. Cracks. Design of new
materials; composite materials.

This Unit serves to introduce many of the leading preoccupations of the course.
The problems of applying physical principles to create something useful lie at the
heart of the Unit. It is also about the use of microscopic ideas to explain the
macroscopic behaviour of matter, and takes the opportunity to begin discussion of
model building as part of physical inquiry.

The Unit also makes a start on encouraging students to read and to guess and
speculate. Indeed, it is to be hoped that the Unit will help to establish very early
in the course the practice of free discussion and argument.

Unit 2 Electricity, electrons, and energy levels
Part One ‘Things which conduct’

Measurement of current and potential difference (puzzle boxes).
Resistivity. Temperature effects. Insulators and semiconductors. The
transport of electricity by charge carriers.
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Part Two ‘Currents in circuits’

Use of meters to investigate circuits (puzzle boxes). Use of the
potentiometer to vary a potential difference. Handling and choosing
meters. Meaning of potential difference.

Work on materials continues into a study of electrical properties. Brief theoretical
speculation about conduction will be taken up later with a Hall effect experiment.
The need for more evidence of the electrical nature of atomic structure is seen.
The course shows a continuing concern with the theme of models and the
structure of matter. The circuit puzzles emphasize the need for thinking about
circuits, current, and potential difference and lead to a revision of O-level work on
voltmeters.

Part Three ’Electric charge’

Circuits including capacitors. The conservation of charge. Charge
measured in ampere seconds. Electrometer. Capacitance. Exponential
decay of charge on a capacitor, numerical solution of dQ/dt = —kQ.

This Part reminds students of the need to understand electric charge, by
way of experience with capacitors. It introduces the electrometer and gives
an empirical check on its performance, so that it may be used later.

The first of a number of graphical-numerical methods appears here,
serving to introduce the technique and to draw attention to the

important mathematical model of exponential decay. (The explicit use of
e~ % will usually be delayed until later, however.) The theme of motion and
change is touched on in a fresh context.

Part Four ‘Stored energy’

Energy stored in a capacitor. Energy stored in a spring. Revision of work,
kinetic energy, potential energy.

Energy considerations lead to a revision of the dynamical concept of
energy, particularly the energy stored in a spring. These ideas are
deliberately revised in the context of the new problem of stored electrical
energy, to make an explicit link between parts of the course.

Part Five ‘Electrons and energy levels’

Review of evidence for the existence of electrons. Electron-atom
collisions; ionization. Evidence for energy levels from inelastic collisions.
Revision of dynamics; momentum conservation; elastic and inelastic
collisions.
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Unit 3

This Part puts some of the earlier ideas to use. The course moves back to
the theme of understanding the nature of matter and atoms. The
opportunity is taken to present evidence from research papers (selected
extracts), and to discuss connections between facts, evidence, and
theories. This Part will also link up with several chemistry courses.

Field and potential
Part One ‘The uniform electric field’

Electric field, uniform field, £ = V/d. Field in a capacitor; dependence on
charge, area, spacing, and potential difference. Value of ¢,. Use of flame
probe to investigate potential variations.

Part Two ’Gravitational field and potential”’

Fields, and action at a distance. Inverse square law; value of G.
Gravitational potentiai difference (changes in kinetic energy of a coasting
spacecraft). Field = —dV/dx. The 1/r variation of potential.

Part Three ‘The electrical inverse square law’

Electric field and potential of point charges (use of flame probe).
Analogy with gravitation. The constant 1/4mne,. Uniform field from a flat
sheet of point charges. Mapping fields.

This Unit is an (ambitious) attempt to introduce the ideas of field and potential
early in the course. It compares and contrasts electricity and gravitation, to show
how similar ideas are used in dissimilar problems. It tries to show how abstract
ideas are invented to handle problems of action at a distance.

Part Four ‘lonic crystals’

Energy of pairs of ions. Energy of an assembly of ions. Forces of
repulsion as well as of attraction. Arguments for the variation with
distance of the repulsion term. Compressibility of an ionic crystal.

This Part puts the previous ideas of the Unit to a new use, and moves
from the theme of fields and action at a distance to the theme of the
nature of matter and atoms. The work is presented as a piece of
independent study for students, using a semi-programmed text. Not all
students need complete it; the intention is to interest them all and to
stretch the most able.
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Unit 4 Waves and oscillations
Part One ‘Waves of many sorts’

Superposition. Radio waves, microwaves,'light, and sound, investigated
empirically. The speed of light. The electromagnetic spectrum. Infra-red
and ultra-violet radiation.

Part Two ‘Mechanical waves’

Superposition of pulses on springs and on a wave model. Theoretical
prediction of the speed of compression waves. Speed of sound in steel.
Review of other mechanical waves.

A start is made with waves, and with invisible waves, to interest students who

have already studied waves with ripple tanks. The empirical study of the electro-
magnetic spectrum looks forward to the later development of ideas about
electromagnetic waves (Unit 8). Work on mechanical waves shows a need for
further study of mechanical oscillations. The speed of one sort of wave is calculated
from first principles, as an example of the possibility of such calculations.

Part Three ’‘Mechanical oscillations’

Repetitive events; the idea of time. Simple harmonic motion; period
independent of amplitude, dependent on mass and force constant.
Construction of a mathematical model for simple harmonic motion.
Numerical solution of A2s/At2 = — (k/m)s. Uses of f = 2n,/k/m.
Resonance. Standing waves.

This Part teaches both physics and mathematics, in the construction of a
mathematical model for simple harmonic motion. The numerical

integration technique is extended to a second order equation and the form
of the curve produced is compared with the explicit form s = A cos wt.
This work is intended to deepen the understanding both of accelerated and
harmonic motion, and of the use of mathematical models to represent
them, and also to prepare the ground for later use in the work on

Waves, particles, and atoms (Unit 10).

The Unit concludes by returning to interference, and linking it with oscillations
in an empirical study of standing waves. A resonance apparatus is used to give
students an opportunity to devise their own experiments. The standing waves
offered include two-dimensional cases in preparation for the three-dimensional
probiem of the hydrogen atom.

The work on waves and oscillations has its eye very much on the future. The work
at this point serves to extend experience, to raise new kinds of problems, and to
develop new tools and concepts.
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Unit5 Atomic structure
Part One ﬁadioactivity and the nature of atoms’

Radiations from radioactive substances, their nature, and their energy.
Preliminary study of Rutherford scattering, and of radioactive decay,
using reading from books and papers.

Part Two ‘The Rutherford model of the atom’

Rutherford scattering. Test of the Rutherford model.

Part Three ‘Exponential decay’

Chance and decay. dNV = —kN dt. The form N/N, = g X, approached
by a numerical integration. Logarithmic graphs.

Part Four ’‘New ideas and problems about atoms’

Atomic number and nuclear charge. The nucleus; the neutron; isotopes
and their uses; transmutation.

lonization energies of the elements. Photons, the photo-electric effect,
E = hf; photons and energy levels.

This Unit returns to the problem of building models of atoms. The work on
radioactivity is kept to the minimum needed when considering evidence for a
nuclear model and to throw a little more light on the electromagnetic spectrum.
The discussion of alpha scattering avoids fengthy analysis by the use of a
gravitational analogue of the 1/r potential.

Radioactive decay serves as a second example of exponential decay and the
explicit form e~ is introduced here.

The Unit is built around individual tasks for students, involving much reading from
books and papers. It ends with a look forward to problems that will be tackled in
Unit 10, taking the opportunity to introduce the idea of a photon briefly, so as to
prepare the ground and to make a link with work on energy levels from Unit 2.

Unit 6 El/ectronics and reactive circuits

Part One ’‘Building bricks’

Investigation of a multi-purpose module (containing one transistor); its
input—output properties, switching, amplification, and other useful
behaviour. Simple combinations of modules; astable and bistable circuits,
gates for ‘or’ and ‘and’. Amplifying and feedback.
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Part Two ‘Circuits containing capacitance’

Response of RC circuits to pulses and to sinusoidal inputs. Power in an
alternating current circuit. Circuits that differentiate and integrate.

Part Three ‘Circuits containing inductance’

Investigation of inductors; mechanical analogy. Oscillations and
resonance in a parallel LC circuit. Radio sets.

Part Four ‘Building electronic systems’

Use of the muiti-purpose module (and others based on it) to create
devices which will perform a wide variety of useful functions.

A systems approach to electronics is adopted, asking what the devices will do,
and how they might be combined to do other things. By avoiding spending time
on the explanation of the behaviour of specific devices, time is made for students
to do some engineering of their own. In Part Two, the inductor is treated as a
device with certain observable properties, which are explained more fully in Unit 7.
If preferred, this part of Unit 6 could be transferred to Unit 7, especially if Unit 6
needs shortening.

Unit 7 Magnetic fields
Part One ‘Forces on currents’

F = BIL, measuring a magnetic field. Force on moving charge,
F = Bgqv. Charge to mass ratio for electrons. Motion in a circle.
Accelerators and mass spectrometers.

Part Two ’Electromagnetic induction’

Induced voltage in moving wires and in wires in changing fields. Effect of
turns, area, and rate of change. Energy arguments. The idea of magnetic
flux. Transformers, inductors, power transmission.

Part Three ‘Flux near currents’ !

Measurement of fields near various current distributions. Field of a
solenoid. Field of a long straight wire. Introduction of z, and the
definition of the ampere. Eddy currents. Induction motors.

So far as possible, this Unit is practical and technological in flavour. The B-field is
regarded as something to measure and to use. Theoretical calculations are
minimized, the work on fields near currents being used to illustrate accurate
experimenting and the testing of laws against data. In addition, students are asked
to read about devices such as accelerators and mass spectrometers.
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Unit 8 FElectromagnetic waves
Part One ‘Looking through holes’

Diffraction of light passing through apertures. Comparison with radio
waves. Simple theory of diffraction. Resolution. Radiotelescopes.

Part Two ’‘Spectra’

Diffraction grating. nA = d sin 0. Observation of spectra. Sharpness of
maxima.

Part Three ‘Electrical waves’

Radio waves. Observation of the speed of a pulse on a coaxial cable.
Observation of the transmission of a pulse on an LC line. Speed

¢ = /1/¢eyu, for a pulse on a parallel plate wave guide. Possible
description of the propagation of electromagnetic waves in space.
Polarization.

Part Four ‘Relativity’

The constant speed c¢. Simple argument for time dilation. Possible
connection between electric field and magnetic field.

So far as this Unit is concerned, light is a wave motion, though the mention of line
spectra recalls work on photons and energy levels in Unit . Diffraction effects are
used mainly as a medium for students to devise and try simple experiments, though
a simple theory is given. The practical evidence of wave properties supports an
attempt to show how one sort of electromagnetic wave may be described
theoretically, and how its speed may be predicted. The constancy of the speed
leads to as brief a look at relativity as possible. This is partly for interest, but partly
to show how new and fundamental questions can arise out of seemingly innocent
ideas. :

Unit 9 Change and chance
Part One ‘One way processes’

Examples of processes having a definite direction, such as mixing and
burning, contrasted with those that (nearly) do not. Conservation of
energy.

Part Two ‘The fuel resources of the Earth’

The rate of use of fossil fuels. Growth in demand for fuel. The
irreversibility of fuel-burning, despite energy conservation.
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Part Three ‘Diffusion and chance’

Examples of calculations of the chances favouring random processes.
Introduction to the idea of the number of ways in which a state of affairs
can arise.

Part Four ‘Thermal equilibrium, temperature, and chance’

Thermal equilibrium, the zero-th law, temperature. A model of thermal
equilibrium in a solid, based on a simulation game. Computer film of the
game. Exponential (Boltzmann) distribution. Kelvin temperature. The
specific heat capacity of a solid. The Boltzmann constant.

Part Five ‘Counting ways’

Theoretical discussion leading to 7 = AQ/kAInW and the Boltzmann
factor. Kelvin temperature. Entropy change AS = kA In W.

Part Six ’‘Uses of thermodynamic ideas’

A selection of one or two uses of the ideas, drawn from: change of
vapour pressure with temperature, behaviour of thermistor, rate of reaction,
uses of entropy values, chemical equilibrium, inefficiency of engines, cells
as energy sources.

It is hoped that a little acquaintanée with the nature of thermodynamic ideas
and problems will be of service to students later when they meet these ideas in
physical science or engineering. Among other things, some of the language of
statistical thermodynamics will seem less strange.

Not all students will complete the whoie Unit. Some will stop at Part Four, having
had a mainly intuitive introduction to the basic ideas. Little mathematics is used,
and combinatorial analysis is avoided by the use of random simulation. The
exponential function, met before, finds a new use. The significance of
randomness in physics, chemistry, and engineering is given further emphasis.

This work also attempts to show how a very few basic ideas can yield new results
of wide generality and great importance.
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Unit 10 Waves, particles, and atoms
Part One ‘Photons’

The dual description of light. Spectra and energy levels. The energy levels
of hydrogen.

Part Two ‘Electrons’

The dual description of electrons. Electron diffraction. mv = h/A.

Part Three ‘Waves in boxes’

Atoms as boxes confining a particle, described by a standing wave.
Reasons for the existence and magnitude of energy levels. The Balmer
rule (1/n?) for the hydrogen levels. The Schrodinger equation in a simple
form; numerical solution of the equation for the ground state of hydrogen.
Computer film of other solutions.

Part Four ‘The scope of wave mechanics’

Selection of one or two uses of wave mechanical ideas, from: the
helium spectrum, X-ray spectra, comparison of He and Li, the Periodic
Table, oscillating molecules, molecular bonding, the water molecule,
alpha decay.

Not all students will complete the whole Unit. Some will stop at the simpler
arguments in Part Three, with perhaps a look at one use of the ideas from
Part Four.

This Unit draws together many threads. Ideas used before are revised, but are also
seen in a startlingly new context, and one which has radically changed the face of
physics. Techniques developed previously are called for, especially the methods of
numerical integration, used now to predict the energy and size of the hydrogen
atom.

It is hoped that the elementary discussion given here will be of use to pupils who
later need to use the ideas in one of many subjects. The material is also important
enough, we feel, to form part of the education of any scientifically inclined person.

One reason for taking this piece of work thus far is that it forces one to think
seriously about the models one uses, and about whether they should be
considered as reliable. The Unit reinforces and gives further attention to questions
about the nature of inquiry in physics.
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Chapter 3

General aims

‘...itis only in a trivial sense that one gives a course to “ get something
across’’, merely to impart information. There are better means to that end
than teaching. Unless the learner also masters himself, disciplines his
taste, deepens his view of the world, the “something”* that is got across is
hardly worth the effort of transmission.’

Bruner, J. S. (1966) Toward a theory of instruction. Belknap Press.
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Some of the general aims of the course were touched upon in Chapter 1, ‘The
Nuffield Advanced Physics course’. These aims are discussed more explicitly here,
with examples of the objectives they imply, and ways in which the course tries to
achieve those objectives.

These aims are not offered as ideal aspirations which are impossible to achieve
with any but exceptional students. They are intended to imply practical
objectives, to be developed in the course and to be tested in an examination.

Learning in the future

Few things are more certain than that students will need to learn more science —
pure and applied — in the future. Many will go into further education, and after that
will need to learn yet more for a career. Whether they do so or not, they will face, in
their future lives in a changing society, the need for still further learning to adapt
themselves to new careers. Nor is it now possible to predict all their future needs in
detail. We hope that, as a result of the course, students will be able more
successfully to meet such demands.

Language

One sort of objective that follows from this aim is the knowledge of enough of the
language of science, particularly of physics, to enable students to read without
undue difficulty, and to take part in discussions with their equals. There are two
needs. They should be able to recognize some terms when they meet them: here
we include elastic modulus, tensile strength, plastic, elastic, and resistivity,
insulator, conductor, semiconductor, to take a few from early parts of the course.
They should also be able to use a smaller number of terms clearly enough to make
up effective arguments. Neither of these objects will be achieved simply by
learning definitions, but by talking and reading about ideas, and by using

them often.

Learning new ideas

It seems to us that later learning will be assisted by a first acquaintance with two
kinds of ideas. One kind — the basic ideas like charge, field, and potential — already
and rightly form part of school physics courses, though their difficulty is not always
matched by an adequate amount of time being given to them. These are

discussed more fully under the account of our second general aim, understanding
physics.

The other kind of ideas are those — like quantum ideas — which have not
previously been thought suitable for introduction at school with any degree of
seriousness. It is certainly true that no school course could set an objective of fully
understanding such ideas. We do think it likely to be helpful in the future if a
student has at least met the ideas which form the basis of physics as it now is, and
which will be used in a wide variety of fields, including chemistry and many
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applied sciences. At least, the student should be aware that physics contains these
difficult, but powerful and deep, ideas. He should also be aware that he does not
yet understand them, and that there is much in them left to explore. We hope a
student will be left with the confidence that such a deeper future exploration of
fundamental ideas will be possible and rewarding.

Reading

The general aim of assisting learning in the future implies other sorts of objective,
concerned with the skill needed to learn effectively. We hope, as a result of the
reading suggested as an integral part of the course, that students will become
better at extracting information from books and from papers. We hope they will
know that books differ in quality, and will be better able to find the ones that suit
them. We hope also that students will have come to expect to find interesting new
material in magazines, and will tend to seek more of it for themselves.

Arguing

Other skills are also relevant. Learning probably involves being able to sustain a
discussion with others, and maybe with oneself. So we hope to find students
willing to argue, and able to tolerate long or involved trains of thought. Here the
emphasis in the course on reporting to other students on their reading and
experimenting has an important part to play. The teacher’s role will be decisive:

in encouraging the first fumbling attempts to express ideas and arguments, and in
discerning and building on what is of value in what students say. It is all too easy
unintentionally te stifle discussion by well meant attempts to ensure that every error
is dealt with, which in effect seem to prove to the student that he or she is
incapable of effective argument.

Mathematics

Mathematical skills will often be needed in the future, and we think that the most
generally useful ones are those connected with changes and rates of change. So
simple approaches to first and second order differential equations are developed
within the course, and the techniques are used again when opportunities arise.
Partly with an eye on the growing importance of the computer, numerical methods
tend to be used. We hope to find students able to think effectively about problems
involving rates of change, and able more easily to learn how to cast such problems
in mathematical form. They should be more fluent in their use of the symbolic
language of dy/dt, and d2y/d¢2.

Translating information

Much of the information a student will need to acquire in the future will come to
him or her in a coded form. We have put a special emphasis on translating
information between graphical, verbal, and numerical forms.
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Independence

An important difference between learning in school and learning afterwards is that
students need to become more independent and self-sufficient. No one school
course can do very much about this, but we hope that various aspects of our
course will help a little to promote independence and a mature approach. For
example, it may be that where, as suggested, students are given separate
individual tasks and asked to take on their own individual investigations, some
positive help will be given them towards this end.

Understanding physics

This aim overlaps a good deal with the first, 'Learning in the future’. The aim is
that students understand the important physical concepts and relationships taught
in the course. These are: stress, strain, electric current, potential difference,
resistance, electric charge, capacitance, kinetic and potential energy, energy
conservation, electric and gravitational field and potential, the inverse square law,
wave superposition, the analysis of oscillatory motion, rates of change,
exponential decay, collisions and momentum conservation, evidence for electrons
and energy levels, evidence for the existence and size of atoms, evidence for the
nucleus, simple behaviour of reactive circuits, magnetic field and magnetic flux,
electromagnetic induction, diffraction, the role of chance in deciding the direction
of some processes, and the need to understand atomic structure in terms of wave
and particle properties.

Time needed for teaching for understanding

This is not a short shopping list, but it might have been a much longer one: it must
not be allowed to be. Teaching for understanding takes much time; time that is
needed for students to try out their ideas in discussion, time to make mistakes and
muddles and to get out of them again, and time to reflect and think privately. So we
have deliberately tried to reduce the number of pieces of physics in the course as a
whole, and to limit the time spent on less important byways.

Examination questions

The examination will try to reflect and encourage this aim. So that timé is not
spent on memorizing information better stored in books, most formulae, data, and
other detailed information will be given with the question or on the front of the
paper. Questions will usually ask for knowledge to be used rather than recalled
and set down.

Understanding

To devise tests for understanding, one must have some idea of what ‘understanding’
means. We mean more than recall or recognition, but less than the ability to solve
new problems. The latter serves well enough as a rough guide, but is too strong
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to be taken literally; every physicist is only too conscious of his or her incapacity
in the face of a really novel difficulty. What seems to us to be the mark of
competence is the ability to talk sense about a physical problem; to produce
relevant, sensible thoughts rather than irrelevant, completely muddled ones. It is
this level of understanding at which we aim: the ability to contribute effective
arguments towards the solution of problems when the student has not been trained
in complete, explicit rules for solving them.

Gradual development of concepts

If students are to grasp the basic concepts well enough to use them in argument,
plenty of time must be given in the course to the teaching of each concept. For
‘example, the simple but essential idea that electric charge is a quantity of
something, not a strength or intensity, needs more than a passing mention. Indeed,
Unit 2 contains a long piece of experimenting with capacitors intended to bring out
this idea. Similarly, Unit 4 devotes time to experiments about what is summed up in
saying that waves superpose. Some may feel that we have given these simple,
largely qualitative principles too much time. We would prefer to have done that,
than to give them too little.

We have also planned the course so that it returns again and again to the

important concepts, developing each a little further at each meeting, or showing a
new use in a fresh field. We hope that students will come to expect to be asked to
use old ideas in new ways, besides finding that the renewed acquaintance
strengthens their grasp of the ideas. For example, in Unit 2 ideas mainly from
O-level, about electricity and about dynamics, come together while students are
looking at evidence for energy levels in atoms. Later, the energy level idea is used to
point to difficulties in the way of the Rutherford model of the atom. Later still, in
Unit 9, the idea is used in arguments about the flow of heat. Finally, in Unit 10,
some attempt is made to explain why atoms might have discrete energy levels.

Similarly, the eiectric field, developed in Unit 3, is given an immediate use in a
discussion of the bonding of an ionic crystal. In Unit 5, it finds another use in the
discussion of alpha particle scattering. Parts of Units 7 and 8 suggest that electric
and magnetic fields may be connected, and in Unit 8 these fields, previously firmly
attached to charges or currents, ‘take off’ on their own in an electromagnetic wave.

Teaching for understanding

It is the way the course is taught, not what is taught, that will contribute most to
this aim. Much talk and discussion will need to be encouraged so that students can
rehearse their ideas, make mistakes and correct them, and develop a belief that they
can talk sense about physics. In the Teachers’ guides we have tried to help by
suggesting ways of promoting talk and discussion, and ways of approaching pieces
of physics as problems deserving argument and experiment. Linguists have warned
us against underestimating the value of talk in developing the ability to handle
ideas adequately.
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In suggesting work for students, we have assumed that the combination of
apparatus on the bench and problems to think about arising out of experiment is a
powerful means of encouraging understanding. We take it that trying to think for
oneself is the best way of getting better at it.

As indicated previously, many examination questions will try to test the ability to
think sensibly. The amount of recall, out of the context of any problem to be
thought about, will be reduced as far as possible. '

Understanding the nature of physical inquiry

We hope that students will become better able to talk sense about the various kinds
of activity in scientific inquiry; about testing a theory, making a deduction, trying an
experiment, or making a guess. In particular, we hope they will be able to

recognize the differences between these activities. We do not see this as a matter of
vague philosophizing, but as a matter of practical importance in deciding what is
going on in an argument. For example, questions like the following might be asked.

1 How good a description of Rutherford’s method of argument for a
nuclear picture of the atom is each of the following?

A He imagined a model, and compared the consequences with experiment.
B He summarized a collection of experimental evidence in a simple law.

C He chose the simplest model, for lack of experimental evidence.

2 The following passage contains a a statement of a law, b a model being
proposed, ¢ facts quoted from other experiments. Pick out a sentence or
phrase of each of these three kinds.

‘Suppose that it is adequate to picture the collision between an electron
and a gas atom as being like a collision between billiard balls. In such a
collision, momentum will be conserved, and it follows that because
electrons are much less massive than gas atoms, the electrons will lose
practically no kinetic energy if the collisions are elastic.’

Discussion of theories and models

The course tries to make opportunities for the discussion of these matters. For
example, in the opening work in Unit 1, a model of the copper structure made” of
polystyrene balls is used, and its qualities as a model are examined. Work on fields
should draw attention to the value of inventing theoretical concepts, while the
discussion of an ionic crystal shows these concepts at work. Towards the end of the
course, especially in Unit 10, Waves, particles, and atoms, there is need for careful
thought about what may be expected of a model, and what may not.
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Work on the Millikan experiment, or on evidence for energy levels, is an
opportunity to discuss the making of inferences from empirical evidence.

At several points, especially in work on oscillations in Unit 4, the role of }
mathematical models can be brought out, and questions asked about whether the
real world does, or could, conform to an idealized model, or how far the model
should conform to the way things are. Unit 10 raises even deeper issues about

models.

The value of understanding what physics is like

We think this important for several reasons. We wish students to see physics as
what it is, and not as (for example) magic, absolute truth, or arbitrary theory. In
later learning students will often meet models, theories, experiments, and guesses.
The conflict of wave and particle ideas is likely to recur for many, while others may
have to think about the purpose of building a small scale test model of a bridge, or
to assess a mathematical model of an industrial activity. A beginning in thinking
about such situations can be made in school.

This aim is also connected with the aim of understanding physics, for it should be
easier to argue effectively about a problem if one is clearer about what kind of
probliem it is. For example, the distinction between a model and the data it is used
to throw light on, is crucial to understanding what is going on in most scientific
arguments.

Guesses and estimates
Questions in the Students” books sometimes ask for guesses or estimates of orders
of magnitude, illustrating the value of such methods as well as helping to develop
better physical understanding.

Learning to inquire

Many students will do science of some kind in the future, at various levels
ranging from research to industrial application and to tackling the practical
problems of everyday life. We hope that they will become more successful at

pursuing their own personal inquiries in physics.

We do not know how to teach people how to inquire, and the advice of Bruner
seems the best:

‘Practice in inquiry, in trying to figure out things for oneself is indeed what
is needed — but in what form? Of only one thing am | convinced: | have
never seen anybody improve in the art and technique of inquiry by any
means other than engaging in inquiry.’

Bruner, J. S. (1964) On knowing, page 94. Belknap Press.
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Much of the work of the course can be taught in an inquiring, rather than a
didactic spirit. The work in Unit 2, for example, with puzzle boxes and with
capacitors, is intended to help teach simple ideas in a problem-like way. Several
Units begin with pieces of rather open experimenting, whose purpose is partly to
give students a concrete idea of what is being talked about next, but partly also to
introduce a feeling of openness and inquiry.

Investigations

Very many experiments in the course will, it is hoped, be undertaken in a spirit of
investigation. But it is inevitable that, to achieve the ends in mind at each point,
carefully designed apparatus has to be provided, which limits the possibility of
“wrong’ paths of investigation and steers students towards the ideas which we hope
will emerge.

By way of contrast we have introduced as part of the course some completely
open investigations for students to undertake on their own. Here they will be
expected to identify their own problems, invent their own (simple) experiments and
deal themselves with the difficuities that arise. Topics will be very simple (or will
seem so to teachers), but will be chosen so that there are likely to be many
surprises and problems. We have in mind such problems as ‘What happens when
rubber bands are stretched?’, ' How does water emerge from a jet as the speed of
flow varies?’ or "How does a ball roll on a spinning turntable?’

These investigations, one in each year, form an integral part of the course. They aim
to help students to become better at doing physics and not to teach them more
physics, so the choice of topic can be very wide.

They are not a marginal item, to be omitted if time is short, but a fundamental part
of the design of the course. In modifying the course, we have always been

prepared to sacrifice some formal content, so as to keep open the modest amount of
time required for investigations, because we felt sure that the value of such extra
content would be small compared to the value of the unique contribution the
investigation can make towards this important aim.

The investigations are discussed at greater length in Chapter 7.

Use of instruments

Another necessary part of being able to inquire for oneself is the possession of some
practical skill. An objective here is that students should all come to handle
competently the usual ranges of ammeters and voltmeters, and also oscilloscopes, as
well as the simpler laboratory instruments. Other instruments, such as the
electrometer and the scaler, should be familiar, but it would be wrong to expect
students, who may not themselves have handled these intruments, to be quite so
competent in their use.
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Enjoyment — seeking to gain further understanding

Students will not learn more science in the future, nor will they learn much during
the course, if they do not enjoy learning it now. We have tried to make the work of
the course seem to students pleasurable, possible, and profitable, and we hope to
find that after the course they are more likely to seek actively to use and extend
their understanding in both pure and applied science.

This course is about physics, but the majority of the students will have to put
whatever understanding of physics they have gained to use in other fields. It

seems likely that without enjoyment, there is little hope of their trying to apply ideas
and methods learned in physics to these other fields. So the aim of enjoyment
seems necessary in order to achieve our other aims, especially those that look to the
future, where the student will more and more have to find his own rewards and do
without the external praise or blame of a teacher.

The work of the course involves many pieces of individual work for students,
intended to be tasks at which they can succeed. Successfully solving a problem
for oneself can be very rewarding, as well as contributing to other aims. We hope
also that students will become sufficiently personally involved in their
investigations to want to do more in the future.

Awareness of the social significance of physics

We think it would be wrong to expect students to acquire some one particular
attitude towards the relationship of science and society, and it is too much to
hope that they will develop a deep and lasting concern with such problems simply
as a result of taking this course. But we do hope at least to find them conscious
of the existence of questions about the influence of physics on society, about the
ways in which physics can be applied to meet human needs, and about the need
for people willing to apply their talents in that direction. We hope for example
that some parts of the course will show students that there are opportunities open
to people who want to work in engineering of one kind or another.

Unit 1, Materials and structure, includes an attempt to show students what sort of
work a materials scientist might do, and may also help to illustrate some problems
facing, say, civil engineers. Unit 6, Electronics and reactive circuits, is, we like to
think, very much a piece of engineering, being concerned with the creation of
useful electronic devices. Unit 7, Magnetic fields, is as practical in flavour as we
could make it, and includes something on induction motors and on the
transmission of electrical power. Too much must not be hoped for in this area.
The impression, often given in school, that the pure physicist is a more interesting
sort of person than the engineer is not an easy one to redress.
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In addition to designing some parts of the course in an applied spirit, most Units
include within the Students’ book one or more articles about the applications of the
physics within the scope of that Unit. Unit 1 has an article on *Materials and their
uses’; Unit 2, Electricity, electrons, and energy levels, has one on ' Electrochemical
machining’; that for Unit 3, Fie/d and potential, is on ' Thunderstorms’, while

Unit 4, Waves and oscillations, has an account of the designing of the Severn
bridge. A number of these articles have been written by engineers, in industry or in
universities.

Another aspect of the social significance of science is touched on in Unit 9,
Change and chance, in the discussion of world fuel resources. We hope that
students will be found ready to discuss the problems of the development of science
as well as its advantages.

The examination will reflect this aim by asking some questions set in an applied
context, while choosing these so that the answer does not depend on a previous
knowledge of the particular application involved.
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This chapter discusses the practical problems teachers may meet, the problerns of
matching the course to previous O-level courses, and teaching methods that seem
likely to be useful.

Time required

The course is designed to fit into the average sixth form time allocation, which

may be about seven periods per week (each of 40 minutes), or their equivalent. In
planning, we assumed that a term contains ten useful weeks, and that there are five
useful terms, thus, we hope, leaving time for desirable things like school plays and
outings, for revision at the end of the course, and for teachers to develop their own
interests at greater length.

Experimental and theoretical work go together in much of the course, and as much
as possible of the teaching time should be spent in a laboratory. It would be
difficult to teach the course at all if fewer than four of the seven periods were
taught in a laboratory.

It is probably convenient if much of the work is timetabled in double periods, as is
common practice; but a system which sets aside a long session for practical work
and so makes practical work more difficult at other times is less convenient.

Laboratory requirements

Gas and water are not often needed; the main need is for plenty of mains electricity
outlets. Two mains sockets per pair of students would not be too many.

Low voltage alternating or direct voltage supplies to the benches, permanently
wired, need not be provided, if suitable portable sources are provided. Dry celis
suffice for the vast majority of experiments. Further suggestions about power
supplies appear in Chapter 8, ‘Guide to apparatus’.

The laboratory needs to be blacked out from time to time. Full blackout is
desirable, for the part of Unit 8 dealing with physical optics, but is otherwise not
essential.

A laboratory design which allows very flexible use of space is ideal.

Links with Nuffield Advancesd Chemistry

Whatever the merits or otherwise of various integrated forms of sixth form science
courses, it is desirable that teachers working in the framework of a separate subject
should be aware of the development of ideas in the teching of other subjects, and
seek opportunities to relate them to their own, to use them, and even, perhaps, to
arrange for occasional joint teaching.
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The problem is a difficult one, and not one that can be solved by those

developing one science teaching project, for the number and variety of possible
combinations of courses is too wide. In particular, there are many new mathematics
courses, besides the variety of traditional ones, and there can be no way of
matching a physics course to all of them. This is a matter that can only be dealt
with in the particular school.

We have a particular responsibility to ensure that the Nuffield Advanced Physics
and Chemistry courses fit together effectively, without doing it in such a way as to
compel a school taking up one of the courses to take up the other, or to limit the
possibilities of change in either course.

Schools teaching both Nuffield Advanced Physics and Chemistry will find much
advantage in sharing the load where the courses overlap. The main overlaps, most
of which fall within the first year, are as follows.

Nuffield Advanced Chemistry Nuffield Advanced Physics

Topic 1 } ‘Amount of substance’ Unit 1 Materials and structure

Topic 3 ‘The masses of molecules and (R f i Tells)

atoms; the Avogadro constant’

Topic 8 ‘Structure and bonding’ Unit 1 Materials and structure
(structures of solids using X-rays)

Topic 4 ‘Atomic structure’ Unit 2 Electricity, electrons, and
energy levels

Topic 4 "Atomic structure’ Unit 5 Atomic structure
(Rutherford atom)

Topic 7 'Energy changes and bonding’ Unit 3 Field and potential
(ionic crystals)

Topic 17 ‘Equilibrium and free energy’ Unit 9 Change and chance
(The treatment is complementary to
Topic 17)

Previous O-level courses

The Nuffield Advanced Physics course is intended to be consistent with the aims
and the content of the Nuffield O-level Physics course. About half the schools
which took part in the trials were drawn from those whose students had taken at
least part of the Nuffield O-level course, but the rest were not.

We have tried to indicate in the Teachers’ guides places where the proposed
treatment of material may need modification for students who have not taken the
Nuffield O-level Physics course. Some are matters of detail; others raise larger
issues, and these are outlined in the following pages.
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Dynamics

The Advanced course contains no separate Unit on dynamics. Dynamics is taught,
but it is treated as something to be used when a need for it arises, and to be
revised or learned afresh if that then seems necessary. in other words, the tactics
suggested are to proceed as if the class knows the dynamics that will be needed,
while being well aware that they may not, and to wait to revise it until the need is
apparent.

We think this makes sense, following the Nuffield O-level course’s very full
treatment of dynamics. It may not make so much sense for students with a different
background. Teachers should be aware that if their students have a negligible
background in dynamics, they will have to modify early parts of the course quite
drastically, and will have to cut later parts to make time for extra work in this area.

Waves

Familiarity with the Nuffield O-level work with ripple tanks, and on diffraction
gratings, is assumed in the way Unit 1, Materials and structure, is written, and in
the way Unit 4, Waves and oscillations, is organized. Teachers will either have to
defer Unit 1 and reorganize Unit 4, start off the course with some ripple tank
experiments, or at least add a little on waves to Unit 1. Most of the schools in the
trials which were in this position took the last course.

Kinetic theory of gases

As such, the kinetic theory of gases does not appear in the Advanced Physics
course, though an acquaintance with its qualitative ideas is assumed from time.
to time.

One of the main functions of kinetic theory in education in physics seems to us to
be to illustrate how the large scale behaviour of matter might be explained in

terms of models of the small scale, invisible, world of atoms and molecules. In the
Advanced course, we have chosen to use solids for this purpose. We start this, for
example, in Unit 1 with evidence for the crystal structure of some solids, continue

it in Unit 3 with a discussion of the bonding of an ionic crystal, and use the ideas in
Unit 9 to illuminate the idea of thermal equilibrium and the concept of temperature
in a model of a solid.

But we do not think that the kinetic theory of gases is a dispensable part of
education in physics at school. Had the Nuffield O-level course not included it, it is
probable that the strategy for the Advanced course would have been quite
different, and that gases would have featured largely. We think that teachers whose
students have not met the kinetic theory of gases previously ought to include it in
their Advanced course, making an appropriate sacrifice of other material. Some
teachers have included it in Unit 1, while dealing with other substances. It could
displace the work on ionic crystals in Unit 3, though it would be better to bring it
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forward to go, for example, with the work on ionization of gases in Unit 2. Another
way is to wait until Unit 9, and to sacrifice the latter part of that Unit, ending it with
the kinetic theory, taken as far as showing that the absolute temperature is related
to the mean energy per molecule.

Conservation of energy

Students who have not met energy conservation at all will be in considerabie
difficulties. The Advanced course provides many opportunities to revise O-level
work but, as with dynamics, provides no special place for teaching about energy
conservation. One solution would be to expand the early part of Unit 9 which, as
written, assumes students are familiar with energy conservation, and probably to
bring that part of Unit 9 forward into the first year of the course.

Optics

We think that the Nuffield O-level Physics course includes just about the right
amount of geometrical optics, concentrating on the formation of images. We have
added no more to the Advanced course, but it may be necessary for teachers to

add some in the future if other O-level courses go any further in the omission of this
material. Again, some appropriate sacrifice of Advanced work would be necessary.

Mathematics

Students who also take a sixth form course in mathematics should have no special
difficulties. Parts of mathematics which we regard as especially valuable in the
education of a scientist are taught within the physics course, along with the
physics for which they are used. These are the handling of simple differential
equations, and the exponential and the sinusoidal functions. Other pieces of
mathematics, mainly various integrations, can be avoided, and ways of avoiding
them are suggested. There is advantage in using mathematics when students have
it, and many university physics teachers make a plea for this to be done. But there
is a disadvantage in insisting on a formal treatment when it is not necessary to
achieve a physical understanding of a problem, if students find the formal treatment
opaque, difficult, or frightening.

It may be that we have erred too much on the side of informal, physical

arguments, such as those used in Unit 3 to explain, without doing a formal
integration, how a flat sheet of point charges, each giving an inverse square field,
together produce a uniform field. But if we have to err, this is the side most of us
prefer to err on. (Dirac, himself a mathematical physicist, made a good remark about
this question. He said, ‘| understand what an equation means if | have a way of
figuring out the characteristics of its solution without actually solving it.")

Students not taking a sixth form course in mathematics may have two sorts of
difficulty. They may have trouble with the bread and butter mathematics used in the
course: proportion, powers of ten, logarithms, and so on. They may also need more
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practice with the mathematics taught within the physics course than there is
time for.

The Teachers’ Guide, Supplementary mathematics, is meant to help with these
problems. It contains revision of mainly O-level mathematics, some introductory
calculus, more practice with differential equations and with the functions needed in
the course, and a little on statistics.

The time needed will vary with the particular students involved. We envisage a

one-year course occupying less than four periods per week, for students not taking
sixth form mathematics.

Teaching methods and organization of practical work

We do not know the best way of teaching the course; there probably isn’t one.
However, there are some methods which seem likely to help to achieve the aims of
the course, some suggested directly by thinking about those aims, and others that
have arisen out of the experience of teachers in trials. At the risk of offending those
to whom these ideas are obvious, or to whom they are second nature, we outline
below some of the methods that seem useful, together with other information about
the organization of work, particularly of practical work.

Discussion

It would be unreasonable to expect a student to be able to talk sense about

physics if he or she had not been encouraged to talk a good deal beforehand. What
little is known about learning beyond the early years of life suggests that talking
about ideas, thinking them through by oneself, trying them out on others and so
discovering muddles in one’s thinking, and having one’s errors corrected by others
who are more expert, are important ingredients in learning. It seems to be especially
important in ‘getting ideas inside oneself’. Most teachers have noticed that it is only
when one tries to explain something to someone else that one finds out how little
one understands it.

Another reason for being concerned to encourage discussion is that a subject
breathes and has its life, not in books, but in conversation.

Therefore, we have tried to find ways of encouraging discussion that goes beyond
guestion and answer exchanges between teacher and class and that shows some
sense of the conjectures and dilemma