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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 professmn as a Whole

The production of the materials would not have been poss 1ble w1th-
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



CONTENTS

FOREWORD
Preface to Year IV
Key to Margin References

Synopsis of the Programme for the whole
of Year IV

1. Physical Basis of Newtonian Mechanics
Force; mass, acceleration; weight and gravitational field;
inertia; momentum; kinetic energy

2. Kinetic Theory of Gases
Models; simple derivation and predictions;
estimate of molecular diameter

3. Universal Conservation of Energy
Heat as a form of energy; universal conservation

4. Power
Measurements of pupils’ power

5. Electricity
Voltage, current and power

6. Electrons
Properties of electron streams; Millikan Experiment

Subject Index

27

28

29

175

261

303

315

361

393



ESTIMATED ALLOCATION OF TIME

YEAR IV

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

Chapter 1 22
Chapter 2 20
Chapter 3 10
Chapter4 8
Chapter 5 20
Chapter 6 10

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
subject 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 been
dealt with quite briefly.



KEY TO MARGIN REFERENCES
C = (lass experiment
= Demonstration experiment
= Suggestions for optional experiments at home
Film

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

- H = oI U
I

= Problem

__ Commentary (notes on methods, aims, etc., offered to
«  teachers)

* %

I = Reference to footnote
§ = Reference to a comment made by a teacher during trials.

(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 to the number these
refer in some cases to separate parts of the same group of experi-
ments, in other cases to alternative versions of an experiment.)



PREFACE TO YEAR IV

Year IV is a stage for more serious and thorough study - still with
enjoyment and delight, we hope, but now with more reasoning and
co-ordinating thinking - a Year of learning to ‘make a noise like a
physicist’, as Rutherford once put it.

We might think of pupils in Years I and II as taking a journey ina
bus across some of the foreign countryside of physics: making
acquaintance with things seen from the window, exploring a town
here and there in a carefree way, and learning, unconsciously, some
of the vocabulary of the inhabitants. In Year III, the boys and girls
were making a more serious journey to visit a foreign family and
learn how people live, to develop a vocabulary of phrases as well as
words — but still rather a visit to explore and make acquaintance
than an expedition for serious study. Now on their journey in
Year IV, our young pupils should do much more; they should read
the timetables, plan with maps, and look forward to reading the
literature of the land they visit with sufficient care and appreciation
to gain a sense of knowledge.

Thus, we should present the physics of Year IV as a much more
logical and closely knit programme than that of earlier Years. If the
previous work has been satisfactory, pupils will have had sufficient
experience and enjoyment to wish to undertake the work, and will
continually ask questions — which at this age will be calling for a
more highly organized intellectual structure for the subject. How-
ever, it is important that this change of treatment should not be
made the excuse for a degeneration into a purely mathematical
exercise: theory, as always, must be soundly based on experiment —
and that experimental work should remain largely the pupil’s own
class experiments, not the teachers’ demonstrations.

Preparation provided by Year Il )
Preparation by Year III is essential. It will have provided some
foundation for this Year’s work in dynamics and in electricity and
magnetism. Pupils should be able to handle the ideas of acceleration
and velocity comfortably, and have some operational knowledge of
inertial mass and force — but it is doubtful whether they will have a
grasp of any formal version of Newton’s Second Law; and although
they will have seen collision experiments, the idea of momentum
will not have been mentioned as such.



Year III will have built on the electric-circuit work of Year II by
pupils’ experiments with the electromagnetic kit: magnetic fields
due to currents and due to permanent magnets; the motor effect;
a working electric motor; electromagnetic induction.

Some pupils may have continued to try simple experiments with a
transformer; and some fast groups may have tried using a volt-
meter — we hope only empirically — but we should not rely on the
preparation having gone as far as that.

Year IV and Examinations

In most programmes of teaching physics in school, there is some
major stress on learning new material in Year V, because pupils are
then more mature and have a well-prepared background, and face
examinations. In our programme, we suggest bringing some of that
attitude back from Year V to Year IV, where we can give some for-
mal treatment more comfortably, without the immediate shadow of
external examinations. The knowledge of physics which we have
been exploring in earlier Years should now be consolidated, so that
by the end of this Year pupils have some sense of physics as a
connected science and are ready to explore important continuations
in Year V. For example, Year I’s introduction to ideas of atoms and
molecules now links with kinetic theory of gases and the idea of
electrons with atoms of charge joins in. The introduction to
energy in Years I and II broadens into general conservation and
kinetic energy becomes a quantity that can be calculated. Pupils see
how energy plays an essential part in defining voltage. Laws, first
seen as a simple Hooke’s Law in Year I, now include great
generalizations such as conservation of momentum and conserva-
tion of energy.

We trust Year V can follow its programme without teacher or
pupils feeling that only then, at last, have they reached the solid
examination material. We hope much of that material will have
been reached already, both in matters of information and in
attitude towards understanding science.

Thus we hope to avoid making Year V a servant of examinations
partly by the construction of the programme in earlier Years,
partly by asking for examinations that require a general under-
standing of physics rather than factual material that can be
crammed or coached in a final year.



Year V Ahead '

Year V will deal with electron streams crossing magnetic fields,
the mass spectrograph, and experimental studies of radioactivity.
Those studies will, we hope, make a good contribution to pupils’
knowledge of ‘atomic physics’ and give many a pupil a keen
interest that will carry him into further reading on his own.

In Year V we shall conduct a historical study of planetary astronomy
and apply Newton’s Laws of Motion and of Gravitation to it, so
that pupils appreciate the grand conceptual scheme which Newton
himself set forth. Our aim in including that in our physics pro-
gramme is not to teach astronomy but to let pupils see for them-
selves how good theory is developed. That will give them, we
hope, a lasting feeling for the use of theory in science.

Year V will continue the story of atom models, using a description
of alpha-particle scattering to lead to a nuclear atom model. And,
with faster groups, we hope to continue to other topics in modern
‘atomic’ physics such as wave-particle behaviour; photo-electric
effect and ‘photons’.

The Work of Year IV

With those thrilling developments ahead in Year V, we must con-
sider the necessary preparations to be made in Year IV. We can
make Year IV a very interesting Year, with some of its pleasure
that of growing discipline as a scientist, and a very fruitful one in
preparing some material for examinations.

In Year IV we should give pupils a good opportunity to explore
Newton’s Laws of Motion by their own experimenting — not to
discover those laws, but to make measurements that illustrate them.
Out of those measurements should come an increasing sense of
‘mass’ as a very important tangible property of matter — and, as
pupils will find later, of energy. They should consider Newton’s
Second Law in terms of momentum changes; and, with the Third
Law, arrive at a clear knowledge of Conservation of Momentum.

Pupils should apply Newton’s Laws of Motion to the qualitative
kinetic picture of gases that we have already built upand arrive at a
simple kinetic theory prediction of gas pressure. That will at once
lead to a numerical prediction of the speed of molecules from simple
measurements. There should be further discussion of gas molecule
behaviour, such as diffusion, in terms of this more quantitative



kinetic theory. Some pupils will even arrive at the size of an
individual gas molecule, from a simple experiment and some
imaginative reasoning — but that will be only for those with courage
to follow a difficult line of thought.

Electrical studies will continue: first with voltmeters in circuits;
then with streams of electrons observed in class experiments.

Then we shall discuss Millikan’s great experiment to show that
there is a universal ‘atomic charge’ — that electrons are all alike.

In this Year, results of experiments can be stated more formally,
and records of experiments should be somewhat fuller - though
still not a tedious piece of unnecessary copying and drawing. The
idea of putting together knowledge from several parts of physics
should be emphasized when there is opportunity. This should be a
Year of interesting experimenting, some reasoning, clever thinking,
and the building of a more solid sense of knowledge.

Teachers’ Planning

Since Year III gives pupils practice with tickertape and other
devices for measurement in exploring Newton’s Laws of Motion in
an informal manner, any teacher coming new to the programme with
Year IV should first look at the work of Year III in mechanics, and
for that matter in electricity and magnetism too. And he will need
to look carefully at the introduction to energy and work in Years I
and II.

Teachers, with a slow group, will find that the burden of establish-
ing links with the Year III material threatens to give them more
than can be done in the Year — unless the teacher spoils the whole
point of the programme and hurries through the material by giving
lectures and demonstrations and notes to be learnt. There would be
nothing wrong with that condensed treatment if our aim were to
cover the material for future training and for immediate examina-
tions. However, one would not then be giving the Nuffield pro-
gramme a useful trial.



So, we offer teachers the following comments about speed:

The electricity and magnetism can be hurried considerably and
some of it can be postponed to Year V.

The kinetic theory treatment cannot be hurried; but if teachers
consider the material very carefully in the light of the ability of
their pupils, they will be able to plan a treatment which will not
take very long — the abler pupils who deserve the whole of the
discussion of molecule size, etc., will be able to take even that
quite fast.

The energy-conservation discussion — the work of Joule and
others — should not take long, particularly as we shall offer some
sketches of diagrams and a table of results for pupils. However,
we hope that every teacher will give that discussion full emphasis.

The class experiments on dynamics - force, mass and motion and
momentum conservation — should be hurried gently. It would be
very unwise to hurry them much, particularly as they come at
the beginning of the Year, but they should not be allowed to
drag.

In looking at that commentary on the timing of the programme,
given above in reverse order, teachers will see that a careful, almost
leisurely, start of studies of motion will be justified. And they can
look forward to considerable elasticity towards the end of the Year,
when some experiments with alternating currents could be post-
poned to the following Year. That would be better than any
attempt to compress or economize the modern physics of electron
streams and Millikan’s experiment, which come at that time and
form a very important new part of our physics programme.

Since the treatment in this guide for Year IV inclines towards a
more formal approach than in earlier Years, teachers may find that
a glance at the guides for Years I and II will give them a clearer
idea of our underlying aims, which were set forth more fully there
for teachers beginning the programme. We have the same aims in
Year IV.



As an example of our attitude: we should like to see things like the
following printed on the front page of examinations to provide
information for pupils, who will then be asked to make good use
of them.

PV =iNmv® F=ma  Ft=change of mv

and even (without explanation) the rubric ‘volts = joules/coulomb’.

This is intended to be a Year that gives greater knowledge, with
clearer foundations and a growing sense of being a capable scientist.

Note on Shortened Programmes
Some schools find they would have to shorten our programme
for Years III+1IV+V to two years before they could adopt it. This
note explains the difficulties of forms of shortening that have been
suggested; and urges schools who need a two-year programme to
make a fresh start in constructing one.

Even if our present programme gives little detailed help in such
new planning, we believe our general guiding principle will still be
fruitful: that we should #ry fo bring the spirit of our sixth-form
Dhysics teaching — the genuine doing of science and learning for under-
standing — to our younger pupils.

Could a Class begin the Programme at Year IV? It is not
possible to make a good beginning as late as Year IV, We have tried
that in preliminary trials and have found that it damages the pro-
gramme very seriously.

In Year IV pupils need the preparation with trolleys given in Year
I1I; otherwise, the work on Newton’s Laws becomes too long and
boring, and its extension into kinetic energy experiments does not
get a fair treatment with class experiments.

Electric circuit experiments in Year IV should follow those of
Year III; and if pupils have to go back and do the long, important,
series of class experiments of Year III, their progress will indeed
fall short in Year IV. If we attempt to save time by teaching the
Year III preparation in electromagnetism by demonstrations, we
lose much of the point of the series of class experiments with the
electromagnetic kit. Furthermore, the work with thatkit in Year I11
presupposes a series of class experiments on electric circuits in
Year II; and pupils who missed those would need some special,



extra preparation, even if they had seen some electric circuit
experiments in a different programme.

Our strong treatment of kinetic theory in Year IV draws upon
acquaintance with a picture of molecules in motion in gases - and
some pictures for solids and liquids too - built up in Years I, IT and
III. Pupils who began at Year III could perhaps replace the
preparation of earlier years by watching several demonstrations;
but pupils who started at Year IV would find that those added to
their burdens too seriously.

In preliminary trials classes starting at Year IV had so much earlier
preparation to fit in that they had a difficult, crowded year. That
influenced Year V in turn, making revision for examinations more
anxious than it need be. And the examinations, dipping back
necessarily into Year ITI, imposed serious hardships on candidates
who had missed it.

In the light of the structure of our suggested programme and of
experience in trials, we urge schools very strongly to embark on
our programme only at Year I or Year III; and not to start at Year
IV. That does not mean that we think the contents of Years III
+IV+V is an ideal minimum programme. Doubtless, a good pro-
gramme of teaching physics with the spirit and methods we suggest
could be constructed to occupy two years. Such a shortened pro-
gramme could not be made by picking parts from our present
programme without losing much of its value. We have tried to make
our present programme a connected scheme in which some topics
are introduced early and treated again with increasing sophistica-
tion from year to year and other topics are treated early to give
preparation for later work. To make a similar, connected scheme to
be taught in two years instead of three, it will be necessary to plan
from a fresh start. That is certainly possible but we do not know
whether that would satisfy Examining Boards as a sufficiently full
programme for an O-level subject.

Could a Class omit Year V? Another suggestion for a two-year
course based on our programme, is that pupils should start at Year
I1I, proceed to Year IV but omit Year V. With our present struc-
ture, that would indeed present the course as a headless body.
Without its uses for astronomy and for electron streams in Year V,
the work on Newtonian dynamics in Years III and IV would seem



much nearer to sterile drill. Without the study of light and inter-
ference in Year V, the ripple tank experiments of Year III would
seem a pleasant sideshow. And without the topics of atomic
physics in Year V our early interest in atoms and molecules
would lose a considerable amount of its value. Of course, pupils
who continue with physics and shift our Year V treatment into
A level will lose nothing; and they may gain by being in a fast
group that can use special mathematical tools. But others who
leave physics after O level would miss the proper drawing together
of old topics and the fruitful look at present-day physics which we
feel the programme owes them in Year V.

We hope that schools who must compress what we call Years
IIT+4IV 4V into two years will make a fresh start in planning a new
programme to fit their needs and will not try to compress our pro-
gramme or upset its structure by picking items from it, while
hoping the result will serve the same ends. We hope our examina-
tions, both thosein schools and those set by Boards, will continue to
look for understanding — particularly in their marking. So we must
warn schools who plan a two-year version taken from our present
programme that their pupils are likely to find our examinations ill
suited.

We express these doubts from no feeling of unkindness or of false
pride in our programme, but from our knowledge that we have
carried out our original instructions, which were to make a con-
certed five-year programme leading to O level. We do not think our
programme is unique or ideal; but we do believe it is a very good
programme for pupils who can give it the time for which it has been
planned. A shortening of time brings temptations towards quick
memorizing. Also, as in most teaching for understanding, a spread
of time for digestion is one of our strongest aids.

Note to Teachers: Uses of Newtonian Mechanics

Before embarking on a serious study of Newton’s Laws, all of us
who teach might profitably reflect on their importance and uses.
The Laws are great guiding summaries, consistent with the be-
haviour of things in our world.} Even if they are not based fully

} They are very important in modern physics — we need them in detailed studies
of atoms, rockets, stars. ... But we do not now regard them as simple experimental
laws: to us they are a mixture of experimental knowledge and definitions which
we assume to organize our science.

The experimental basis 7s there: Newton’s Laws do fit our world. In relativity
terms, we do live in a world that is approximately an inertial frame. If we had
lived in an accelerating frame, we might never have arrived at those laws.



or directly on experiment, they provide a basis for examining
nature, relating one natural event with another, and predicting
other events. In that role, they seemed very important laws to
Newton’s contemporaries and to physicists ever since, including
Einstein:

‘No one must think that Newton’s great creation can be over-
thrown by “Relativity” or any other theory. His clear and wide
ideas will forever retain their significance as the foundation on
which our modern conceptions of physics have been built.’ !

Albert Einstein (1948)

However, we cannot expect a pupil to see the importance and glory
of these Laws unless he understands what they summarize, why
they are drawn as summaries, and what use is made of them. (We
may see a similar difficulty when young pupils just starting on
Latin or Greek are urged to appreciate the glories of the Classics.)

Motor cycles and railway engines can be understood more easily by
common sense than by use of Newton’s Laws. To understand the
firing of a rocket, a qualitative knowledge of Newton’s Laws of
Motion is valuable; but the proper quantitative form that we deal
with in Year IV is of little use until quite difficult studies of rockets
with their changing mass are undertaken.

Kinetic theory of gases makes good use of Newton’s Laws, but that
is still ahead of us. And we make some use of the Laws in our
studies of electrons and atoms in Years IV and V.

Satellites are of great interest to pupils and an understanding of
them does need Newton’s Laws. In fact, the first plan of an artificial
satellite was made by Newton himself. In his addition to later
editions of the Principia, he sketched the Earth with a mountain on
it and a gun firing projectiles from the top of the mountain. For
faster and faster projectiles, the path landed farther and farther out,
until it reached an orbit that would just encircle the Earth. Newton
himself pointed out the obvious difficulty of air resistance; and he
did not expect artificial Earth satellites to be practicable.

Except for kinetic theory and satellites, our possible uses of the
Laws lie in the future and the need for them is not very clear. So,
unless we can show a more appealing need, we must not expect our
- pupils to be thrilled with the power that a knowledge of Newton’s



Laws can give them. They should study Newton’s Laws carefully
but rather quickly, leaving further emphasis and extension and
revision until need arises.

We certainly should not follow our experimental studies and short
theoretical discussion with artificial problems constructed to test
pupils’ use of Newton’s Laws; not even artificial problems con-
structed to find out whether pupils understand Newton’s Laws —
understanding will come later when uses and needs are clear.

If this discussion of our teaching plans seems depressing, reflect on
Newton’s own work. Newton gathered a good deal of knowledge of
force and motion from the writings of Galileo (who himself copied
much of his work from a few earlier writers who had been quietly
reforming knowledge of motion). Newton applied this knowledge
and his own thinking to the great problem of his day — the motion
of planets. A revolution of astronomical knowledge was in the air’.
Galileo’s teaching and writing had spread the Copernican picture
of the planetary system across the reading world. Jupiter’s moons,
seen through the newly invented telescopes, even provided a
model of the system. Kepler had disentangled three astounding
laws of planetary motion from the observations of Tycho Brahe,
and had announced them in a profusion of mystical writing. The
Copernican theory was being accepted, but Kepler’s Laws raised
interesting questions: what kind of machinery could account for
these experimental laws that described the planetary motions so
well? Kepler himself had mentioned magnetic forces and even
gravity spreading from the Sun, but not with any understanding of
the relations of force and motion that would make a consistent
story. Questions were being asked across Europe. There were
suggestions of a force like gravity, emanating from the Sun and
growing weaker with distance, perhaps with an inverse-square law.

Thus, in the 1660s, more than a century after Copernicus’s book
appeared, there was a ferment of discussion. It was clear from
Galileo’s writings that one need no longer look for a force to propel
a planet along its orbit — motion continues if left alone. The problem
instead was one of finding the force that pulled a planet iz, to a
circular or elliptical orbit instead of a continuing straight line.

Some members of the Royal Society of London knewthat an

inverse-square law of gravitation would account for Kepler’s Third
Law, relating planetary years and circular orbit sizes. However,

10



Kepler’s elliptical orbits were too difficult for them; no one could
show that an inverse-square law of gravitation would require such
an orbit, or that Kepler’s other law, the Law of Equal Areas, should
hold. An appeal to Newton produced the astonishing answer that
he had already solved the problem of all three laws and knew that
they are necessary consequences of universal inverse-square-law
gravitation.

Newton was finally persuaded to publish his work in greatly
expanded form, in which he set forth not only his proofs of Kepler’s
Laws but a whole study of force and motion and universal gravita-
tion in which he linked together: the gravity of falling bodies, the
Moon’s circular motion, planetary motions (Kepler’s Laws),
motion of comets, the tides, the shape of the Earth and ensuing
differences of gravity, precession of the equinoxes, disturbances of
the Moon’s simple motion and planetary perturbations - all as
parts of one tremendous structure of theory. As he himself wrote of
his intentions:

‘... from the phenomena of motions to investigate the forces of
nature, and then from these forces to demonstrate the other
phenomena; ... the motions of the planets, the comets, the
Moon and the sea. ...

This was success beyond all expectations. No wonder Newton’s
work was written about and expounded in every civilized country;
and no wonder it came to be taught in school, generation after
generation, to the present day. Yet, somehow, the astronomical
problems that called for his work and received his magnificent
solution have been crowded out of present-day teaching for the
majority of school pupils. We teach the Laws of Motion and make
some use of them, in engineering and in atomic physics, but we miss
the great drive felt by Newton’s contemporaries and successors.
How then are pupils to develop appreciation?

In planning the Nuffield Physics Programme, we wish to restore
the balance to some extent, 7ot as a move towards historical teaching,
but to give our pupils a chance to appreciate Newton’s Laws. And,
far beyond that, they should see for themselves the part that good
theory plays in science. We do not feel that we should interrupt the
programme in Year IV with astronomy when we are about to study
Newton’s Laws. This would be a most fitting place for the historical
study leading to Newton’s work, but we are not sure that it would

11



appeal to all pupils and we are anxious not to delay progress into
kinetic theory and work with electrons, etc. So, we suggest that
teachers should give at that point only a brief statement, that New-
ton, in stating his Laws, was clearing up man’s ideas about motion
so that he could clear up and extend our whole knowledge and
understanding of the solar system. And then we should promise to
return to that in Year V.

In Year V we shall suggest a historical study of knowledge and
theories of the planetary system, from early information and em-
pirical rules to Greek theories, on to Copernicus and Kepler and
Galileo, so that pupils then feel the force of a great body of know-
ledge waiting for a concerted explanation and can thus see the full
glory of Newton’s work. We shall do that, not as a piece of history
of science, but as an example of the building of physical theory
which is sufficiently simple for pupils to follow and understand as
part of their own knowledge. Pupils in school should see some
example of good theory being built up, in a way that they can under-
stand. Then, if it is some thinking that they have seen and worked
with themselves, it will be something to be remembered, and
theory will not be said to be ‘mysterious, difficult thinking”.

Atomic theory is often suggested as an example of theory for
pupils. However, we should have to provide, at this stage, so many
ready-made results, that we would hand out the story without
sufficient justification. It would form a poor prototype for this par-
ticular use. Instead, we suggest that Newtonian gravitation theory
should be taught first, after building up a clear history of need — and
then atomic theory can be described, almost ready-made, without
harming the understanding of theory that we wish to give to all
educated people.

12



If we now take a realistic look at the needs for Newtonian mechanics
in Years IV and V we see that pupils will need to:

understand and measure momentum-changes, for kinetic theory
and later for atomic collisions

know conservation of momentum as a general law; and use it in
atomic collisions

use F = ma with s = }at® to calculate deflection of electron
streams, etc.

obtain the expression 3mo? for kinetic energy (this is perhaps the
most important single use that we shall make)

use F = ma with ¢ = 9?/R for motion in circular orbit, for
planets and for electrons, etc., in Year V

understand the meaning of a newton as a unit of force for use in
pressure measurement in kinetic theory and for use in atomic
physics; and understand joule, watt, and volt

and we hope they will also profit from secing a great theory being
built up and bearing fruit.

Note to Teachers on Apparatus for Dynamics

We have a healthy tradition of illustrating Newton’s Laws of
Motion by experiments with trolleys. Various forms of Fletcher’s
Trolley are in use for demonstrations in many a school, and there is
often some pupil participation. Yet the arrangements for precise,
timing and uniform behaviour make the experiments seem com-
plicated, or even confusing, to all but the ablest pupils. Sometimes
that is a question of interest: it is not very exciting to watch a com-
plex experiment and its analysis, when one does not feel personally
involved. The laws being ‘proved’ do not strike the beginner as
vital, essential, knowledge he has been waiting for; so he is not
likely to be intensely interested. Yet we could build interest more
easily if the experiments were clear and pupils did them themselves.

Therefore in our programme we suggest using simple, robust, well-
behaved apparatus for class experiments in dynamics. We have
chosen designs that allow pupils to carry out their experiments
easily and even make some ingenious modifications of their own.
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And we hope to lessen worries over mass and wezght by avoiding
gravity pulls for the accelerating forces. :

That is why we give an important place in Years IIT and IV to
simple trolleys with good ball-bearing wheels, running on plane
runways. We suggest that schools should provide a long runway
and two trolleys for every pair of pupils — not one set for three or
four pupils, which will harm the strong sense of doing one’s own
experiment. Our object is not so much to provide a convincing
demonstration of Newton’s Second Law as to give pupils a personal
feeling for forces and masses and their connection with motion —
through their own experimenting. Two pupils sharing equipment
can carry out their experiment with little instruction, feeling they
are really exploring motion ; but with more pupils crowded round,
the experiments lose that flavour.

If a trolley is pulled by a thread running over a pulley to a hanging
load, we run into questions of gravity, weight and mass at
too early a stage. The underlying story of that scheme is:

[gravitational mass of pulling load] X [g]
= [inertial mass of trolley + inertial mass of load] x [a]

and however we simplify that — usually by concealing some of the
distinctions — we give pupils difficulties.

Instead of that we apply forces by stretched elastic threads in
parallel. A pupil stretches one thread by an agreed amount and
uses it to pull a trolley (after allowing for friction). Then the other
pupil helps by pulling at the same time, with another identical
stretched thread in parallel. We let them take it for granted that
those provide twice the pulling force. Instead of adding a third
puller, pupils evolve the idea of one pupil pulling all the threads in
a parallel bunch.

We can prepare for ‘newtons’ as units for force, by calling our unit
stretched-thread-pull a ‘Smith’ or a ‘Brown’. This ‘Smith’ unit
is reproducible and of a suitable size for pupils’ experiments. It pro-
duces accelerations that make it possible for short-legged pupils to
maintain a fairly steady stretch. However it does mean we must use
friction-compensated runways, since our force unit is relatively
small. For the same reason our runways must be very nearly
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straight. Although buying and storing long metal-edged runways
will be troublesome, schools should regard them as necessary parts
of the trolley equipment.

Measurements of speed and acceleration must be made by some
method that seems obvious and sensible to pupils. Complicated
timing devices will overload the experiment with explanations.
That is why we recommend timing by ‘tickertape’ — a long strip of
paper drawn by the trolley past a simple vibrator that marks the
strip every % second. Not only is the scheme of timing obvious,
but pupils can see speeds by cutting the strip into sections, say,
10 vibrations long. By pasting those speed-strips side by side they
can form a chart which makes acceleration obvious.

Trolleys and tickertape will provide well for pupils’ own experi-
ments on force, mass and acceleration, on momentum changes, on
conservation of momentum, and on kinetic energy.

However, when we treat conservation of momentum we also want
to show and analyse collisions in two dimensions. Our trolleys will
not provide for that. Furthermore we would like to reduce friction
to insignificance in this very important test. So we suggest a demon-
stration experiment with ‘pucks’ moving with practically no fric-
tion on a level lake of glass. The pucks carry a store of solid carbon
dioxide which produces a gas-bearing to support the puck almost
without friction. The glass table must be very carefully levelled
and then we can see collisions in a closed system. The picture is
done as a demonstration, though some pupils can try experiments
for themselves afterwards.

The linear air track, a novel combination of trolleys and friction-
less pucks, has simple trolleys that ride on an air-bearing along a
long straight girder. Compressed air fed to a ductin the girder, issues
from tiny holes in its surface and supports the riders. This wonder-
ful demonstration is such a delight to watch that each of us on first
meeting it wants to adopt it. However, for the present programme,
it is not recommended — even as an adjunct - for several reasons.
The main reason: it is a demonstration device, and we feel that
experimenting with motion and momentum should consist chiefly
of class experiments for close personal experience. Minor reasons:
it is expensive; it needs careful storage and careful adjustment for
use, and minor damage is apt to spoil its working. Some experi-
menters dislike the continual hissing of escaping air. And some
have a general feeling that this apparatus is too ‘special’, too
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remote from everyday machinery to give simple everyday teaching
- but in an age of hovercraft that feeling may disappear. A two-
dimensional asr table (pierced with hundreds of minute holes) will
come soon. Driven by the exhaust of a vacuum cleaner, it may sup-
plant the glass table where dry ice is not available for pucks.

To analyse motions of pucks, we need a timing device. We suggest
using a camera to take a photograph with several exposures, at
regular time intervals, on one picture. We placea motor-drivendisc
with a radial slit in front of the camera lens and use that instead of
the normal shutter, to take a ‘multiflash’ picture. That must be
developed and projected on a screen for public measurements. The
distance from one exposure to the next shows how far each object
has moved, and thus gives a measure of velocity.

As a luxury version, the rotating shutter may be replaced by inter-
mittent illumination: a flashing xenon tube, pulsed at a regular
rate, lets the camera, with its shutter held open, take a multifiash
picture.

Or a flashing illumination may be produced by shining light
from a small bright lamp filament through slits in a disc spinning
in front of the lamp. For sharp flashes it is essential to use a lens to
form an image of the filament on the disc in the region of the slits.
This does well for showing an audience a repetitive event ‘frozen’,
as in the demonstration of pulsed water drops. With a camera it
gives sharp pictures without requiring the camera lens to be
limited to a slit; but there are dangers of spoiling the picture by
stray light and of overexposure of white backgrounds.

Once a teacher has multiflash equipment and has gained some
practice in using it, he will be tempted to try it for many other
demonstrations. He certainly should put it to several uses, in Year
IIT as well as Year IV; yet such demonstrations should not be
allowed to crowd out the trolley experiments with which puplls
gain strong personal experience.

Equipment for both trolley experiments and multiflash pictures
with frictionless pucks will be expensive. But in considering the
cost schools should remember that these are not still more com-
plicated experiments for proving Newton’s Laws: they are ways of
simplifying the story to give convincing understanding,
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Note to Teachers: Multiflash Pictures and Stroboscopes

Our tickertape and vibrator equipment provides an easy way of
recording distances covered in short, equal, intervals of time, and
we want pupils to use it for a variety of class experiments.

However, we need some other measurements of times and speeds.
Pupils should be able to make sure that the vibrator with their
tickertape is vibrating regularly, marking constant intervals of
time. And they may need to measure that interval ~ or the equiva-
lent, the frequency of the vibrator. They also need to measure
speeds of objects which collide and recoil ~ where the tickertape
would certainly get entangled. And they should measure the wave-
length of rapidly travelling water ripples. To meet these additional
needs, we suggest two devices:

a simple hand stroboscope that each pupil can operate for himself};

and a form of photography that quickly yields pictures with several
exposures, at equal time intervals, on the same print.

In the latter case, a moving object appears in several places, and
measurements of the distance between them gives us its velocity.
Various schemes for taking those photographs, which we shall call
‘multiflash’ pictures, are discussed below.

We also suggest that the laboratory should make a device that
shoots out a pulsed stream of water drops, 50 per second. That is
described in the apparatus guide for Year III.

Stroboscopes

Hand stroboscopes were introduced for class experiments with
ripple tanks in Year III. See the note on stroboscopes in the
General Introduction at the beginning of the Teackers’ Guide for
Year IIL

Flashing Lamp: Stroboscopic lllumination

It is a short step from the hand stroboscope with intermittent
viewing, to stroboscopic illumination. If the laboratory is lucky
enough to have a xenon or krypton flashing lamp that is driven with
a regular frequency of flashes, pupils who have used a hand strobo-
scope will understand the working of that device easily. We can use
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it for looking at a repetitive motion and ‘freezing’ it, or for taking -~

photographs with several exposures on the same picture (see
below).

Xenon lamps are now available with an oscillator to make flashes at
regular intervals over a wide range of frequencies. The flash is of
extremely short duration: so multiple-exposure pictures, taken
with a camera with shutter held open, are very sharp.

These devices are delightful for photography, but, in classroom
use, we are apt to find that we need a brighter flash than the one we
have, and then there is disappointment. Lamps that give enough
light for all the varieties of multiflash picture we desire are likely to
remain expensive. Furthermore, the alternative motor-driven
strobe disc is needed in any case for some other experiments. So we
recommend schools that do not already have a flashing lamp to use
the motor-driven disc instead (see below). The lamp is an expen-
sive alternative, a very convenient luxury if funds allow.

Multiflash Pictures

It is useful to have a way of recording precisely the position of a
moving object at several instants of time on the same picture. Then
if the instants are spaced at equal intervals in time, measurements
of the picture will yield velocities. Even if we do not know the
absolute-scale of the measurements, the relative speeds will be
almost as useful for our teaching. We expect to derive great benefits
in teaching from any device that will take such multiple pictures,
provided the pictures can be produced for use by pupils fairly
quickly.

We would not suggest the use of any such device were it not for the
enormous gain in teaching clarity and speed. The conservation of
momentum, for example, is one of the most important fundamental
principles of phys1cs In the past, few pupils have ever been able
to see a convmcmg demonstration of it, or even a reliable test; but
multiflash pictures and ‘frictionless pucks’ of one form or another
afford an easy convincing test of momentum-conservation ¢z two
dimensions. We suggest that as an essential experiment in Year IV.

To take such ‘multiflash’ photographs, we must either place a
rotary shutter in front of a camera or illuminate the scene with a
regularly flashing Jamp. The latter can be a xenon lamp or a power-
ful steady source whose beam is interrupted by a rotating shutter.
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Teachers will find it easier to use the rotating shutter in front of the
camera. That consists of a light disc with 5 or 6 slits cut in it, spun
by a small electric motor. Small synchronous motors that are used
for clocks do well.

An ordinary camera using 35 mm film is quite suitable — provided
that it focuses down to 1 or 2 metres, has a lens with an aperture of
f4 or better and has a shutter with a ‘B’ setting. The detailed
techniques of exposure and development are explained in the
Experiment Guide for the Year. A Polaroid camera is equally
suitable, but is expensive and uses expensive materials.

Once pupils have seen a picture made and analysed their own
copies, we may give them printed copies of photos of other events
taken by a similar process. It would, however, be very poor teach-
ing to use such printed copies if pupils had not first seen a real
experiment done.

The “object’ for a camera with a rotating shutter should be a small
electric lamp (such as a toy lamp attached to a falling stone) or a
small polished steel ball attached to the moving object and illu-
minated by a floodlight far away behind the camera. The latter
arrangement gives an excellent record, because the ball forms a
small virtual image of the lamp which makes a tiny spot on the
photograph. If the spinning shutter has a narrow slit, the spot is
small even if the object is moving fast - provided the lens aperture
is also made narrow. If the shutter has a wide slit, the spot is drawn
out into a streak which indicates speed by its length.

Various ‘pucks’ have been tried: some use a supply of compressed
air, others use evaporating CO,, to provide a ‘gas bearing’ of flow-
ing gas under a massive moving disc. The Nuffield Physics Group
have now found a very good form that is easily provided with its
gas supply: a ring magnet with an aluminium lid, under which one
places a little solid carbon dioxide (manufactured by letting some
CO, out of a cylinder). The ring will coast along on a plate of glass
- or very flat aluminium - with very little fricdon. It will make
an elastic collision on approaching a similar ring; so, by taking
multiflash pictures, we can measure the velocities and look for con-
servation of momentum - as a vector. We recommend that form of
pucks for our experiments.
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Various methods of taking these photographs and producing prints
have been investigated with the aim of making the processes as
simple and reliable as possible: the recommended procedure is as
follows.

After the photographs have been taken, the exposed film is trans-
ferred to a developing tank, using a daylight loading tank, or a
changing bag — operations which to some teachers seem fraught
with difficulty but which when practised once or twice become
part of one’s normal demonstration technique. The film is then
developed and fixed in one operation using a monobath solution.

The film is then washed briefly, a suitable frame selected, mounted
in a simple transparency mount and projected, magnified on to a
screen in negative form, using a normal 2 inch by 2 inch slide
projector. This enables discussion to take place and measurements
to be made.

The class thus has the thrill of seeing the whole process from start
to finish in a normal class period. With practice, taking photo-
graphs, developing, and projecting can be done in 20 minutes and
it is hoped that further refinement and simplification of these
operations will lead to an even shorter process.

A paper which can be handled in artificial light (both tungsten and
fluorescent) can be used to produce prints for the class to take
home and examine or analyse. The paper is held in a simple holder
and the negative is projected on to it, using the slide projector as
before. The paper is then developed and fixed using standard
techniques and once again the whole process can be carried out in
full view of the class.

We urge teachers to experiment in expanding the uses of strobo-
scopic devices and multiflash photographs. This is a region of
physics teaching where one’s natural reaction is to avoid a tech-
nique that seems to all of us unfamiliar and likely to be un-
comfortable for discipline. Those of us who have disregarded that
plea of unfamiliarity find that the technique is so rich in its
possibilities, and the results so quick and satisfying that we feel
sorry not to have used it before; and pupils appreciate it so fully
that it does not raise the discipline problems that we anticipate.
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Note on Scientific Explanations

Year IV is a time for growth in the meaning of ‘explanation’. In
earlier Years we ‘explained’ things in science by giving extra infor-
mation. Secretly, without even saying so — and certainly without
being comprehended if we tried to say so ~ we were explaining in
the proper scientific way: attaching unfamiliar or difficult things to
things already known. That is, after all, what ‘explanation’ means
in science.

Children hope to find us explaining by giving the ‘really true
cause of things’; but in fact we only link one thing with another.
For example, we ‘explain’ a lightning flash by saying ‘it is a big
electric spark’. That tells us nothing about a spark but it reduces
the number of unknowns. It offers to decrease the hold of super-
stition. In that, as Lucretius said, Science [ratio] frees man from
the terror of the gods.’

We can, later on, ‘explain’ an electric spark by saying that is an
event in air in which there are many ions, driven so hard by an
electric field that they make more ions by collision, and so on. All
that, if we examine it carefully, does little more than link a spark
to things which we have seen in a lot of other experiments on gases
being bombarded, flames conducting currents, etc.

If we refuse to be disappointed and claim that our explanation goes
deeper than that, we find that we are linking the spark to some
models of gases and things in them: a picture of molecules, a pic-
ture of an electron and a model of an electron being ripped out of
the molecule; and that leads us back to explanation as a linking -
this time, linking through our models to our knowledge of collisions
of billiard balls and things like that.

One of the best examples is the explanation of the Moon’s motion
around the Earth. We say the Moon is just falling under the action
of (diluted) gravity, like a cricket ball, and we feel satisfied. Yet
we have there no ultimate explanation of gravity.

Though many of us enjoy scientific explanations like that and wish
to endow them with special virtues beyond mere linkage with the
more familiar, we should be wise in our teaching to think of
explanation as a linkage — connecting ‘new’, unfamiliar, knowledge
to ‘old’, accepted, knowledge.
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Note to Teachers: on Proportionality

Much of our knowledge of physics is expressed in the form of pro-
portionalities. (See also the Note on ‘Constant’ in the General
Introduction at the beginning of Year IIL.) Most of us in teaching
physics give pupils no preparation for dealing with proportionality
but wait until an important case arises. Then we expect pupils to
understand the relationship which has appeared: and, when we
find that some of them have considerable difficulty in understanding
proportionality or making use of it, we are surprised and dis-
appointed and blame our colleagues who teach mathematics. We
embark on curative measures of blame, exhortation and explanation,
but with only moderate success — the stumbling-blocks often
remain.

It is suggested by some wise critics that we have the good examples
in physics with which to make a fresh start and teach proportion-
ality successfully and that we should therefore not assume previous
knowledge or skill. Instead we should start by explaining very
carefully what proportionality is and how to use it, before we use it
to codify our knowledge of physics. For teachers who wish to
experiment with such a preparation before using it for force, mass
and acceleration, we offer the following comments.

Start with simple examples of proportionality as a relationship, in
which A doubles, triples, etc., when B does. For example:

cost of a basket of eggs versus number of eggs;

weight of potatoes eaten per week versus no. of men in an army
camp;

weight of copper wire versus length of wire;
area of a square versus [side]2.

In each case, we should emphasize the essential characteristic that
one thing increases just as the other does, the two keeping step.
Illustrate that by a graph with a straight line through the origin.

Then, with the help of the graph point out another view: that if A
varies directly as B the fraction A/B keeps the same value — it is the
slope of the graph line. In many uses in science it is the constancy of
A/B rather than the particular value of that constant quotient that
is important. It is the constancy that tells us an important law of
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nature; while the value only gives us information relating to a par-
ticular example — Ohm’s Law is true for a great variety of wires but
the value of the resistance applies to a particular wire.

Since we are aiming at using proportion in science, we should
avoid trick methods that may serve as temporary props when it is
taught prematurely in arithmetic — such as reducing a problem
about men digging ditches to a unit form that tells us how many
weeks it would take one man working one hour a day and one day a
week to dig a ditch one yard long, one foot deep and one inch wide -
that result to be built up by mystical multiplication into the
required answer for the time needed by many men to dig some
huge ditch. That method, which often failed to produce clear-
headed skill, carries pupils far away from a simple feeling for pro-
portion. Instead of that, we might move to more informal versions
of our first descriptions and say, as physicists do, ‘A goes as B’.
Then we can say that the stretch of a spring goes as the load; the
area of a circle goes as its radius squared ; the volume of a cube (or
sphere) goes as the linear dimension cubed.

Then we should take a look at inverse proportionality, expressing
it in two forms: PV is constant, and P varies directly as 1/V. Pupils
who word that as ‘P goes as 1/ are likely to have a clear feeling
for this relationship.

Note that in our first discussions we have not emphasized the value
of the proportionality constant, the value of A/B or of PV. Some-
times pupils are taught to start by working out the value of the
constant from one set of data, then to use that value of the constant
to calculate another value of B for some given value of A. That will
yield the right answer without any doubt, but it diverts attention
from the structure of the relationship and it probably does not help
a clear understanding — so we should avoid it as far as possible.

Returning to problems about men digging ditches, we suggest that
pupils should attack them with a commonsense feeling for propor-
tion, such as: ‘The time needed goes as the length of ditch, so 200
feet instead of 50 feet multiplies the time by 200/50; ... the time
needed goes inversely as the number of men, goes as (1/number of
men) so, 4 men instead of 12 men makes a factor of 12/4, ...
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Non-proportional Examples. Simple proportionality is com-
mon in elementary physics teaching, partly because we choose
those easy relationships for our pupils, partly because they are the
important beginnings of physical science, chosen or sought out by
man in an attempt to find the simple relationships first. There is,
therefore, a danger of pupils thinking that every physical relation-
ship is likely to be - or, worse still, ought to be — one of simple pro-
portionality. We should give them some examples to the contrary,
even flippant ones. For instance:

a. A spiral spring of steel wire is hung up and loaded. Its length
with no load is 10 inches, with a 1-pound load its length is 12 inches,
with 2 pounds 14 inches, with 10 pounds 30 inches. Is the spring’s
whole length directly proportional to load?

b. An army camp (unlike the simple one mentioned earlier) needs:

2,200 Ib potatoes per week for 100 men
4,200 ,, » » » 200 men
6,200 ,, > » 2 » 300men

Why is the potato supply not directly proportional to the number
of men?

(The answer is not spoilage, which is likely to be a constant fraction,
but the silly story, ‘We have forgotten the cooks, who need 200 Ib
per week themselves. )

c.- A spiral spring of heavy steel wire is placed in a vertical tube
(like a gas jar) and a piston of negligible weight is placed on top, so
that experiments can be carried out on the compression of the
spring. The spring is 20 inches high with no load. With 5 pounds
on the piston the spring length is 15 inches, with 10 pounds the
spring length is 10 inches. Having learned from an earlier problem
not to use the whole length of the spring in looking for proportion-
ality, we ask: ‘Is the change of length proportional to the force?’ (Yes.)

Now the spring is removed and the piston is made airtight (but we
imagine it remains frictionless and of negligible weight). The air
enclosed in the tall jar is now the ‘spring’ to be experimented on.
With no load the piston is 20 inches above the bottom, with load
5 pounds 15 inches above and with 10 pounds 12 inches above the
bottom. We ask the same question.



(This is, of course, a Boyle’s Law story for a tube of cross-section
about 1 square inch so that atmospheric pressure provides the
equivalent of 15 Ib extra load on the piston all through. This
should not be used to divert a discussion of proportionality into
Boyle’s Law - unless it happens to crop up at the right time. If
Boyle’s Law is discussed, this problem could take an interesting
form by asking for the height with load 15 pounds, both for steel
spring and for air.)

d. If 1 barking dog can keep 5 people awake all night, how many
people can be kept awake by 2 barking dogs?

e. Henry VIII had 6 wives. How many wives did Henry IV have?

f. A fence consists of light wire netting with a thick wooden post
every 10 feet. The fence along the side of a field has 10 posts. How
many posts would a fence twice as long have?

g. A bank notifies the police that banknotes numbered 1262 to 1272
inclusive have been stolen. They then ring up again and say that
twice as many notes have been stolen, beginning with 1262. What
should the end number be?

h. A current of 5 amps driven through a certain resistor immersed
in water delivers 3 kilocalories in 1 minute. How much would a
current of 10 amps deliver in the same time?

Note to Teachers on M.K.S. Units

We hope the decision to use M.K.S. units will not seem difficult or
annoying. In O-level physics it is a simple change that has the
advantage of making the practical electrical units the natural ones.

Its disadvantage lies in the large sizes of the kilogram and the
metre. We ameliorate that by lapsing into the smaller units that
feel sensible when we are describing sizes and not embarking on
calculations. For example, we say: ‘Join the balls with a thread
about 5 centimetres long’ (not 0-05 metre!).

The strong feelings that many physicists have about M.K.S. units
arise at a later stage, in much more advanced electricity where the
move to new units has been used as an excuse to change the formal
structure, inserting factors such as 4=. Those changes are advocated
with missionary zeal, as if they provided a truer description of
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nature. We cannot alter the facts of nature by a change of units or
formula factors — a 4n pushed underground, for convenience, in
one place will reappear from another burrow.

It is we who have strong feelings, because we dislike the confusion
of having several systems for something as trivial as units. We
should expect young people to accept whatever system we suggest,
and not worry.

We do not press for M.K.S. with missionary zeal in this pro-
gramme; but we have decided to use them in dynamics so that we
can treat energy simply in electricity. We make our absolute unit of
force one newton (a shorthand name for one kilogram . metre/sec?).
Our unit of energy is one joule (shorthand for one newton.metre).
Then power is measured in watts (shorthand for joules/sec). And a
potential difference of V' volts means an energy-transfer of I joules
for every coulomb of charge passing through the region concerned.

In Year I, we suggested pupils should use feet and inches at first
until centimetres and metres became familiar. And pounds at first,
then grams and kilograms. Not until we meet quantitative dynamics
in Year IV are we forced to settle on a consistent set of units of
mass, force and acceleration that fit our chosen form of Newton’s
Second Law, F = Ma. We hope that teachers will try using the
M.K.S. units mentioned above, so that they can see the benefits
that then appear in dealing with electricity.

Therefore, in Year IV we need to insist on all lengths being ex-
pressed in metres, whenever a dynamical question is involved.
Similarly all masses must be in kilograms. That will necessitate
some irritating drill; but we hesitate to suggest insisting on M.K.S.
units at earlier stages just to avoid that drill now.
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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

P = Problem

*

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

} = Reference to footnote
§ = Reference to a comment made by a teacher during trials

T = Reference to Year I, Year II and Year III material needed
now

(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 Guide to Experiments and
Apparatus. Where (a), (b) ... are added to the number these refer in
some cases to separate parts of the same group of experiments, in
other cases to alternative versions of an experiment.)
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SYNOPSIS OF PROGRAMME FOR THE WHOLE OF
YEAR IV
The programme for this Year consists of five sections:

1. Physical basis of Newtonian mechanics
2. Kinetic theory of gases (continued)

3. Investigation of heat as a form of energy and discussion of
general conservation of energy

4. Electricity (continued) with use of voltmeter, potential differ-
ence and e.m.f. defined in terms of energy-transfer, voltage-current
characteristics, power line and power problems, (transformer)

5. Properties of electron streams, Millikan experiment, positive
rays, cathode ray oscilloscope, simple atom model.

These could be taken in a different order, but that would necessitate
some retracing of steps.

The first section on Newtonian mechanics provides a clear mean-
ing, at least, for the newton as a unit of force, and the joule as a unit
of energy and arrives at the expression for kinetic energy, imv?,
that we have awaited so long: and these are useful things in dealing
with energy in each of the other sections. Newton’s Second Law is
expressed in the form that connects force with change of momen-
tum, and that is essential in the kinetic theory section.



Chapter 1

PHYSICAL BASIS OF
NEWTONIAN MECHANICS

Force; Mass; Acceleration; Weight
and Gravitational Field; Inertia;
Momentum; Kinetic Energy



PROGRAMME: SECTION 1: NEWTONIAN MECHANICS
(A general Note on the teaching of Newtonian Mechanics in the
Nuffield Physics Programme is appended to the Preface to this
Year.)

Multiflash Pictures. Start with two multiflash picture experi-
ments to re-open problems of motion and show the technique in a
real experiment.

Revision of Tickertape. Pupils may revise the tickertape tech-
nique by recording and analysing the motion of a trolley running
down an incline. (Any pupils who missed the preliminary work
with tickertape in Year III should go through that carefully now.)

Rough Experiments on Motion. Pupils try rough, quick, class
experiments on force, mass and motion, to prepare for more
precise measurements.

Force, Acceleration, Mass. Pupils investigate carefully the
relationships between force and acceleration and between mass and
acceleration, or mass and force. They use tickertape and make care-
ful analyses and graphs. '

Formulae for Constant Acceleration. Geometrical descriptions
of accelerated motion lead to formulae such as s = u¢+%at? for
constant acceleration. We use these for measurement of g and for
simple problems.

Newton’s First Law. Experiments to illustrate Newton’s Law I.
We discuss the meaning of inertia.

Discussion of F = ma. Discussion: mass; force; weight; Earth’s
field strength, g. We lead from experiments to F = Kma and then
F = ma, with absolute units (newtons) for force.

Weight: Gravitational Field Strength. We treat weight as a

force, the pull of the Earth on any mass; and we treat g as the
strength of the Earth’s gravitational field (9-8 newtons/kilogram).
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Momentum Changes. Alternative discussion of the experimental
story of Newton’s Law II, using momentum:

Ft = change of [mv].

Conservation of Momentum. We take Newton’s Law III as an
axiom (following Poincaré) and predict conservation of momentum.
We test that and give a number of experimental illustrations.
Kinetic Energy. Return to energy: derive K.E. = $mv? from the
momentum form of Newton’s Law II. Illustrations and applications
of conservation of [K.E.+P.E.].

Power. Short discussion of power, with some class measurements.
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Note to Teachers: Speed and Depth of Dynamics Teaching
this Year

We made some informal studies of force, mass and motion in Year
IIT and in Year V we shall use Newton’s Laws of Motion for
astronomy and for atomic physics, so our studies of F = ma in this
Year should not be expanded into long investigations or driven
home by many problems. All we want is that pupils should have a
confident acquaintance with Newton’s Laws as part of our scientific
heritage. The sooner they can finish dealing with F = ma the better,
because they still have to deal with momentum - which is more use-
ful for kinetic theory this year and astronomy in Year V - and with
kinetic energy, before proceeding to the other parts of this Year’s
work.

So just before starting this teaching, it would be a wise precaution
for teachers to review for themselves the perspective of all the
dynamics teaching ahead, right up to the kinetic theory of gases.

For the teaching of F = ma we suggest the following should suffice:

A quick rough qualitative experiment.

Careful measurements in a class experiment with tape and vibrator.
(See also Note on Trolley Experiments in the Preface to this Year.)

One demonstration with multiflash and a frictionless puck, to serve
as introduction for later uses.

Primitive measurement of acceleration with scaler. (Much better
moved to Year III.)

Only with pupils who have special interests should we extend these
experiments to other methods.
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FORCE, MASS, ACCELERATION

Preparatory Work for Pupils who missed Preparation of
Year Il

In the course of Year III, pupils following the Nuffield Course
will have gained considerable skill in using tickertape and vibrator
to measure speeds and accelerations. And they will have gained
some informal ideas about the relationships between force and
motion, and even the beginning of an idea of mass.

In Year III, pupils are asked to use tickertape for simple measure-
ments of motion, pasting up lengths of tape each ‘tenticks’ long for
a chart that is really a velocity-time graph. They use a ‘tentick’ as a
unit of time: ten oscillations of the vibrator. And they may have
seen demonstrations of multiflash photographs.

If any pupils starting Year IV have not used tickertape, they should
now go through those introductory experiments and chart making, as
class experiments with plenty of time — because if they do not under-
stand what this new technique is giving them, they will have
difficulties and delays with the more precise measurements ahead.

Teachers who have any pupils who missed Year III, are advised to
look very carefully at the Teachers’ Guide for Year III and take
suggestions of preparatory teaching from that. The instructions for
use of tickertape are given in the Guide for Year III, and are not
repeated in this Year IV Guide.

Experiments to start the New Year: Multiflash
We start with some multiflash demonstrations to re-open the prob-
lems. (See Note on Multiflash in the Preface to this Year.)

1. Free Fall. Make a multiflash picture of a freely falling object, a
small lamp or some object with a small steel ball lit by a remote
flood lamp ; and give pupils prints of it to analyse. (See the Note on
Multiflash.) This is not the time for exact measurements but just
for a quick look to show what the picture tells us. (However, the
picture may be used later for an estimate of g, if it carries the data
needed. For that, the picture should include a vertical metre rule,
and the frequency of the flashes should be recorded.)

2. Diluted Gravity. Take a multiflash picture of a bright ball

rolling down an incline, or of a trolley running down an inclined
plank. This, too, is for a quick look.
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Revision of Tickertape Technique (Optional)

Remind pupils of the tickertape experiments of Year III. If they do
not remember them clearly, ask them to run a tickertape class
experiment with a trolley running down a sloping plank. Then they
should paste up a chart of tentick lengths. They should do that
quickly, and be ready to discuss the chart fairly soon.

We explain that this chart is only a preliminary example; and that
we are going on to deal with different forces pulling a trolley along
a level table, and different chunks of matter (several trolleys)
being pulled along, so that we shall know more about rocket
motion, satellite motion and the general problems of modern trans-
port enginecring, astronomy and ‘atomic physics’.

Preliminary Look at Newton’s Laws of Motion

Before pupils embark on systematic experiments on Newton’s Laws,
we should raise the questions that lead to those Laws and ask pupils
to make a rough investigation. Otherwise pupils will work blindly
in an uninspired way that propels no scientist — or else, if we have
insisted on the outcome to be expected, they will just collect results
for a foregone conclusion.

Constant force: constant acceleration? We ask:
‘What kind of motion do you get if you pull on something with
a steady force?’ Try this, unless you are already sure.
If pupils are not sure of the Year III experiment, they should drag a
trolley along a friction-compensated runway and measure its motion
with tape and vibrator, to see whether the acceleration is constant.
(Of course, the acceleration will not be constant unless the pupil
pulls with a constant pull. At this stage we should ask for great care,
and suggest practice, to ensure a steady pull. Unless the runway is
plane and the friction compensation is carefully made and tested,
this experiment will be disappointing. It is essential to use a plank
with metal girder edging.)

Acceleration which is not Constant (Optional). With a fast
group, we might give a quick experiment with a case of changing
acceleration. That would anticipate a warning which will be given
later: that acceleration does not have to be constant, and in fact
many motions in nature have changing acceleration.
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We lay a length of chain on a smooth table, perpendicular to one
edge of the table. We pull the end of the chain a little way over the
edge and watch the motion as the hanging portion of chain pulls
the rest, with increasing acceleration. The other end of the chain
may be attached to a length of tickertape running under a vibrator;
and in that case the changing acceleration may be extracted from
quick measurements. Until it is all falling freely, the chain moves
with changing acceleration. (Unfortunately, the motion in which
the chain starts in a Joose pile at the edge of the table, which is
easier to arrange, is one with constant acceleration, g/3.) The
motion of the bob of a long pendulum will also show changing
acceleration. Either of these can be analysed by dragging a tape
through a vibrator; and, done as a demonstration, would not take
long.

Rough Experiments: Relationships between Force, Mass,
and Acceleration (a) With trolleys (no tape) or (6) With play-
ground trolley. We suggest:

‘Just to rémind yourself, try pulling a trolley without measure-
ments, with a pull, double pull, treble pull, and watch the
accelerations.

“Then try the same pull on more “stuff-to-be-pulled” by pulling
several small trolleys piled on top of each other (or by piling
more people on a playground trolley). Again, just feel and watch.
You will return to careful measurements in a moment.’

All we want from the first experiment is a clear statement that a
bigger force makes the thing accelerate faster; and perhaps a sug-
gestion that doubling the force doubles the acceleration. Again, for
the second experiment what we want at this stage is a clear idea
that with more stuff to be accelerated we either have to use a bigger
force or expect a smaller acceleration.

All that may have been clear in Year III, but it is wise to have it
quite clear now as the problem before the class is to be investigated
by careful measurements. We can point out that in designing
rockets for a given job or studying planets or atoms we need to
know just what acceleration will be produced by the force that we
measure on the test bench or the force we calculate from other
knowledge; and just how the rocket will change its motion as it
loses material through its exhaust.
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Careful Measurements. So we now ask for really careful
measurements. If possible, we should discuss plans towards the end
of some class period, so that pupils have time to think about the
careful experiments ahead of them next time.

Newton’s Second Law: Force and Acceleration

Class Experiment with Vibrator and Tape. Pupils pull a
trolley with tickertape along a friction-compensated plank. To
make that compensation, place books or blocks of wood under one
end of the plank until its slope is such that a trolley will just keep
moving steadily downbhill once it is given a start. With good wheels
on the trolley and a smooth, flat plank, the slope for this is very
small, so friction compensation like this may seem unnecessary.
However, it is probably wise to ask pupils to arrange this, as a
matter of principle. Later on, in momentum conservation experi-
ments, even small effects of friction may spoil the story seriously.

For a standard pulling force, pupils pull with a rubber thread
stretched to some agreed length (see Year III for details). They
should paste their strips of tentick lengths of tape in their notebook
to make a chart; but they should also draw a new form of graph.

Tape Chart once more. We need to make sure that the idea of
our samples of velocity is clear. Tape strips are more basic, material,
reminders of distance-travelled than graphs which are artificial
extracts. Graphs are soon to be our standard scheme, but pupils
should make a tape chart now - perhaps for the last time.

To many a professional physicist this distinction between a tape
chart and a graph appears trivial; and there is a strong temptation
to omit the chart and proceed straight to adult graphs. But to young
pupils who cannot know clearly until they see where their studies
are leading, the tape charts still offer some valuable teaching —
which we shall use in our formula-making soon. Some teachers in
trials have reported pupils more than ready for graphs and have
omitted trying a further tape chart. Since we are not sure whether
such reports arise from pupils’ impatience or teachers’ own skilful
habit, we make this plea for one more chart now.

The tape chart teaches the concept of ‘distance given by area under

a velocity-time graph’; and it provides for some useful O-level
examination questions.
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Of course if pupils themselves insist, unprompted, on proceeding
to graphs, they should do so. If pupils do plot a graph instead of
making a tape chart, they must, at this stage, plot it with many
points — equivalent to many strips of tape — so that they can see
whether the acceleration really is constant.

Graphs. Then pupils should draw graphs. The new graph can
have just two plotted points, if the chart has already shown that the
acceleration is constant. Pupils can take a speed, represented by a
length of tape which is distance travelled in tenticks and then
another tentick length a known time later, say 50 ticks. They plot
these two speeds upward on a graph against the time along,
measured in ticks. Then they draw a straight line through their two
plotted points. Although this misses the advantage of averaging, it
makes a simple graph that is easier to look at. They repeat the
experiment with double pull, by two loops in parallel; and then
with treble pull.

If the plank along which the trolley runs is not really smooth and
flat, local variations of motion will make this use of two points
quite unreliable. Therefore, it is important to use a plank of thick
plywood held flat by angle girders along each edge. Otherwise,
many points must be plotted and some kind of average arrived at
for the motion.

Each pupil should plot graphs on the same sheet of paper for these
experiments. Pupils should be left on their own to draw conclusions
from their graphs. It is much less valuable, though much quicker,
for the teacher to impose a well-taught conclusion. What pupils
find out for themselves from the slopes of these graphs (without
even being told to look at the slopes) will remain in their minds as
one of their discoveries in physics — particularly if we can then tell
them that they are finding out part of the story of Newton’s great
Laws of Motion.

Alternative Methods

This is the time for varying the method of experiments and showing
pupils other ways of ‘removing friction’ and other schemes of
timing, as alternatives to tickertape. (See Note on Multiflash pic-
tures in Preface to this Year and in General Introduction at
beginning of Year II1.) It may be obvious to us that changing from
tickertape to a gas-supported puck will tell the same story; but it
was not obvious to the medieval scientists, and it is not obvious to
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many a pupil. That is one of the delights for young people learning
science: to share with Galileo the making of the distinction between
essentials like velocity, force, distance and the non-essentials such
as the colour of the trolley or the musical squeak of its wheels.

The Nuffield Physics group have tried a number of methods; and
ingenious teachers are likely to construct some more of their own.
The traditional ‘Fletcher’s trolley’ is available in one form or
another in many schools. It can be used with some pupil participa-
tion so that it is more than a demonstration, almost a class experi-
ment. But that would only repeat in a more difficult form the
simple class experiments with trolleys, on which we have decided
to place our main emphasis.

We have tried special trolleys with meters to measure velocity and
even acceleration; and other trolleys carrying a spring balance to
measure the pulling force visibly. Those are only demonstrations
and we do not think they should be included in our programme
because they compete unfavourably with class experiments; so we
shall give only a brief note of them later.

However, demonstrations with frictionless pucks and multiflash
pictures are so striking and offer such a different look at the pheno-
mena, that we urge teachers to include some of those demonstra-
tions. Furthermore, they will be needed when we come to collisions
in two dimensions.

We also suggest a primitive demonstration measurement with a
scaler and pulse generator used as a millisecond timer. That makes
a good, direct, introduction to acceleration — so we hope it will be
presently transferred to Year III - and the method leads to inter-
esting measurements, such as the speed of a rifle bullet, later on.

Apart from a few multiflash pictures with frictionless pucks and the
use of the millisecond timer, we urge teachers not to burden the
work of this section with demonstrations — the simple class experi-
ments with trolleys should suffice. However, demonstrations might
offer ‘buffer extensions’ for a very fast group.

38

¥ K K K K K X X ¥ K X K o K K K F K F K K X R K F % ¥ ¥ K ¥ X ¥ K ¥ ¥ * ¥ *



Frictionless Pucks. We should experiment with.pucks on a
smooth table of glass. The puck slides along on a bearing of gas in
the tiny space between the puck and the glass. The gas may be CO,
from solid CO,, or air from a reservoir that has been pumped up
with a bicycle pump. The latter form sounds easy and economical
but it is very irritating and disappointing in use, because its air
supply runs out so quickly. We do not recommend it.

Large pucks such as those used in the P.S.S.C. films work well -
their large mass enables us to use pulling forces of the same size as
for trolleys — but they are expensive to make and use.

Ring-Magnet Pucks. The Nuffield Physics group has devised a
simple puck which seems better than all others for our use. It is
a small metal ring with a lid of cardboard or aluminium. We place a
small piece of solid CO, under the lid and, as the CO, evaporates, it
maintains a layer of gas under the lower surface of the ring, which
then coasts with practically no friction on a glass table. A thin post
placed on the lid acts as marker for measurements, and a long piece
of elastic thread can be used to provide a small constant force.
Pulling such a puck with a rubber thread is no easier than pulling
the trolley, but at least we have no friction here; and pupils have
the excitement of a different method of measurement.

We take a multiflash picture and project it with a slide projector, or
pass the print around, or, best of all, make a print for each pupil to
analyse,

Millisecond Timing of Trolley with Scaler
It is good to make an estimate of acceleration with measurements
that follow its basic definition:

acceleration = [gain of speed]/[time taken for the gain].

For that, we need to make two measurements of speed, one early in
the accelerated motion and one some time later. Then we subtract
to find the gain of speed and divide that difference by the time
between the two speed-sampling measurements. For each speed
sampling we need to time the travel of the moving body over a short
distance — we must not use a long distance or time, or pupils them-
selves will object that the speed which we are trying to measure
changes too much during the sampling.
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With a trolley pulled by a pupil keeping an clastic thread at con-
stant stretch, we may take as our speed-sampling distance the
length of the trolley, and therefore measure the time that the trolley
takes to pass a fixed observation post. We take two observation
posts,one near the beginning of the run and the other near theend,
and we measure the transit time at each. The transit times are likely
to be of the order of 1 or 2 tenths of a second, too short to measure
with an ordinary stopwatch. (We could measure them with tape
and vibrator, but that is just what we have already been doing.) We
need a clock that measures milliseconds: the scaler gives us that.

Use of Scaler as Clock. Schools following the Nuffield pro-
gramme will have a scaler (Panax or similar) which has a built-in
pulse generator giving 1,000 pulses per second.

The scaler is simply an electronic counting device which counts
small pulses of electric charge or voltage fed into it and registers
the total on three decimal dials. It is the ‘counter’ of a ‘Geiger
counter’. It can easily be converted into an electrical clock — one of
the two essential ingredients of every clock is a counting device, to
count swings of a pendulum, cycles of alternating current, etc.
Since scalers are often used to count particles emitted by radio-
active substances, they usually have, as a built-in accessory, a high
voltage supply to drive the avalanche of electrons triggered by a
particle passing through the Geiger tube. We do not need that high
voltage when we are using the scaler as a clock. But we do need
instead a source of regularly spaced pulses for the scaler to count
and a suitable switching mechanism - equivalent to the balance
wheel of a stopwatch and its control button. The scaler designed
for teaching use contains a pulse generator making 1,000 pulses per
second, whose frequency can be checked against an ordinary clock.

On their way from the generator to the counting mechanism, the
pulses can be brought out to an external switch and back, so that
they are not counted unless the switch contact is made. There are
also connections which stop the counting as long as another switch
is closed - in effect, by short-circuiting the generator.



Thus we can arrange the scaler to count the time, in milliseconds,
between two switching events, each of which may be the closing of
a switch or the opening of a switch. The switches may be knife
switches or other metal-to-metal contacts, or they may be solid-
state devices such as photo-diodes, which have a low resistance
when illuminated and a high resistance in the dark.

Primitive Acceleration Measurement with Scaler. For our
primitive measurement of acceleration, we have two photo-diodes
in series, one at each of our sampling stations. Each tube is strongly
illuminated by light from a small lamp, so the tubes have low
resistance and act as a closed switch to stop the scaler from count-
ing. If the light reaching either tube is cut off this becomes an open
switch and the scaler counts the time during which the illumination
is obstructed.

We make our moving trolley carry a strip of cardboard which inter-
rupts the light to the photo-diode while the trolley is passing each
‘station’. Then the scaler counts the number of milliseconds in the
time taken for that length of cardboard to pass the station. The
(average) speed during that is given by [length of cardboard]/[time].
Thus, for different samplings, the speeds are proportional to the
reciprocals of the times. With our arrangement of two photo-diodes
in series some distance apart the scaler will measure the time for
transit at the first station and then add the transit time for the
second station to that; so that pupils must be appointed to observe
and record the first reading before the trolley gets to the second
station. (The scaler has a ‘re-set’ switch which can be pressed to
return the counting dials to zero before the second reading; but it is
easier to leave that alone and subtract.)

For any measurement of acceleration, we also need the time that the
trolley takes in travelling from one station to the other. That should
be measured with a stopwatch operated by hand. (To try to measure
that time by the scaler would be to misunderstand this rough
experiment, which only uses the scaler to estimate the short transit
times. A crude measurement of the total time between stations will
suffice to give the same order of accuracy.) The trolley should
carry some mark at its mid-point for that timing. (For precision, we
should take the time between the mid-times of the transits, not the
mid-points; but that is too difficult and not necessary for this teach-
ing experiment.)
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This sounds a complicated scheme for doing something relatively
simple, and not doing it very accurately. Yet, when pupils see it,
they recognize it as a clear way of finding acceleration from two
separate measurements of speed and a measurement of the time
taken to make the change of speed.

This simple measurement belongs more properly in Year III, and
we hope that when schools have scalers (which are listed as
necessary for Year IV but not for Year III) they will move this
experiment to Year III.

Teachers giving this demonstration willfind they need to emphasize
the fact that the velocities at the sampling stations are not propor-
tional to the scaler readings but to the reciprocals of those readings.

Use of Gravity Pulls in Acceleration Experiments to be
Avoided. In any of these experiments, the force should be applied
by rubber threads (or spring balances) ‘in parallel’. We should at
all costs avoid making the force by using a calculated pull of the
Earth on a load hung on a thread. Although that is simple and
obvious, it leads to some confusing troubles.

Special Trolley with Meter (Buffer option). If the teacher wishes
to manufacture it, an interesting trolley can be made which offers
readings of velocity and of acceleration on a millivoltmeter. One
wheel of the trolley is made to drive a small permanent-magnet d.c.
dynamo. The output from the dynamo is fed to a millivoltmeter
which will indicate speed.

If, instead, the output is fed to the primary of a small transformer,
the secondary of that transformer will drive, through a milli-
voltmeter, a current roughly proportional to the rate-of-change of
the primary current; so the meter gives a measure of acceleration.
This ingenious trolley will repay the trouble of manufacture; but
for use with pupils it would have to be tested to show that it does
measure those quantities faithfully.

Trolley with Spring Balance and Sandbag (Buffer option). We
may use the pull of a hanging load provided it is in the form of a
sandbag of unknown weight, which merely does the job for us like
a trained dog. Then we must make a direct measurement of the
pull that the thread applies to the trolley. We must install a spring
balance on the trolley.
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It is possible to construct a simple spring balance with easily visible
readings in arbitrary units. (We have coined the name ‘strang’ for
such a unit and we may call the whole instrument a ‘strangmeter’.
For satisfactory use, the strangmeter must have good damping, so
that pupils can watch a steady reading during the run of the trolley.
The damping device must not add mass which the spring fails to
measure; but that can be arranged by wrapping the pulling thread
round a rod which carries a vane in a dash pot of oil. This method
does not require any discussion of gravity pulls, nor does it raise
the difficulty of some of the weight of the sandbag being used to
accelerate the sandbag itself. Though it is a simple demonstration
but we do not consider the trouble of constructing it or the time
taken to show it are worth while.

A trolley with a strangmeter can have its pulling thread wound once
or twice round a pulley-wheel attached to a small d.c. dynamo
which will then indicate the speed of the trolley on a millivoltmeter.

Mass and Motion
Before pupils start on experiments with different masses, we ask
them to think about the problem:

‘ Suppose you have a force that gives a trolley a certain accelera-
tion. Now put another trolley on top of your trolley and pull
them both. What force would you expect to have to use if you
wanted to get the same acceleration as with one trolley?’

That suggests the simplest form of test: one trolley pulled by a
force, two trolleys with double force, three trolleys with treble
force. We look for the same acceleration in each case.

Although that looks like trickery — prearranging to get a simple
answer — it is in fact a clear illustration of the basic story, that
masses do not interact, and that forces do not interact, so that when
we have two masses side by side each needs its own share of force
to accelerate it. One mass does not affect the other one’s force
requirement; and one force does not affect the ability of a neigh-
bouring force to accelerate things.

For clear, convincing results, it is important to adjust the friction
compensation anew for each new mass. We might expect the proper
tilt to be the same for several trolleys as for one, but in practice it
often changes and unless the compensation is made the experiment
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does not go well. The amount of compensation necessary depends
enormously on the smoothness of the runway — hence our insistence
on thick plywood and metal edges. It also depends on the design of
the trolley and on its state of preservation.

(Optional for slower groups.) Ask pupils what they would expect
if they kept to one single standard force all through and applied it
to one trolley, two trolleys and so on. Let them guess: do not com-~
ment on their answers. Ask them to try both versions of the ex-
periment. To many a young pupil, the second experiment is quite
different from the first, partly because of its mathematical difference,
and partly because it now shows the essential property of inertia
more clearly to him.

Trolleys and Tape. Pupils should now try the two demonstra-
tions described above with tickertape.

Multiflash (Optional). Now that we have multiflash photography
available, we may also show that with some form of puck being
accelerated. In each case, we should increase the mass by piling
identical items on top of each other. We should #nof compare
masses by weighing at this stage.

Careful Experimenting

These experiments on force, mass and acceleration are not easily
done with great precision unless pupils have time to practise tech-
niques and make careful measurements and have a flat board
for the trolley to run on. By giving them sufficiently clear and
detailed instructions and helping them whenever they are uncer-
tain, we could reduce the time taken for these experiments enor-
mously ; but, if we do, we are missing the point of these experiments.
These are intended to be investigations made by pupils on their
own. We hope for the full satisfaction that young people can get
when their own measurements reveal natural behaviour clearly.

If some pupils experiment too roughly and do not arrive at con-
vincing results, we should not blame them or hurry on to other
things but we should offer them a chance to try again:

‘Are you yourself satisfied with this? Knowing what you now
know, how long would it take you to try this over again very
carefully?’
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Even as early as Year IV, self-respect is waiting to push its owner
towards a careful second trial, if we will only give suggestions and
approval. Time taken for such further trials will be justified -
there are other things this Year which could be cut shorter. On the
other hand, this investigation should not drag on into a long and
tedious business of repeated measurements by pupils who do not
clearly understand what it is driving at. This is not one of those ex-
periments which a first year’s trial shows to be so fruitful that
teachers decide to expand it in a second round. Experienced
teachers are more likely to carry this investigation through a little
faster with next year’s class, by some coaxing and some more care-
ful preparation.

These experiments will give some pupils a strong, satisfying sense
of being knowledgeable. They feel that they have got the better of
the apparatus — that they are apprentices who have grown expert
with it — and that they are finding out things about nature by
making accurate measurements. Although these investigations may
well take several periods, they are the pupils’ own experimental
work and they are worth the time.

If convenient, one complete set of trolley apparatus should be kept
available in the laboratory for several weeks, in case some pupils
wish to try things again — or both teacher and class may want to go
back to part of the experiment when there is discussion.

Discussion of Force, Mass and Acceleration

When pupils have finished their experimental investigations and
have some form of graphs in their notebooks to show the results,
the teacher should hold a general discussion. Pupils should be
encouraged to offer suggestions and argue with each other - it
would not be wise for the teacher to issue his own clear summary at
this point. Now, or in Year III, pupils should have seen for them-
selves that:

1. a constant force makes the trolley accelerate, with constant
acceleration;;

2. doubling the force doubles the acceleration, and so on. The
accleration ‘produced’ is directly proportional to the force.
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At this stage we should remember the confused views on ‘Propor-
tionality’ that cloud the minds of many pupils at this age — good-
ness knows why. (See the Note on Proportionality in the General
Introduction at the beginning of Year III.) Whenever we mention
proportionality we should always avoid that long word at first and
say:

‘When you double the force, you get double the acceleration,
“when you use three times the force you get three times the
- acceleration, and it goes on like that. Acceleration ““goes as” the

force. They both go up in the same proportion. In fact, accelera-

tion is proportional to the force.’

(Note that here we are measuring force by the number of equal
pulls in parallel, assuming that forces simply add, and do not
interact, that is, they do not ‘frighten each other’. See the Note on
‘Interaction’ in the General Introduction at the beginning of Year
II1.)

3 (a) The force needed for a chosen acceleration is proportional to
the mass, which is measured by the number of equal items piled on
top of each other. We can carry that down to the atomic scale and
say that mass is a measure of the number of atoms in a body, pro-
vided they are all of one kind.

And if we like to lump protons and neutrons together under the
name ‘nucleons’ and regard them as the fundamental constituents
of atomic nuclei, we may even say that mass is to a rough approxi-
mation a measure of the total number of nucleons in a body, what-
ever the mixture of atoms in it.

3 (b) When a chosen force acts upon different masses the accelera-
tions are inversely proportional to the masses. (We should expect a
much more naive wording of this from pupils; and we should be
unwise to give the inverse proportional version as our own way of
stating this result.)

At this point, some teachers like to expand the discussion of mass
and show some additional experiments. Others prefer to postpone
that for a short time until some more work on acceleration has pre-
pared the ground for quantitative measures. Teachers planning
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their work for this may wish to look ahead and decide whether to
bring experiments 24, 25, (26), 27 back to this place in their
teaching.

Discussion of Newton’s First Law of Motion

Although we regard Newton’s First Law as a special case of the
Second Law, pupils do not recognize it as that — any more than did
the philosophers of Galileo’s and Newton’s times, who found in it a
startling change of view. So we should be wise to discuss the First
Law with pupils as a separate topic.

How much we have to explain, and whether we show the experi-
ments described below, will depend on the treatment in Year IIL.
Pupils who followed Year III of our programme fully should have
seen demonstrations with a block of solid CO, and with a ring puck.
If they missed either of those they should certainly see them now.

We ask pupils about an object moving straight along without
- changing its speed. What force does that steady motion need to
maintain it? If pupils say no force, we at once ask them to push a
chair or table along a rough floor and ask them whether they really
call that no force. In other words, we must still respect the common-
sense view which Aristotle investigated: that steady motion requires
a steady force. That is true when the motion pushes against some
invisible opposition such as that provided by friction.

Motion Against Variable Friction. If the friction is ‘fluid fric-
tion’, the motion takes on a very interesting characteristic: since
fluid friction increases as speed increases,} a body being pulled
against fluid friction speeds up until the friction drag reaches a size
that exactly balances the pulling force, and then there is a constant
‘terminal velocity’.

We remind pupils of that behaviour, which they have met in earlier
Years. We show again a demonstration of some object falling in
viscous liquid. We let a small paper tray fall in air. We show small
steel balls falling in thick oil or glycerine, or polystyrene balls
falling in water. Pupils should see once again that the object falls
with constant speed, after a short initial stage of acceleration. Soon
we are going to interpret that constant-velocity motion as due to

+ Though not proportionally, in most cases. The commonest form of fluid
registance varies as v2,
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friction forces, upward, just balancing the pull of gravity (less the
buoyancy of the surrounding fluid) downward.

Frictionless Motion. Then in contrast we show a demonstration
of motion continuing with no force either way along the motion. If
puptils have not seen it, we show a big block of solid carbon dioxide
coasting to and fro across a carefully levelled glass sheet on a table.
(As was pointed out in the Guide for Year III, this is a demonstra-
tion well worth the trouble of sending specially for the block of
CO,.)

Or, we show a ring magnet coasting with practically no friction on
any smooth table. The ring is given a lid of cardboard or metal and
a small quantity of solid carbon dioxide is placed under the lid. As
the CO, evaporates, it provides a ‘gas bearing’ on which the magnet
slides like a hovercraft. The small quantity of solid CO, needed can
be obtained from a cylinder of carbon dioxide released into a bag.}

Simpler still, but much less satisfying, show a small disc sliding on
a glass sheet covered with small, polystyrene beads.

Ask pupils whether the Moon is slowing down appreciably, as it
goes round and round the Earth,and how they can know whether it
is; ask whether a space traveller has to keep his rockets going when
he is far out in space. And ask whether a molecule of air moves
slower and slower although there is no driving force to keep it
going. (If pupils say that molecules of air do move slower and
slower, through some mysterious friction, ask where the air will all
be in a few minutes from now.)

Force and Constant Velocity: discussion continued. Nowwe
must face the conflict between a steady push needed to keep a
chair sliding along the floor and no force needed to maintain some
other steady motions. Or we may think about riding a bicycle on a
level road, in contrast with coasting on a frozen lake - but the
bicycle involves more complex forces. By now pupils should be

} The easy way to obtain the small quantity of solid carbon dioxide that is re-
quired, from a cylinder, is as follows. Fold a piece of closely woven cloth
(preferably of dark colour to make the product easy to see) in the form of a bag.
Hold this bag tightly round the nozzle of this cylinder and open the valve at full
blast for 5 to 10 seconds. If the cylinder is a syphon type it should be kept
upright; but if it is an ordinary cylinder of carbon dioxide it should be tipped
upside down during this process.
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ready to point out that in the case of the chair there is more than
just the force exerted by the chair pusher. There is also the force of
the friction dragging backward. We ask:

‘How do you know friction is acting on the chair? Oh, yes, you
know that you have to push the chair and you think you are push-
ing because friction is dragging back; so you think you are feeling
the force of friction. How do you really know the force of friction
is there?’

(Note that we are still asking questions, respecting pupils’ reactions,
and discussing matters ; we are most anxious #ot to begin our formal
study of Newtonian mechanics with strong assertions that must be
swallowed unthinkingly.)

Feeling Friction Forces. There are two ways in which we can
experience the friction for ourselves:

a. By having our skin as the surface that is moving along the floor
or table. Ask each pupil to rest the palm of one hand loosely on the
table and then drag it along the table, trying to persuade himself
that he can feel the drag of friction on his skin. Curiously enough,
this impression is more easily developed if the pupil asks his part-
ner to take the resting hand by the wrist and drag it along the table.
Then the victim’s thoughts are concentrated on the forces at the
surface.

b. We use our own skin as the ‘floor’. The pupil places a heavy
load, such as a brick, on his upturned hand held at rest on the table
and asks his partner to drag the load along.

The pupil who points out that the experiments (a) and (b) are the
same, is already developing a sense of Galilean relativity, and
deserves immediate praise.

Teachers may want to comment on the heat developed when fric-
tion forces drag along surfaces. Some teachers feel that this heat
which can be felt should be the starting point of the study of heat,
and suggest we should diverge on a discussion of heat at this point.
In any case, if pupils raise this question of heat, we should certainly
pursue it here.
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Demonstration of Balancing Forces. We then offer a demon-~
stration of a rough object being pulled along on a floor which is
itself on rollers, so that we can measure the drag on the floor. This
is a comforting experimentd: even if it is very rough. The demonstra-
tion is performed thus: A brick or some other rough block is
dragged along a plank of wood which itself rests on metal rollers so
that there is very little friction between the plank and the table.

stationary floor Moving
on rollers / "orick"

We drag the brick with a spring balance,} A, which measures our
pull. The plank which acts as floor under the brick is kept from
being dragged along with the brick by a cord which tethers it to a
post at the end of the table. A second spring balance,} B, interposed

+ However, if we take a stern philosophical view and think out what is happening
in terms of Newton’s First Law, with Newton’s Third Law treated as an account-
ing rule, we come upon grave doubts. We grow less and less sure what we are
really measuring or demonstrating. We can even convince ourselves that the
whole demonstration is a swindle. It is not, because it is a demonstration of a real
event in the physical world and it does supply some information to people
who might have expected a different result. Therefore, it does convey some
knowledge and it should be shown.

4 For this demonstration to be worth anything, the spring balances must be ones
whose readings show clearly at a considerable distance. The usual small spring
balance with a little pointer on a straight scale is no use here - the teacher might
just as well teach the experiment by asserting its result, Large, light, dial balances
should be provided. A good form already in use has a dial 6 inches or more in
diameter, a black face with clear white figures and a brightly coloured pointer.
That enables pupils to see whether the two forces are the same, providing two
properly calibrated balances are used.
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between plank and post measures the tension in that cord, or as we
say, the counter-drag of the friction force of the brick on the plank.

We winch the brick along at constant speed by a cord from spring -

balance A to an axle; and we find that our pulling force matches
pretty well the ‘friction drag’ registered by spring balance B.

This may seem a pointless experiment, but to young scientists it

resolves a very serious puzzle. They need to be assured that we can
have constant velocity not only out in space or on special frictionless

rollers but in cases where there are large forces acting, provided

those forces happen to balance.

This experiment Jooks Lke an earlier experiment to investigate
friction, which used similar apparatus. Though friction provides
one of the forces here, the aim of this demonstration is entirely
different —~ to show Newton’s First Law fully — and teachers
should avoid bringing in laws of friction here.

In view of the danger of confusion with a friction investigation,
it may be worth while to give a demonstration without friction.
Load up the plank on rollers to make a large, massive ‘trolley’.
Install a spring balance, with a clear pointer and dial, on the plank
at each end. Run a cord from one spring balance to the end of the
table and over a pulley to a load, which will pull the plank one way.
Run a cord from the other spring balance to a winch (or over a
pulley to another pulling load), to pull the plank the opposite way.
Pupils watch both balances when the opposite pulls are arranged
to maintain constant velocity. (A further trial with unequal pulls
producing acceleration will promote fruitful discussion.)
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Galileo's Argument

> Vil
/z

NEWION'S LAW I

\ iy — and on and on __ =\

/ 7

Galileo’s Argument leading to Newton’s First Law. We re-
mind pupils of Galileo’s downhill-and-uphill argument (described
in the Guide for Year III). Galileo assured himself, by drawing
upon his commonsense knowledge of nature, that a ball rolling
down one hill and up another would, apart from friction troubles,
reach the same height on the opposite hill as its starting height. He
argued that that must happen whatever the slopes of the hills might
be. Then he considered the special case of a ball rolling down one
hill and meeting another ‘hill’ consisting of a level plane, a hill
that would never reach the same height. He concluded that the ball
would never stop moving. In this way, Galileo arrived at Newton’s
Law I by a ‘thought experiment’.

Formal Statement of Law I? If we give pupils a formal state-
ment of Newton’s First Law, we should at least insert the essential
word ‘resultant’. When we say resultant force in that law, the law
makes sense. Otherwise, it has that rarefied form which seems to
apply only to outer space.
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We need a name for the vector sum of all the forces acting on the
body. Law I applies to cases where that vector sum is 0; and the
force in Law II is that vector sum when it is not 0. The name total
force’ is not suitable, because that has another technical meaning.
The name ‘unbalanced force’ does not seem good, because it
suggests there is something a little strange or inferior about that
force. The names ‘net force’ and ‘resultant force’ are suitable; and
here we choose the old-fashioned word ‘resultant’. We use it to
mean the effective sum; the single force which would, for most
purposes, replace all the actual forces together.

In discussing the other aspect of Newton’s First Law, the inertial
property of matter, we should be very careful never to speak of a
force ‘overcoming inertia’, as if inertia were a sort of internal
armed guard, which once vanquished allows a frictionless life.

To a pupil with a good feeling for Newton’s First Law of Motion,
two experiments illustrate the idea clearly: an object coasting along
a level table on some form of frictionless bearing, and an object
falling with terminal velocity in viscous fluid.

Comment to Teachers: Newton’s First Law. It looks as if we
could substantiate Newton’s First Law of Motion by experiments
such as the one described above with spring balances. However, a
very careful examination of the underlying logic involved suggests
that all we really do when we state Newton’s First Law is describe
a force. We say, when there is no force we see uniform velocity,
when there is a push or a pull we see acceleration. When we cannot
see whether there is a (resultant) force, we look at the motion and
decide whether there is any acceleration. That is how we know
when there is a force and when there is no force. Although that
seems a rather miserable analysis, there is still some practical
knowledge of nature therein; because we can link ‘no force” in our
common knowledge with ‘leave a thing completely alone’ and
expect, therefore, a space traveller to continue to move with con-
stant speed in a straight line if he is far away from any disturbing
influences that we can see or think of.

And there is some knowledge of real nature in the inertial property
of matter: the property of opposing change-of-motion, of con-
tinuing to move along when we leave it alone. Therefore, many
of us prefer to keep Newton’s First Law as a separate law and not
just a case of Law II. It is now fashionable to call Newton’s Law I a
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special case, but in our teaching we, like Newton, may find Law 1
worth stating clearly. Newton himself was trying to establish an
entirely new way of treating mechanics; a treatment that was partly
built by Galileo from the work of a few earlier scientists, and then
came out into the open as a reforming influence on the whole of
medieval physics.

Constant Acceleration: Discussion of Charts, leading to
Graphs and Formulae

We point out that the chart which pupils make for accelerated
motion is really a graph, with speed plotted upward and time
plotted along. We have plotted speed in queer units, centimetres
per 10 ticks, or centimetres per tentick; and time in queer units,
one tape width representinga tentick from the half-time of onestrip
to the half-time of the next. Instead of that we might plot, in
imagination, a true speed-time graph like this:

‘Imagine that speed is sampled at regular intervals of time, say
0, 10, 20, 30 seconds from the start and plotted upward on some
suitable scale and that the time is plotted along. We might have a
graph of a car accelerating, in which case the speed would be in
miles per hour and we could imagine reading the speedometer
every 10 seconds.’

As revision of Year III work, plot such a graph on the blackboard
showing speeds 0, 15 mph, 30 mph, 45 mph, 60 mph - this is a car
speeding up to 60 mph in 40 seconds from the start.

‘Now we can look at the acceleration. We can see how much
speed the car gains every second; here it is moving 45 mph, a
gain of 15 mph in how long? ... Yes, 15 mph gain of speed in 10
seconds, that is 14 mph gain of speed in every second. We call
that the acceleration.

‘We say that the acceleration is 14 miles/hour per second. That
doesn’t mean its speed was 14 mph any more than it was 15 mph
at any time between that 30-mile-an-hour stage and that 45-mile-
an-hour stage.
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“This is our way of saying how it’s speeding up, how it is gaining
speed - rather like somebody’s statement about pocket money
going up: if you get 5s a week this year and 55 6d a week next year
and 6sa week the next year, your acceleration of pocket money rate
is how much? ... Yes, 6d per week per year.’

The teacher should draw the complete graph-line sloping up
through the points and ask if that looks like a fair graph of the
motion we are imagining. He can draw a little triangle for each 10-
second period, showing the 15 mph increase, like steps of a staircase,
step after step all the same size. He can ask whether the graph
shows that the acceleration stays the same, and how one can always
tell a constant acceleration if one sees the graph. The straight
slanting line is the scientist-detective’s clue. (We do not at this
point introduce the technical term ‘slope’ unless that is already well
known in mathematics.)

We can ask what the graph should look like if the car had twice that
acceleration, or half that.

We should ask what pupils would expect for the same car loaded up
with a great many passengers and pulled with the same force. We
should also ask whether pupils think that this graph would go on
for ever with a real car, continuing with a straight line.

The last question will lead to the commonsense answer that air
resistance will change the story; and we must make it clear that the
different motion that we then expect is not ‘wrong’ but is just what
does happen in nature.

Accelerations are often Not Constant. In fact, we must be
careful to avoid giving pupils the idea that the only right kind of
accelerated motion, or the only common kind, is one in which the
acceleration is constant. We should certainly skow some motion in
- which the acceleration is not constant. As a good example show the
accelerating chain described earlier in D/C5.

Graphs of Velocity versus Time Formulae. We now return to
the idea that we built up and used in Year III, that on a graph of
speed against time, the area under the graph gives the distance
travelled. In Year IIT we made such graphs informally by pasting
strips of tape from the recording system, so the area under our
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‘tape chart’ was obviously, automatically, distance travelled, pro-
vided we reckoned it by adding lengths of tape. Now we point out -
if that has not been discussed already —that if we take lengths of tape
for a one-second period and make the chart by spacing the strips
one second apart the area of the chart certainly gives distance
travelled. And the chart is now a graph on which we plot speed
upward and time along. We illustrate that by treating the problem
of the car above, as follows:

‘I am going to redraw that graph just as before except that I
am going to write the speeds in different units, in feet per second
instead of miles per hour. I shall do that because I want to deal
with time in seconds along and speed in feet per second upward.

‘What is this speed 30 miles/hour in feet/second?’
(The teacher should then work it out and arrive clearly at 44 feet/sec.)

“Then I mark this 44 feet per second. The next point that we
had was 45 mph and that is 66 feet per second, a gain of 22 feet/
second. These two points are 10 seconds apart. I am going to
imagine we divide that time into ten periods of one second.
(Teacher makes marks.) In each second the gain is 2-2 feet/second.

44 ............ 462 ............ 484 ............ and so on to 66.

Here are two times, just one second apart. What is the speed
just here? Well, at the beginning of that one-second period, the
speed was 44 feet per second and at the end a little more, actually
46-2. How could you find out how far the car travelled in that one-
second time; what was its speed then? Oh roughly ... Yes, 45 feet
per second. Then how far did it travel in a second? Yes, 45 feet,
just this height. How far did it travel in the next second? This
height, and in the next second this bigger height. What I am
really doing is multiplying each speed by a one-second piece of
time: if I wanted to know how far the car went in a half second I
should just take a half second along, like this, and multiply it by
the height up to the line and that would be the speed times half a
second.} [Speed] multiplied by [time], that’s the area of the strip.

} Even with quite able pupils we should be careful not to say: ¢ Of course distance
is speed multiplied by time.’ That, which is so obvious to us, is still in the foggy
region of unfamiliar thinking in many a young mind. We are reminded of that
when we see quite capable pupils scribble on the edge of an examination paper
some mnemonic for remembering ¢distance equals speed X time’.
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The area of this strip shows how far the car goes in that time.
Then how can you tell the total distance the car travels between,
say, here and here?’

We try to elicit the statement — already asked for in Year III - that
the area under the graph between the two points gives the distance
travelled between those two instants of time.

Formulae. We should then put this idea into algebraic form. We
draw the graph with v (velocity) upward and ¢ (time) along and
show a motion with uniform acceleration starting from rest. We
end at some place on the line which we mark vg,,,and 5.

It will confuse pupils if we label a particular chosen point on their
graph v and ¢, when they are already using » and ¢ for their general
coordinates. We should use either v, or o, or something of that
kind.

We ask how far the object has travelled. Pupils will tell us now that
it is the area of the triangle, of base #;_,, and of height v;_,;. So the
distance s is $[2gqa][Zanal

Now we go back to acceleration, which is defined as gain-of-speed
in each second. a is the acceleration (a feet/second gain of speed in
each second), how much speed shall we have gained at #g,? That
will be a[tg,,,]. For a car starting from rest, that is the speed then.

Vfinal = Algnal
and s = }Vgpal X [tana] = 3altsnal®

We should remember thatto pupils this is not only unfamiliar, but at
the moment pointless. We can give it a little point by asking pupils
to calculate how far a racing car will go in certain times with certain
accelerations and we can put it to some use at once to measure g.

Instead of being impatient, we should offer some comforting medicine:

¢ Suppose you drive a car for two hours at 30 mph. How far will you go? How
did you get that answer, by multiplying or dividing? Give yourself a simple
obvious problem like that whenever you are not sure.

‘If you are given speed and distance and asked for tinze say to yourself, “I drive
at 30 mph and go 60 miles. That takes me 2 hours. How do I get that time of
2 hours? By dividing 60 miles by 30 mph. Therefore time equals distance/
speed.” There is no need to remember this as a formula. Just use common
sense and think about driving a car.’
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Measuring g

£ 1s an interesting property of nature. Unless pupils measured g in
Year III, they should do so now. If we make some quick measure-
ments they will enjoy it and be impressed to find that they can all
agree fairly closely with each other. If we labour the measurement
we shall spoil things at this stage. We should be careful not to over-
emphasize the need for accuracy, by following the tradition of
earlier times when measurements of g were considered specially
good training and were in fact needed for engineering and other

purposes.

The acceleration of a freely falling body is as important a thing as
ever — in geophysical prospecting, engineering, rocketry — so pupils
should understand what it is and should have the experience of
measuring it. But if they need a very precise value they can obtain it
from other people’s work. If precise measurements of g were
something that pupils could carry out easily and well (and thus
achieve a great sense of success in precision) we should certainly
urge it on all teachers; but the only available methods for high pre-
cision are pendulum ones, which do not give pupils their result of g
by a fully understood route, as we have to supply a formula without
much support.

Even the formal claim that nevertheless pupils should try the pen-
dulum1 measurement, since it is the ultimate standard used by pro-
fessional physicists, is put out of date by the fact that the most
precise measurements of g are now being made on freely falling
objects by using an interferometer with electronic frequency
measurements for timing,

Pupils should measure g by some method that gives an answer that
can be trusted within a few per cent, a method they feel they
understand perfectly; but first they should make a rough, simple
estimate.
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Rough Estimate. So, first of all, pupils should make a very
rough measurement by timing a fall, with a crude clock that gives,
say, 4-second ticks; or with an ordinary stopwatch. The fall should
be as long as possible.

Demonstration Measurement of g with Scaler. The scaler
recommended for use in this programme has, as a built-in accessory,
a pulse generator giving 1,000 pulses per second. These pulses can
be brought out by wires to external switches and carried back to the
scaler to be counted - so the scaler acts as a clock, registering milli-
seconds on its dials. (See the earlier description of the scaler and its
use in a simple measurement of acceleration.) A steel ball is dropped
through a small vertical distance from rest, its time of fall is
measured by the scaler, and its acceleration is calculated on the
assumption that it fell with constant acceleration.

At the starting point, the ball is held by the experimenter against
three metal pegs (held by hand or a string). The ball completes an
electric circuit through two of the metal pegs, thus keeping the
‘clock’ from running until the ball is released.

(If an electromagnet is used instead, there is danger of a delay in
releasing the ball when the magnet is switched off, so it is important
to place a small piece of paper between the magnet core and the
ball. And there are difficulties in arranging for the prompt switch-
ing of the scaler so we do not recommend an electromagnetic
release, tempting though it sounds.)

When the ball arrives, having fallena distance of] say, 1 or 2 metres,
it stops the clock by hitting a switch. A micro switch does well buta
simple knife switch is better because pupils can see it. It should be
placed on the floor with a small hinged platform on its handle so
that when the ball lands on the platform it pushes the handle down,
closes the switch and makes the circuit that stops the clock. Thisisa
very good demonstration if the scaler is used as a familiar object in
the teaching; but it is 2 bad demonstration - for our purpose of
well-understood physics — if the scaler has to be brought out
specially and carefully adjusted and presented as something strange.
So we urge teachers to explore the uses of the scaler.
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If possible this should be a class-demonstration in which the C20
teacher sets up the arrangement and then each pupil in turn makes
his own measurement.

Make this a Quick Experiment. This class experiment should
be a quick experiment for the fun of measuring g. Pupils should not
do this until they have some confidence in the relation s = }af2 It
should not be an experiment that drags that relation in as a mysteri-
ous ‘formula’, simply to get the right answer. Nor should it turn
into a whole series of measurements to ‘get a good average’ or to
explore the relationship between height and time of fall. At this
stage we should be anxious to get on to new topics in dynamics and
it would be easy to delay progress by developing an enthusiasm for
a set of measurements that would not have a very important out-
come.

X K X K X X X F ¥ K X

Measuring g with Electric Stopclock (Optional de luxe alter- C-D21a
native). If the laboratory has a demonstration electric stopclock,  OPT.
that should be arranged so that pupils take it in turns to use it for a

fairly precise measurement of g. They should time free fall of a ball

from rest, for a distance of several feet. Before release, the ball is

held against three pegs, as in the Panax measurement above, hold-

ing the clock stopped by making contact between two of those pegs.

If the construction of the clock is such that this use of the pegs in-
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volves any danger of shock, the ball may be held by a piece of string
threaded through a hole or hook in it; or a relay may be interposed.

(Or, if the construction of the clock allows it, the ball may be re-
leased by a small electromagnet, arranged to stop the clock when
the current through the coil of the magnet is switched off. However,
that should not be used if it involves a switching arrangement, such
as a relay which looks complicated, or any double switching opera-
tion with unknown delay. Such arrangements might seem to us
admirable in their ingenuity but they would divert pupils’ attention
from the simple important measurement. If an electromagnet has
to be used to release the ball, a small piece of thin paper should
always be placed between the ball and the core of the magnet —
otherwise, residual magnetization is likely to cause uneven delays
in the release.)

At the end of a measured fall, the ball should stop the clock by
hitting a small plate on the handle of a knife switch resting on the
floor — thus closing the switch, as in the scaler measurement. If this
arrangement matches the Panax scaler arrangement closely, all the
better: pupils can then do a class experiment, taking turns with the
electric stopclock, to make their own measurement of g by a method
they have already seen demonstrated.

Teachers might prefer to hold up the scaler measurement until
after this class experiment and then produce it as a measurement
with improved precision.

Pulsed Jet of Water Drops: Estimate of g (Buffer option). A D21b
fast group or a pupil with special interests might make an estimate

of g from measurements of the drops of water in a pulsed water

stream viewed stroboscopically. That experiment is intended
primarily to demonstrate the constancy of the horizontal velocity

of a projectile; but when a grid of horizontal wires (or some other

vertical measuring scale) is placed in the plane of the jet the vertical

fall from drop to drop can be measured and plotted, yielding an

estimate of g.
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Special Experiments for Measuring g. Many ingenious
schemes have been suggested for measuringg with simple apparatus: :

such as a swinging pendulum that hits a dropping ball or a rotating
gramophone turntable that catches a falling dart, but in general
these are to be avoided here because the ingenuity of the method is
likely to swamp the essential sense of measuring something.

There is one important exception: where a teacher has invented
and constructed his own special device for measuring g, he should
certainly use it with his own class: that sense of research which is
transmitted automatically to his pupils is of enormous value in
giving them a true sense of science. Yet here, as elsewhere in the
programme, other teachers should hesitate to adopt someone else’s
special scheme - however ingenious and successful — unless they
are satisfied that it will not delay progress and that the essential
measurement will shine through the details of the operation of the
apparatus.

Multiflash Picture for g (Optional). At the beginning of this
Year, it was suggested that a multiflash picture be taken of a freely
falling body. If that was done, pupils will probably ask, now or
earlier, if they can obtain the value of g from that. The answer to
that depends on whether they know the frequency of flashes and
whether they have a scale of distances in the photograph. So we
hope that a metre ruler was included in the photograph and a
record made of the flash frequency. If not, it is probably worth
while to repeat the experiment now. Or, if the equipment takes too
much time to arrange, the teacher might now distribute printed
- copies of such a picture.

Printed Copies of Multiflash Pictures (Optional). To distri-
bute printed copies to pupils who have never seen a real multiflash
experiment carried out, would be confusing to pupils and a very
bad mistake in our teaching. In spite of obvious economy, we hope
that no school in the Nuffield Physics Programme will ever yield to
temptation and do that.

However, when pupils have taken part in a real multiflash experi-
ment, they should be ready to use printed copies of someone else’s
picture of a similar experiment without much confusion or damage.
Again and again in each area of natural science, we all of us have to
receive secondhand evidence, review it and accept it with only
moderate reservation. But we should not accept such evidence
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unless we understand clearly how it was obtained and feel that we
have some knowledge of its reliability. In the case of multiflash pic-
tures those assurances are best provided by doing a real experiment
as a prototype.

In making an estimate of g from a multiflash picture of free fall,
pupils can also test the constancy of that acceleration; so we hope
that such pictures will be used, where the speed of the class permits.

AIMS AND PLANS

Pupils of this age want to know where they are going in a pro-
gramme of study. They ask, ‘Where does this lead?’; or there may
be a more unhappy question - coming from either pupils or
teachers — ‘Why are we doing this?’ Sometimes such questions
come only from a general uneasiness over a new programme and
call upon the teacher’s feeling of confidence and enj oyment, rather
than needing a specific answer.

Sometimes the questions are voicing a complaint over some of our
demands which make the work seem difficult and uncertain com-
pared with learning science by memorizing facts and rules. Those
demands are important matters in our policy: we ask for reason-
ing to be done; we give problems to be thought out; we pose ques-
tions to be kept partly answered for some further thinking;

and all those are of the essence in our teaching. We have to meet
complaints of difficulty and feelings of uncertainty very gently, be-
cause habit is there from other teaching and — particularly with
slower pupils — our new demands do feel harder to meet.

We should not reply by making fun of parrot-learning; but we
should point out the advantages of doing one’s own experiments
and some of one’s own thinking, so that one understands well and
can keep that knowledge.
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And we should reply both to that complaint and to the simple
question of our aims by giving examples of the physics we are deal-
ing with and by outlining, from time to time, the work that lies
ahead.

Problems with Unexpected Difficulties: help or hindrance?
Sometimes we suggest, intentionally, problems that involve know-
ledge that is yet to come in the course, problems that must, there-
fore, be left unfinished for the present. For example, see problems
3 and 4 below. The rocket problem leads to two accounts of the
rocket’s propelling force: both of them involve Newton’s Law
I1I, both involve an understanding of momentum changes, and one
requires a fuller discussion of kinetic theory than pupils have yet
met. In the racing car problem pupils have no sooner started than
they find they must wait and learn about absolute units for force. So
these problems are offered to teachers for possible use to promote
interest, to ask questions, to lead towards further studies — to help,
perhaps, by creating a demand.

We consider our work in teaching physics to be far away from the
ruthless ways of the advertising man: and yet we can learn much
from his skill in ‘creating a demand’, in putting the customer in
the frame of mind to want what he is going to be offered. For
example, he does not always say, ‘Go and buy Sunflower Soap;
you must have it.’ He sometimes asks more delicately, ‘Have you
tried Sunflower Soap?’, or even more delicately, ‘Can Sunflower
Soap really make you more beautiful?’

Unfinished arguments and unanswered questions sometimes have
a constructive action. Yet we hesitate to start a problem in physics
and leave it unfinished, or ask a question and leave it unanswered
for a long time. Our hesitation is well founded because both we and
our pupils expect the teaching to go straight through to a definite
result, and leaving things unfinished is likely to make all of us feel
confused and doubtful. So we should not often leave things un-
finished unless we can do that with the light touch of the advertising
man: present our questions as an interesting puzzle, or come to a
dead stop in our argument, with pupils feeling that they are co-
operating in the search and are glad to have gone so far, even
though they and we now find a barrier.
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The use of unanswered questions or unfinished problems must
depend strongly .on the frame of mind which the teacher can
encourage. Given the right reception, they can be very powerful,
the essence of teaching pupils to learn for themselves.

We need questions which relate to real life or appeal to pupils’own
interests, questions thatbringinsomeapplication of the physics that
is being taught. It is difficult to suggest examples of applications
thatwillsuitall classes. Furthermore, such examples come best with
the full force of the teacher’s own interest; so we hope teachers will
keep an eye open for interesting problems or applications and make
use of them. However, we suggest a few examples later below.

Views of Science and Unfinished Questions. Most of our
pupils have a clear, almost rigid, view of science as completely
‘right’. They believe that science tells the true story of real nature
(which has been waiting to be discovered); science can give the
correct explanation of every phenomenon. Scientists, as pupils see
them, find out and krow, and they can fell: they set forth the facts
and reveal the scientific explanation. There is considerable truth in
that view ; but it is too rigid ; it is out of tune with modern scientists’
views of their work,

Today, we are more humble about ‘knowing all the facts’. In our
experimenting we can only go by what our instruments tell us; and
we now know that there are severe limitations — inherent in nature
- on our experimental work. When we interpret our experiments —
even while we are conducting them — we make assumptions; we
plan and infer in terms of a model, in the light of our picture-of-
the-moment of nature.

Science today is not just a pile of measured results like a table of
densities or some values of g; nor is it a set of formulae connecting
measurements, like s = 4g¢2. We try to build a connected frame of
knowledge, in which models of nature — sketched by imaginative
thinking based on experimental results — enable us to think and
plan, to check the models themselves to some extent, to predict, to
guide more investigations, and over all to discuss our own know-
ledge. It is the growing edge that most scientists enjoy, the doing
and thinking to extend the framework of knowledge, rather than the
wealth of facts and rules already accumulated. Unless young people
understand something of that attitude they will be out of tune with
modern science.

65

Xk K X X X X X K O X ¥

* K X X

XX K X R X ¥ ¥ X X K X X F K X X X ¥ X K X K X ¥ ¥



For that reason, we want pupils to have glimpses of theory — in the
making and in use - at this O-level stage, and not wait for sixth-
form theory that may never come. In Year III we offer a simple
magnetic theory whose fruitfulness is obvious to beginners. That
comes at the end of Year III; and we trust no teacher trying our
programme will omit it through lack of time or equipment or — as
one might think — pupils’ interest. The interest will certainly be
there, if we put the purpose clearly; the material can be bought
cheaply or prepared at home; and the time is well worth saving
from an overdose of trolley practice or a study of gas expansion — an
early understanding of theory will last longer and be of greater
value. Nor should that be postponed. We rely on it to have sown
seeds of interest some time before we tackle kinetic theory in Year
IV and gravitational astronomy in Year V. In Year IV, we trust
teachers will develop a theory of gases as fully as pupils’ skills and
interests permit. Here again, successful learning will bring rich
rewards. The rewards increase exponentially with the depth of
understanding and variety of uses that we can give for the theory.

So we need to prepare the ground for speculation. That is why we
hope teachers will try some problems that promote discussion. We
need to soften our pupils’ picture of the scientist as the man who
knows, having found out with ultimate precision by experiments.
If they can think of the scientist as the man who has some know-
ledge but knows its limitations, as the man who is finding out, who
enjoys discussing questions as much as solving formal problems,
as the man who thinks, we shall bring our pupils much nearer to
modern science.

Discussing Plans with Pupils. As a look-into the future of the
programme, teachers should say now that we are investigating force
and acceleration because the Laws of Motion are very important
parts of our knowledge of science: useful in analysing atoms and
parts of atoms such as electrons, because we make those tiny things
move and we change their motion, when we are trying to find out
about them; useful in solving some great problems in astronomy
(for example: What keeps the Moon moving? Why does it move in
a circle?); of great use in engineering in dealing with trains and cars
and planes ; and absolutely essential in arranging to fire rockets and
satellites successfully.

66

¥R % K X X X R K K X K ¥ X O K X R K X X K X X X X K F

¥ oK % X K X X R X ® ¥



(To a very fast group we might say: ‘You have probably heard of
E = mc?. If you want to understand that, you must know what mass
is really like — the m in that relation is the difficult thing: the E and
the ¢ are comparatively easy to understand. If your work with force,
mass and motion gives you a good clear idea of mass you will have
learned something difficult and important.’)

Telling Pﬁpils the Programme Ahead. Teachers should now
tell pupils what they already know from their own plans — that this
year they will go on from the present work on force and motion:

to a theory of gases with molecules treated with Newton’s Laws,
to make remarkable predictions and increase our understanding ;

then to a new discussion of energy and conservation of energy,
with heat really understood at last;

then new work with electric circuits and voltmeters and power
transmission ;

and finally experiments with electron streams in a vacuum and
even an experiment to measure the electric charge of a single
electron.

Each of those later developments requires a knowledge of force and
motion and an understanding of kinetic energy which itself uses a
knowledge of force and motion. In Year V, we shall again use know-
ledge of force and motion to make measurements on electron
streams being pulled into an orbit by a magnetic field ; and we shall
deal with the orbits of planets and the laws that describe them ; and
we shall use our knowledge of force and motion to describe some of
our experiments in radioactivity.

In this Year and the next, we shall describe the building of increas-
ingly successful models of atoms and the insides of atoms. The
present work on force and motion is a preparation to enable pupils
to understand how we get the information which helps to build our
models.
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USEFUL PROBLEMS
These examples are placed here but teachers who wish to use them
should move them to appropriate places in their teaching.

1. Pushing a Car. ‘A family car has run out of petrol and is
standing outside the house some distance from the garage. For-
tunately the road to the garage is smooth and level. Two boys,

- both equally good at pushing a car, offer to get the car into the
garage. When one boy pushes alone, with the car brakes off and
the gear in neutral, the car will not move. A second boy gives the
car a push for a short time to help start it: then one boy, pushing
alone, can keep the car moving steadily along with his (maximum)
push. What forces are acting on the car now? What can you say
about those forces?

‘Now suppose that two boys push together (each with the same
maximum push), what kind of motion would you expect the car
to have, if both boys keep up a steady push?

‘Suppose that, with both boys pushing fully, the car travels
40 feet in 10 seconds starting from rest. How far would you
expect it to travel, from rest, if the two boys pushed for 20
seconds, that is, twice as long?

‘Now suppose a third (equal) boy arrives. All three boys push
together. How far would you expect the car to travel, fromrest, in
10 seconds? In 20 seconds‘.>

“Now suppose that, owing to a misunderstanding, two boys are
pushing forward at the back of the car while the third boy is at
the front of the car, pushing it backward. If the boys are silly
enough to continue this arrangement, how far will the car go,
from rest, in 10 seconds? (Answer: 0.)

‘Now suppose one more (equal) boy joins them. Three boys
push forward and one pushes backward. How far will the car go
from rest in 10 seconds?

‘Finally suppose that two of the four boys climb into the car and
the other two push the car forward. Will the car travel the same
distance from rest in 10 seconds as when two boys push it with
no extra boys inside? If not, will it travel a greater distance or a
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smaller one and why? (This last question is of course intended to
help build the idea of mass.)

2. Damage. ‘Suppose you know the force, F, needed to change P
the motion of a certain object in a known time, from some given
speed, v, to rest, what force would be needed to make the same
change of speed in half the time? In 4th of the time? In one
hundredth of the time? -

¢ Any object pulled by its own weight (¢the pull of the Earth on it)
falls with an acceleration 9-8 metres/second?. Its weight tells us
just the size of force needed to give it that acceleration. What
size of force would be needed to give it 10 times that acceleration?
Or if it is already moving fast, what force would be needed to give
it a negative acceleration (a deceleration or retardation) 10 times
9-8 metres/second?? Tell me an easy way of giving some moving
object a big negative acceleration ... yes, let it fall and when it is
moving fast let it hit a hard floor. Or put it down abruptly on a
table.’

Give examples of a watch, a wine glass, a scientific instrument,a T
baby, estimating forces (as multiples of weight) for sudden
decelerations.

3. Rocket. (The following question asking about rocket motion
is a difficult one. Teachers will probably wish to postpone it. Before
using it, give a demonstration of a rocket — see Experiment 23
below.)

* ¥ ¥ £

‘Suppose a large rocket has its rocket motor running - thatis, P
blasting out gas downward ~ so that the rocket is pushed with
enough force to give it a considerable upward acceleration. Later

in its flight, the rocket is to be turned from that direction to a
“horizontal > direction and given enough speed to make it an
Earth satellite. When the rocket has turned, will the same blast
from its motors give it the same acceleration as before?’

This is raising a question of force, although much of our attention
has been on acceleration. That is intentional, of course, because we
want to move on from studies of motion to dynamics. This does ask
for new, difficult thinking; but we hope teachers will experiment
with its use. With some classes it will bring out in discussion the
fact that the upward thrust by the motors is no¢ the resultant

69



accelerating force in the vertical case, because we must subtract
from that the pull-of-the-Earth on the rocket. In the horizontal
case, the full thrust 7s the accelerating force.

While the rocket motors are running, large quantities of exhaust gas
are being blasted out from the tail of the rocket. Ask whether this
changes anything about the rocket; and what effect that change will
have. (This raises the question of the mass of the rocket becoming
smaller and the acceleration thereby being increased.)

Demonstration. Give a demonstration of either a water rocket or
a small rocket-car driven by CO, from a capsule.

Ask whether, in the flight, anything else changes as the rocket gets
farther away from the Earth. (This hopes for a suggestion of
gravity decreasing at greater distances. We have not taught any-
thing about that yet; and we should neither expect a ready answer
nor give a ready-made answer. This is the time for raising an eye-
brow of enquiry. We might possibly ask an extreme question such
as: ‘If somebody far away from the Earth, out among the stars,
released a rock would it fall towards the Earth just like a stone?)

Ask: ‘How do the rocket motors push the rocket to make it
accelerate?’

This last is a leading question that we ask with our eye on the next
section, kinetic theory of gases, with molecules moving very fast.
These gases are not pushed out of the tail of the rocket by some
mysterious set of springs called gas pressure! They simply travel
out of the tail of the rocket with their own high-temperature speed.
Any molecules that are travelling backward go out from the tail
of the rocket. Any molecules that happen to be travelling forward
hit the front wall of the rocket motor inside the rocket, bounce
off it and are then travelling backward and will probably escape.
All the molecules that escape carry away momentum:} so we can
examine the rocket’s action from that overall point of view.

}+ When the rocket is moving faster than hot gas molecules, will the escaping
molecules still help to propel it? Of course they will. They are still hitting the
front wall of the rocket before rebounding and travelling out to escape. Since
they emerge with smaller speed, relative to the rocket, than the rocket’s speed, an
outside observer will see them moving forward, after the rocket. But they will be
moving forward slower than the rocket, with less forward momentum than they
had a little earlier when they were part of the rocket. Therefore the escaping
molecules have lost some forward momentum and the rocket has gained some.
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So we have two stories about the force with which the rocket is
propelled:

a. The detailed mechanism by which the hot gas molecules propel
the rocket is their bombardment of the front wall of the rocket
motor inside the rocket. In the case of some jet motors there is not
‘a front wall’ like that but there are very hot side walls which are
rough - to a molecule’s view —~ and present the equivalent of many
bits of front wall. The side walls heat up gas molecules that hit
them. Those gas molecules approach a side wall slowly (V,) and
leave it much hotter, therefore moving much faster (V). As gas
flows through the jet engine, those impacts are oblique, the mole-
cules having a general motion towards the rear; and since that
motion increases the side walls must give molecules a backward
push and the molecules must give the side walls a forward push.

dJet engine

b. The overall momentum treatment. Since the hot gases leave the
tail of the rocket moving backward, relative to the rocket, they are
carrying backward momentum, momentum that they did not have
before the fuel was fired. If we trust conservation of momentum, it
tells us that the rocket gains an equal amount of forward momen-
tum.

(The rocket, including its fuel, does not form a closed system

because it is attached to the Earth by a gravitational field; but we
take account of that when we subtract the weight of the rocket from
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the upward thrust produced by the motors. Then we can apply
conservation of momentum to the rocket and gases. As explained
above, this discussion of rockets goes far beyond our pupils’
present stage. It is given here for teachers to store up for possible
use.)

4. Problem on a Racing Car. (This is a problem that has
to be left unfinished for the present. It is only offered here in
case teachers wish to present an unfinished problem to promote
interest. At a stage when pupils do not have F = ma clearly in mind
for use with absolute units of force, we have to set very simple
problems that are little more than qualitative discussions, or we
have to start problems and then leave them unfinished for want of
knowledge of force units. In some classes pupils will be infuriated
when they find a question has to be left unfinished; but other
classes will be intrigued. This is a matter for skilful judgment on
the part of the teacher. Such problems should not be presented
unless the class is in the frame of mind to find the ensuing stoppage
interesting, so that they are willing to see what is needed and wait
for it - in that case the question may provide excellent teaching;
but otherwise a question such as the following one should be
avoided.)

1000 kg

S e

2300 kg

‘A 1,000-kilogram racing car is being tested. When it is running
at 50 miles/hour, with the throttle fully open - “the accelerator
on the floorboard ” - it can just keep going at 50 if the brakes are
on at half pressure. To find out the force the brakes were exerting
then, the testing people stop the car, stop the engine, put the
gears in neutral and then drag the car forward with the brakes
still at half pressure. They keep the car moving forward by a rope
which runs from the front of the car to a pulley wheel over a pit,
over the wheel, and down to a load of scrap iron hanging on the
end. The car continues to creep ahead as the load falls.
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‘What acceleration would that car have, with the throttle open
and brakes off, when driving at 50 miles/hour? With that
acceleration how long would it take to speed up from 50 to 60?°

This is a question that needs considerable discussion and teaching.
Pupils will find that one piece of data is missing: the force pulling
the rope. The purpose of giving this problem now is to raise the
problem question of force-units in F = Ma. At first some will use
the 1,000 kilograms as a pulling force; but that is only the mass of
the car; and anyway pupils should see that the downward pull
of the Earth on those 1,000 kilograms of car is balanced by the push
of the road upward on the car. We have 1,000 kilograms of stuff
to accelerate but we do not know the accelerating force. We ask for
some guesses about the scrap iron. In fact, 100 kilograms would be
reasonable for an ordinary car and 500 kilograms would be un-
reasonably big for any car. We might suggest 300 kilograms of scrap
iron as a high testimonial to that racing car. This brings us to
another difficulty: we know that the force must be expressed in
absolute units, in newtons; the pupils do not yet know this. So at
this point we have to leave the problem and explore our knowledge
of force, mass and motion more fully.

5. Pendulum in Space. To promote discussion of topics that lie
ahead we might ask, ‘Would a pendulum swing if we carried it to
a place far away in outer space (where the gravitational pull is
negligible)?’ That may lead to a discussion of mass.

THE CONCEPT OF MASS

Mass. In our programme, the concept of mass receives more and
more attention from year to year. If we can succeed in giving
pupils some feeling for that concept we shall have made an impor-
tant contribution to their education. Mass may have been mentioned
in passing in Year I; again, in Year II, faster groups may have
found the word being used carefully, in contrast with ‘weight’. In
Year ITI mass may have been described as a measure of how much
stuff is piled together when we try to accelerate several trolleys.

This is a difficult, strange, sophisticated concept; but it is now so

important in science that we should do our best to build up a sense
of understanding mass.
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Pupils should have seen demonstrations in Year III to illustrate the
idea of mass, or give meaning to the word inertia. Whether we can
take for granted an understanding of mass from Year III or must
start afresh and discuss the idea carefully, will vary greatly from
class to class and pupil to pupil. Because the concept is a difficult
but important one, we are probably wise to discuss mass fully
now, even giving some of the old demonstrations, though main-
taining a reassuring claim that this is revision. On the other hand,
we shall not make this difficult idea, mass, clearer by routine
repetition of the work of Year III. Therefore, discussion and
experiments are only given below so that teachers may choose
what seems to them most suitable.

Descriptions. Experiments show that the more trolleys we have
piled together the bigger the force we need for a given accelera-
tion; or, the less acceleration we get for some standard pull. There
is something about these chunks of matter that makes them ‘diffi-
cult’ to accelerate — not difficult in the sense of a rough backward
drag of friction to be opposed, but a sluggishness, a slowness to get
moving. The effect of a small resultant force is slow but sure; we
get any amount of motion if we wait for a long enough time. (That
last is an important point for some schemes of rocket-propulsion
in outer space.)

It may help to coin some slang description of mass such as ‘un-
accelerability’, “difficultness of getting goingishness’, and perhaps
even ‘massiveness’. (The origin of the word mass, a lump of dough,
is suggestive.)

Professional scientists use the word ‘inertia’ to describe this
property, but in teaching boys and girls that is no more than taking
refuge behind a pompous long word. Pupils soon learn to avoid
answering ‘friction’ and to be very careful not to mention ‘weight’
and to use ‘inertia’ as a magic word that will get good marks. That
has little to do with understanding this difficult but important
concept of mass.

(Incidentally, to say that ‘mass is energy’ or something to that
effect, in a bow to relativity, will not help at all here; and anyway
many a physicist would consider that wording a misleading version
of the safer statement, ‘energy has mass’.)
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‘Note that many an engineer in earlier generations could afford to
ignore mass. He was concerned with the weight of the bridge and
the weight of the load on the bridge, which increased the stress in
the members of the bridge. He could afford to measure forces in
pounds-weight, and use them in his own version of Newton’s Laws
of Motion. In this age of nuclear power and space flight, the modern
engineer needs mass in its own right. He learns, as every physicist
must do, to regard mass as an important fundamental property of
matter and energy, quite different from the pull of the Earth on
everything that has mass.

Newton himself described mass as ‘quantity of matter’. It is the
fashion today to laugh at Newton’s statement, saying that it only
referred ‘mass’ to another word ‘matter’. However, Newton was a
wise man, writing first for himself and then publicly for his con-
temporaries; and his description was probably only a teaching
device to make something clearer to people who were struggling
with a new and unfamiliar idea. We might try that phrase with our
pupils too. (As mentioned in an earlier note, when we consider
atoms we may well think mass is a measure of ‘quantity of matter’,
particularly if we work it rather carelessly by counting nucleons.)

A Useful ‘Thought Experiment’ for our teaching here is to
imagine experimenters in a space ship in outer space free from a
gravitational field, trying to pull a trolley along ‘horizontally’, on a
frictionless table. They use a spring to exert the pull. Then they
hang the trolley ‘vertically’ on the same spring, holding the top of
the spring in one hand. They try again accelerating the trolley by
pulling it upward with the spring. For the same stretch of spring in
each case, what differences will they notice between the two?

By drawing a ‘leading diagram’ on the blackboard one can mislead
pupils temporarily into believing that vertical and horizontal have
a real meaning and are different. When they realize they have been
tricked, they will be left with a feeling that the mass is still there
needing a force to accelerate it and giving the same acceleration
with the same force whatever the direction of pull.

Experiments to Hlustrate the Concept of Vass

At this stage, we should not just talk about mass as a theoretical
concept; but we should repeat some experiments from Year III.
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Comparison Pendulums. Hang two large tin cans by long
strings from the ceiling, one empty, the other full of sand. Ask
pupils to give each a short, sharp, push, to fee/ how easily each can
accelerate. If we have a toy gun that shoots ping-pong balls or peas
or something like that, we might try bombarding each tin can in
turn. We should point out that there is little question of resistance
by friction in this case: it is the mass of the can of sand that makes it
slow to get moving — not impossible as friction might make it, but
slow.

Mass Exhibit. The laboratory should have a ‘mass exhibit’ on a
friction-free table. This consists of a level surface covered with glass
or other smooth material, with a sprinkling of small ball-bearing
balls. A kilogram of brass on a plywood disc slides about freely on
that. It should be clearly labelled 1 kg. There should also be a 1-
pound mass. This table should remain there for weeks, and pupils
should be free to push these standard masses with a finger and feel
and see the results. (A layer of small beads of polystyrene is cheaper
but does not do so well under large loads like 1 kilogram. Steel ball-
bearing balls { inch in diameter cost less than £1 for 2,000 from
the makers.)}

Towing a Barge (Optional). Give a similar demonstration with a
small barge in a tank of water. Various masses can be put on the
barge, which is towed by a gentle finger. Although fluid friction
plays some part, pupils can feel and see the effect of mass in
opposing change of motion. Only with a very able group should we
suggest making measurements.

‘Wig-wag’ or Inertia Balance. Pupils should play with a ‘wig-
wag’ machine, preferably as a simple class experiment. This con-
sists of a platform carried by two springy steel blades in such a way
that it can oscillate to and fro horizontally without much damping.

When a mass is placed on the platform as a load, the time of
oscillation is increased ; the forces provided by the bending blades
shove the platform with its load to and fro, and the larger the load
the smaller the accelerations the forces produce and the longer the
platform and load take for a complete oscillation. We let pupils try

} Teachers who find that steel balls get carried away too freely as souvenirs might
like to try the following experiment: appeal to pupils not to take these as
souvenirs but at the same time give every pupil one or two balls to take home and
keep - a shilling’s worth of insurance.
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various loads on the platform and watch the motion. We want them
to gain a clearer feeling for mass by watching the machine, rather
than try to use it as a scheme for measuring mass. We may say it is
a shoving device and the slowness of the motion to and fro tells us
something about the ‘unshovability’ of the load (including the
platform itself).

For our own interest, rather than for our teaching of pupils in this
Year, we might ourselves try guessing at the relationship between
load and period by some general thinking. The device has mass and
springiness, so it is equivalent to a load attached to a spring which
obeys Hooke’s Law. Therefore we predict S.H.M. and we expect
to find the period proportional to the square root of the load.
Experiments with the device show that this is the correct relation,
provided we ascribe to the platform itself a certain equivalent mass.
Plotting T against the mass placed on the platform gives a straight-

line graph. Gravity plays no part whatever in the operation of this
machine.
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Homemade Wig-wag Best. A wig-wag machine may be
bought, but a homemade one is even better provided its springy
blades are clamped properly. In fact this is a case where apparatus
that is bought may give an unfortunate impression of being specially
made and polished up to carry out one teaching trick. It is not an
instrument like a voltmeter, which is put to many uses — in which
case we should buy one that is made with full professional skill.
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Making a Wig-wag. For a homemade wig-wag, we use two
hack-saw blades or two lengths of clock spring (of that size or
larger) and place a block of wood between them at one end, to
serve as anchorage to be fixed to the table. We place another block
of wood between them at the other end, to act as the platform to
carry the loads. It would seem simplest to attach the blades to the
blocks of wood by driving screws through holes in the blades into
the blocks. But that would leave some play between the blades and
the blocks of wood as the blades bend to and fro, and that would
lead to considerable damping. To avoid spoiling the machine’s
behaviour by damping, it is essential to clamp each blade very
firmly on both sides. Where the blade is clamped against a wooden
block, another small block of wood or metal should be placed out-
side the blade, flush with the main block, so that the blade emerges
as if from the well-matched jaws of a vise. Then screws may be
driven through small block and blade into the big block. Or, if the
machine is to be put together only temporarily, a large G-clamp
may be used to clamp small blocks, both blades, and the large block
together in a multiple sandwich, with a similar clamp at the other
end.

We hope that teachers will either have a number of these machines
for pupils to use or establish one and ask pupils to try it in turn. It
makes a good demonstration, but a class experiment is far better —
it takes longer but goes deeper in understanding.

Difficult Buffer Extension: Wig-wag and MASS versus
WEIGHT? With a fast group we might ask whether the weight of
the load, the pull of the Earth downward on it, has any effect on the
time of motion to and fro. We encourage the idea that itis the mass of
the load, which has to be shoved to and fro by the spring, that deter-
mines the time of the motion, and not the downward pull of the
Earth. Pupils may make a test of that. The experimenter places a
considerable load on the platform of the wig-wag and pulls it
upward with a long thread, maintaining enough pull to remove
most of the weight of that load from the wig-wag without re-
moving any of its mass! (He must move his hand with the top of
the thread in tune with the wig-wag’s motion, to keep the thread
vertical.) He times the motion. Then we ask what a wig-wag would
do in outer space.
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This technique of ‘relieving the wig-wag of weight’ takes practice,
but a pupil, once he understands the purpose of the experiment,
can develop considerable skill. Then he will want to take the whole
device home and explain the difference between mass and weight to
his family — nothing could be better.

Inertia Tricks.} (Optional). In discussing inertia, we may want to
show the demonstration with card and coin, or remind pupils, for
fun, of the quick pulling of a table cloth from under crockery. But
teachers are advised to look at the note concerning these demonstra-
tions in Year ITI. The following experiments, described there, are
easily done without special apparatus, but we do not recommend
them strongly here either:

a. Coin on card on tumbler

b. Breaking a thread above or below a suspended weight

¢. Breaking a thread carrying a very small weight by jerking it
d. Snatching a book from a pile of books

e. Pushing a block back into a pile of blocks (inverse of d).

Units for Mass. We hold two brass weights each labelled 1 kg and
ask if they have the same mass. Pupils will probably say that they
are made of equal volumes of the same material so they are the
same. We explain that any serious enquiry must be referred back
ultimately to the world’s standard kilogram kept at Sévres in
France. Since we cannot borrow that, we have to use a substandard
which, by many stages, has been tested against the standard.

} See also Inertia Demonstrations with playground trolley in Science in Secondary
Schools, H.M.S.0. for the Ministry of Education, Pamphlet 38.
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We produce a kilogram labelled ‘standard kilogram mass’. We ask
how we can compare any other ‘kilogram’ with our standard. Since
we are talking about units for mass as a measure of inertia or un-
accelerability, the only legitimate experiments that we could use to
compare two masses are ones in which we try accelerating them:
either

1. with a trolley loaded with each kilogram in turn or
2. with a wig-wag carrying each kilogram on its platform.

Although we might try one of those experiments as a demonstra-
tion, we know that it will be difficult to make an accurate com-
parison in this way. So at this point we offer a much easier method,
in spite of the danger of confusion. We place the standard kilogram
and our other ‘kilogram’ on the two sides of an equal arm balance.
If they balance, we say that the Earth pulls equally on the two
lumps; therefore they are the same amounts of material.

/X FULLS ® ® TO BE PULLED

A\ 4

Note to Teachers: Inertial Mass and Gravitational Mass
In making this claim, we have made an enormous jump, from
tnertial mass to gravitational mass — from the amount of stuff to be
accelerated to the amount of stuff to be pulled on by a gravitational
field. However, we are in good company: Newton did that too.

It was only in the last hundred years that physicists realized the
extraordinary significance of the common property of falling bodies
- the result of the experiment that Galileo didn’t dof: — that a large

} Most historians of science say that Galileo did not give a public demonstration
of dropping a large object and a small one from the top of the Leaning Tower of
Pisa. They point out that, if he had done that, there would have been letters
carrying the news all across Europe: and no such letters have been found. Of
course he knew quite well what such a demonstration would show; and he
quoted, in one of his dialogues, the small difference of fall that would be observed.
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mass and a small mass fall with the same acceleration g. The
" Earth’s gravitational field pulls with a much bigger force on the
larger mass but the material to be moved is bigger in the same pro-
portion, so the acceleration is the same for both. The pull of the
Earth’s field is proportional to the amount of matter-to-be-pulled.
The mass to be accelerated is proportional to the amount of matter-
to-be-accelerated. We have no guarantee — except from that vital
experiment which shows g the same for all - that these two kinds of
‘amount of matter’ are equal, or proportional, for all different
materials. We have no guarantee that a large chunk of aluminium
and a small chunk of lead which are shown by trolley experiments
to have the same inertia will also be pulled by the Earth with equal
forces — until we let them fall.

Think of the ‘amount of matter’ concerned with another physical
property, heat capacity. If we take these two lumps, aluminium and
lead, which have the same inertia and say that we expect them to
contain the same amount of matter from the point of view of
warming-up when given a standard amount of heat, we shall be
gravely disappointed. If we insert no extra factor of specific heat,
we shall find that the aluminium block seems to have six times as
much matter as the lead block. However, it does happen that in the
construction of our universe the mass which responds to gravita-
tional fields and the mass which is involved in Newton’s Second
Law of Motion are proportional: and in fact we can use a kilogram
as a unit for each.

We shall not mention this distinction between inertial mass and
gravitational mass to our pupils at all — with the possible exception
of a brilliant pupil at a later stage in this course — but we should
keep this discussion in the back of our own mind in teaching
because it will help us to avoid certain logical troubles.

Equal Masses of Different Materials. We then use a balance
to provide two equal masses of, say, 1 kilogram each, of different
materials, such as lead and aluminium. (These are, to our private
knowledge, equal gravitational masses, two chunks of matter which
will be pulled with equal forces by the Earth’s gravitational field.)

We now want to make sure by experiment that we have two equal
amounts of inertia (to our private thoughts, equal inertial masses).
We put each of these in turn on the wig-wag and show that the
machine’s time of shoving to and fro is the same when loaded with
each of them. We conclude that they are equally ‘unshovable’, that
they have equal (inertial) masses.
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Or we might put each of these in turn on a trolley and pull it with a
standard force and make some measurement, such as the time of
travel for a measured distance from rest, therefore indicating
acceleration. We find the masses are equal in that sense also.

TEST FOR BEGUAL MASSES: ARE ACCns. EQUAL?

ALTERNATIVE TEST:

SAME SAME M
B agen. FORCL

SAIIE BUTE UNEQUAL
MASS FORCES,
UNEQUAL MASSES

(o«
o <

Or we might do this experiment by using two equal trolleys, each
bearing one of these lumps of metal and pulling those two trolleys
towards each other by attaching a stretched rubber thread between
them. Although that demonstration ending with an exciting colli-
sion is basically a good test, it probably distracts attention and had
better wait until we discuss momentum changes in collisions.

Instead of a test with trolleys, we can perform a test that is much
quicker and neater but very puzzling to some pupils: we simply
drop the two kilograms side by side and see that they both fall with
the same acceleration. Then, since the balance already told us that
the Earth pulls those two lumps of metal with equal forces, we now
see equal forces producing equal accelerations (each of them g) and
therefore we conclude the masses are equal.

In a way, this is equivalent to pulling two trolleys side by side with
equal forces. If we then notice that the trolleys have equal accelera-
tions we say that they have equal masses. The peculiarities here are
that we use no carrying trolleys but observe the single kilograms
themselves and that we assure ourselves by a separate experiment
that the forces are equal. That separate experiment is the weighing
in which we show that the Earth pulls the two masses with equal
forces.
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If pupils think that this is a deceptive experiment which tells us
something that is necessarily true instead of testing anything, we
should repeat it, using a 1-kilogram lump and a 2-kilogram lump.
True, these two lumps will fall with the same acceleration when we
release them in the first part of the experiment; but, when we com-
pare the pulls of the Earth on them with a balance, the 2-kilogram
lump obviously outweighs the 1-kilogram lump and therefore we
cannot say their masses are equal because in their case unequal
forces produce the same acceleration.

“Weight = mg”’ .
Notice that when we hold an object and feel the pull of the Earth’
gravitational field on it, that object is not falling freely. It is not
accelerating downward with an acceleration g. And therefore we
talk nonsense when we find the pull of the Earth on it by multiplying
the mass by an acceleration g. The g that we use for this is the
Earth’s field strength which we shall soon discuss again.

FORCE

We have adopted a standard kilogram for mass and can manufac-
ture copies of it in any material we like either by using a balance for
equating Earth pulls or by using the clumsier but philosophically
safer method of comparing inertias by means of a trolley or a wig-
wag.

We know from experiments that the force needed to accelerate
some body — such as a trolley — varies directly as the acceleration we
want and varies directly as the mass of the body. We can write the
conclusion of our experiments F = K ma. This combining of two
pieces of behaviour: (1) force proportional to acceleration, and (2)
force proportional to mass for the same acceleration, is a difficult
algebraic matter for many pupils. It seems obvious to us but it is
not obvious to young people, even after considerable explanation.
We should write down the final story straight away, F = K ma, and
then show that when we keep to a constant mass K is a constant so
we have F proportional to a. And for constant acceleration, Ka is
constant, so we have F proportional to 7. (Some pupils will find it
much easier to understand the rather more wordy momentum story
which follows in a later section here.)
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Force Units, Then we tell the usual story about units. We start
by explaining that we are going to invent new units for force, to
save trouble and later confusion. We have a kilogram for unit mass,
one metre/second per second for unit acceleration; and for our own
convenience we choose the size of the force unit so that K will be 1.
This is rather like the attempt that was made to choose the size of
one gram so that it would make the density of water 1 in C.G.S.
units. That may be a clever device for ease in calculations, but it is
not always a clever device for teaching, because the constant,
having the value 1, becomes concealed.

(We who are physicists are quite used to having K equal to 1 in
F = ma and having density of water 1; yet most of us are slightly
shocked when we find relativity experts taking the speed of light
equal to 1 in order to ‘simplify things’. The effect of that latter
change is to make m and mc? indistinguishable, and for a light-
quantum the momentum, e, also has the same value. Those of us
who have a qualitative feeling for mass, momentum, and energy as
essentially different concepts are offended by this high-handed
treatment — although the experts may persuade us to swallow some
of our annoyance.)

Pupils may think it strange to decide on a new unit of force now,
when we have taken force as the obvious well-understood thing all
along. Force has been, in our treatment, a push or a pull measured
by counting the number of stretched springs or rubber strings in
parallel. But mass is still emerging as a strange concept. It might
have seemed more suitable if we had chosen to name a new unit of
mass and taken some familiar unit of force. However, there are two
objections to that: (1) the decisions were made long ago and are now
too widely accepted for a change to be feasible; and (2) we do not
have a reliable old-fashioned unit of force. The pound-weight is
not reliable, because its actual size as a force varies over the surface
of the Earth and would vary still more if we took it on a trip farther
out, or down inside the Earth.

Note to Teachers, on ‘Engineering Units’, etc. Until recently,
engineers were only concerned with building things on the surface
of the Earth, and the small changes of a pound-weight from place
to place did not worry themj so they were content to use that unit.
Nowadays, we all wish to avoid such a variable unit.
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From time to time, however, there is talk of a ‘universal pound-

force’ such as a ‘standard-pound-weight-at-London’ to be trans-

ferred by use of some spring balance to all other places in the world.

That is a perfectly feasible constant unit favoured by some scientists,
but likely to look rather foolish when we go to the Moon. Pupils will
certainly use the pound-weight as a force unit in their early days of
physics, because that seems natural from experience in ordinary
life; but we do not think it advisable to try to crystallize it into a
standard pound-force. Pupils will have to meet absolute units such
asnewtons in physics and in other sciences —and, much more impor-
tant, they will meet joules, watts and volts which derive from the
newton. So we shall resist any temptation to use a universal ‘pound-
force’.

We shall also resist any temptation to manufacture a special unit
for mass, such as the slug. There is nothing wrong with these
alternative unit schemes; but there is nothing world shaking about
them either — a change of units will not alter the facts of nature. We
hope that teachers busy making their first trial of the Nuffield
Physics programme will be able to avoid spending energy and long
arguments with those enthusiasts who believe that a change of units
will make a profound change in physics. Here we simply offer a
decision and then hope to get on with the real physics.

Making Absolute Units of Force. With most pupils, we should
not labour the business of making K = 1. We should simply say
we are going to use force units which are called newtons and
which are the same size of force everywhere; and with newtons the
relation is F = ma. If pupils feel the need for some justification of
that we may say:

‘Instead of having force = K ma we want to have F = ma, with
K disappearing because it has the value of 1. We can get what we
want by taking what we want and then paying for it. We write
F = ma and then find what a force 1 must mean.
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“Take 1 kilogram for the mass, 7. Take 1 metre/second per second
for acceleration, a, and ask what force produces that.

“Then Force = [1 kilogram] multiplied by [1 metre/second per
second].

‘Then Fis 1.

That means: a force 1 is the force that will give 1 kilogram of
matter an acceleration of 1 metre/second per second. We could
call that unit a kilogram.metre/second per second and that
would be a good descriptive name for the unit; but it seems to us
too long, and so we have chosen a single word to mean that. We
use a word that honours the name of Sir Isaac Newton, whose
laws we are dealing with, and call it 1 newton.

“Then 1 newton is the force which will give one kilogram an
acceleration of 1 metre/second per second.

‘1 newton 7s just another name for 1 kilogram . metre/second per
second.’

New Force Units: a newton
‘Now I want you to try an important experiment; to feel whata . C32a

. force of 10 newtons is like. Hold a kilogram in your hand. Can you
feel the force of the Earth pulling down on it? ... How biga forceis
that? ... Yes, it is a force of one kilogram-weight; but we are not
going to use those units any more. We must not measure forces
in kilograms-weight if we are going to use F = ma. We must
express forces in newtons (otherwise K won’t be 1). Can you tell
me how many newtons there are in the pull that you can feel now?
Even without a newton balance you can tell. We do an experiment
and calculate the force by F = ma.

Suppose you let the pull of the Earth act on the kilogram with
nothing else there. Start by holding the kilogram yourself. Let
it fall. ... It fell too fast for you to measure its motion; but you
have made that measurement before. How does that kilogram
fall? ... Yes, itfell with an accelerated motion; with an accelera-
tion which is the same for all falling things, 9-8 metres/second
per second.’
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‘Now we can use F = ma and calculate the Earth’s pull that made
it do that. The mass m is' 1 kilogram, the acceleration'a is 9-8
metres/second per second. So the force must be ma, that is,
1x9-8 kilogram . metres/second per second. And we call these
“newtons”; so the pull that you feel is 9-8 newtons. Hold the
kilogram and feel a pull of almost 10 newtons. Hang the kilogram
on your newton balance and see if the balance was correctly
marked.’

‘Feeling’ a newton: Forces Box. Then we provide a ‘forces
box’ for pupils to try pulling with a force of 1 newton, also with a
force of 1 kilogram-weight. This box, which was provided for an
earlier Year, has a hole in the front from which a cord emerges.
There is a label saying ‘pull the cord and feel a force of 1 newton’.
The cord runs into the box and over a pulley and carries a load on
its other end to make the tension 1 newton. The cord is limited by
stops, 1 metre apart, which enable the pupil to ‘transfer 1 joule of
energy’ by pulling the cord out as far as he can — the transfer being
from his food energy to gravitational potential energy. There are
similar cords tor aforce of 1 kilogram-weight and 1 pound-weight,
with provision for an energy-transfer of 1 kilogram.metre; and
1 foot.pound. This box should be left available for some weeks;
because it provides a very useful sense of the sizes of these units of
force and energy-transfer.

‘Feeling’ a kilogram: Mass Exhibit, At the same time we
should bring out the ‘mass exhibit’ again: 1 kilogram on a disc of
plywood which slides freely on a bed of small steel balls on a glass
table. This should remain available for pupils to try for some weeks.
It helps to provide a feeling for mass.

- Test of Balance Marked in newtons. If time permits we
show that the newton balance was correctly calibrated by a more
direct test that does not involve gravity. We use it to pull a known
mass in kilograms along a level table; we measure the acceleration
and we calculate by F = ma the actual pulling force in newtons.
The result is compared with the balance-reading to see if the
balance is correct.

This is a difficult experiment to do with any precision; and it is
more likely to be important to us for our own sense of justification
than to most pupils, so it is probably best to do this quickly as a
demonstration.
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We build up the mass on a trolley to several kilograms (by adding
kilogram loads and some fractions). We pull the trolley along a
friction-compensated plank keeping the spring balance pointer at
some agreed mark. We time the motion from rest for a measured
distance, calculate the acceleration, and thence the [mass] X [accel-
eration] and compare that with the spring balance reading that we
used.

The test is much more dramatic if we place a piece of paper on the
spring balance to conceal its scale and make an ink mark at a suit-
able place on the paper and keep the pointer at that mark during
the experiment. Then, when we have calculated the actual force in
newtons, by F = ma (necessarily right, by definition), we compare
that with the balance reading under the mark on the paper.

Rough Giant Test (Optional). A giant version of this experiment
can be done if we have a spring that will read a few dozen newtons.
We use a playground trolley (or table on roller-skates}) and load
it up with pupils; or we use a pupil on roller-skates. We then pull
this big trolley with a constant pull, keeping the balance pointer at
some chosen mark, make measurements and calculate ma and com-
pare that with the reading of the balance. This is great fun but it is
troublesome: we have to find the total mass of [trolley+pupils] in
kilograms;} we have to allow somehow for friction. The most
satisfactory way of allowing for friction is to arrange for a separate
pull to pay for friction, as described in Year III. Unless that is done,
we must start with an experiment in which we maintain constant
speed. Then, in the later experiments the force necessary for that
must be subtracted from the pulling force. Although the friction
force is great the experiment then goes well.

If teachers feel that pupils need something to do themselves at this

point, they might use a spring balance marked in newtons to pull-

a trolley of unknown mass. They should use tape to measure the

} See the sketch for D 53, in this Guide, and description in Year III.

} Itis not easy to weigh a large trolley or table. It should be weighed once and for
all, and its mass written on it like the tare of a wagon. T'o weigh pupils, it might
be good to return to the simple experiment in Year I and use a large beam of
wood balanced on a fulcrum at its centre. The pupil sits one or two feet away
from the fulcrum and we balance him with a pile of kilograms far out on the other
side. This serves to revise the idea of moments, which we treated informally in
Year I without any definite rule.
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acceleration and then calculate the mass, using F = ma and com-
pare it with the total of the trolley and its loads which are then
revealed. In practice this proves to be an experiment which pupils
enjoy.

The newton as a Unit of Force

A Strange Unit for a Familiar Concept. Since force is the
familiar concept, it may seem strange to invent a new, artificial,
unfamiliar unit of force at this late stage. In doing so, we are not
casting doubt on force. We shall, in this course, continue to regard
forces as pushes and pulls, to be measured by counting the number
of standard stretched springs or rubber threads in parallel. Mass is
the new concept and still a strange one; but, for mass, we already
have a good old-fashioned unit, the pound, and now the kilogram.
The reversal of choice of units — a strange unit for the old familiar
concept and old unit for the new concept - need not worry us. To
pupils, the units that we choose for measurement are just the things
in which the scales are marked. They find an ammeter graduated in
amps and learn to use them for current measurements — and they
even develop a sense of size — one amp is a small current and 100
amps a very big one. It is only much later that they learn about an
absolute definition of an amp in terms of two wires 1 metre apart.

Uses of F = ma

As the warning in the Introduction suggested, we shall not make a
great many uses of Newton’s Laws of Motion at once. And we
should certainly not put pupils on a diet of artificial problems such
as Atwood’s machine calculations.

However, we should give pupils some examples of calculating
accelerations from forces and forces from accelerations. Problems
relating to car driving, swimming races, and rockets, are probably
fairly real to pupils. Our examinations should offer a number of
such problems. Pupils should be given such problems in home-
work — a few at a time - to build confidence without delaying the
progress of teaching,

Although problems on the motion of atoms and electrons in-
volve very large or very small numbers - and compel us to provide
data without explaining their origin as yet — we shall do a lot of
good if we prepare for future work with atoms by using them as the
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moving things in problems If pupils complain over the difficulty
of handling the numbers in these problems, we should return to
the special Problem C in Year 1.

Problemst

Specimen Problem 1. We can ask simple force and accelera-
tion problems such as: A boy wants to pull a 5-kilogram cart}
loaded with 95 kilograms of bricks. He can pull with a force of 200
newtons. (a) Neglecting friction, estimate his acceleration. () How
far can he pull the cart, starting from rest, in 2 seconds? (¢) Trust-
ing your ‘formula’ calculate how far he could pull the cart, from
rest in 10 seconds, and find how fast it would then be moving. Then
say whether those answers are impossible. (d) To see whether the
boy in this problem has reasonable strength, suppose he pulls with
the same force, 200 newtons, horizontally as before, but on a rope
that runs to a pulley, up to another pulley and down to a basket of
rocks. Calculate how heavy a basket he can raise.

Specimen Problem 2. The same boy pulls the same loaded cart
but this time assume that friction drags the cart back with a con-
stant force of 50 newtons. Repeat the calculations.

Specimen Problem 3. A 20,000-kilogram goods wagon is at rest
on a slightly inclined railway which runs from east to west. The
railway slopes downhill just enough to compensate for friction, for
a wagon moving westward. A child pushes the wagon steadily
westward with a small force of 1 kilogram-weight. Having nothing -
else to do, the child continues to push for 5 minutes (300 seconds).
What speed will the wagon acquire in those 5 minutes? How far will
the child walk in the 5 minutes? (We have to suggest that the child
gives a small extra push to deal with static friction at the very

beginning.)

4 When we supply the data for a problem, it is difficult to specify masses without
involving the confusing word ‘weigh’, which will worry beginners, or at the
other extreme giving the show away by saying at greater length, ‘The mass is ...’
We can avoid those difficulties and leave pupils to make their own choice if we
word the data like this:

‘A 5-kilogram cart. ...” “The 20-kilogram trolley is pulled by a 4-kilogram load
hung on a string. ...> That device is used in our suggested problems here.
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This question is useful as a reminder that F in F = ma must be in
absolute units, because the data are obviously ones that will lead to
slow motion and progress of a few dozen metres at most. A mistake
over units will make a very clear difference.

Specimen Problem 4. The brakes of a car in fairly good order
can exert a retarding force of } of the weight of the car, that is one-
quarter of the pull of the earth on the car. How long would such
brakes take to stop a 1,600-kilogram car moving 12 metres/second
(about 35 miles/hour)? To find out, answer the following questions:

What is the pull of the earth on 1,600 kilograms, in proper units for
use in F = ma?

What is a quarter of that pull of the earth, in proper units?

What (negative) acceleration would that braking force give to the
1,600-kilogram car?

With that (negative) acceleration, how long would the car take to
slow down from 12 metres/second to rest?

Specimen Problem 5. A 1,500-kilogram car moving 12 metres/
second (about 35 miles/hour) crashes into a wall and comes to rest.
The whole collision takes 0-10 second. Calculate the collision force
involved as follows:

Write down the final velocity after the crash, the initial velocity
just before the crash, the change of velocity: and, using the time
taken for that change, calculate the acceleration. Use that accelera-
tion in F = ma, with the mass 1,500 kilograms. The force will
emerge in newtons; and to gain a feeling for that we should ask how
large a lump of metal is pulled by the Earth with that force. To cal-
culate that remember that the Earth’s gravitational field strength is
9-8 newtons per kilogram. (Answer about 18 tons-weight.)

Specimen Problem 6.} €A 60-kilogram boy jumps off a window
ledge 1-25 metres above the floor to a hard floor. Estimate the force
exerted on him by the floor while he is stopping, by answering the
questions below. Suppose that he foolishly forgets to bend his

} This is a specially useful problem: it applies to ordinary life. We illustrate it by
a demonstration and we go through it again to show the momentum-change
method.
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knees while landing so that the total ‘give’ of his feet, etc., is only
0-025 metre (1 inch), in compression of floor, shoes, feet, ankles,
spine, etc., during the stopping process. (The height 1-25 metres is
chosen to make the calculation easy; because free fall through that
height, starting from rest, takes } second.)

a. Calculate his time of fall (} second).

b. Calculate the speed of the boy at the end of his # sec fall, just
before landing (5 metres/sec).

¢. To calculate the time taken by the landing process we must
find the boy’s average speed during the landing process. Write
down his speed just before he lands and his speed when he has
finished landing. Take the average. Use that average speed to find
the time he takes for the process of landing; that is, the time he
takes to travel 0-025 metre.

d. You know his speed before landing (5 metres/sec) and his
speed (0) after landing, so you know his change of speed ; and you
now also know how long he took to make that change of speed.
-Calculate his acceleration (negative) during landing.

e. Using F = ma calculate the force the floor exerted on him
during landing. (Answer about 30,000 newtons, or 3 tons-
weight, reckoning 1,000 kilograms to a ton.)

This provides a good chance to discuss the sensible use of round
numbers: the time-of-stopping is 0-025/2-45. To work that out
carefully would be to show one had not understood that this is a
rough calculation to make an estimate: the best thing to do is to call
it 0-025/2-5 in which case the time is l;th of a second. This
problem can lead to a discussion of bending one’s knees on landing!
This can be illustrated by dropping a ball of plasticine on to a
kitchen scale.

The problems above are only suggested as possible guides for
teachers making up or choosing problems to illustrate this work
with Newton’s Laws. We hope that teachers will use some such
problems ; but we hope they will not spend much time making sure
that every pupil can solve Newton’s-Law problems, because at this
stage those problems are likely to seem artificial, far away from the
real life of cars and satellites.
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Weight and Earth’s Gravitational Field Strength

In some problems we shall have to deal with the weight of a pulling
load. We also have to face the fact that spring balances, etc., are
usually marked in kilograms or pounds rather than in absolute force
units, newtons or poundals. We may want to ask pupils to change
some force which they have calculated from ‘good’ units such as
newtons to ‘bad’ units such as kilograms-weight, so that they have
a feeling for the size of the force. Again and again, as in earlier
Years, we must insist that the weight of an object is the pull-of-the-
Earth on the object.

‘Weight is a force that can stretch a spring or make
a trolley accelerate, just like any other force. The only
peculiarities of weight are that it is vertical and un-
avoidable.’

We should continue to say, ‘The pull of the Earth on the object’ all
through our discussion. We should not reduce that to the name
‘weight’ until pupils are quite sure of it.

We regard weight as due to the effect of the Earth’s gravitational
field which spreads out all around the Earth waiting to pull upon
matter. We do one important experiment again and again to
measure the strength of the Earth’s field. We allow one kilogram to
fall; measure (in our imagination) the acceleration, and calculate
the force [1 kg] x [9-8 metres/second per second], then: The Earth
pulls with a force of 9-8 newtons on 1 kilogram.

Or, we can do the experiment with 5 kilograms: the acceleration of
5 kg is again 9-8 metres/second per second; so, while it is falling,
the force on it is: [5 kg] x [9-8 metres/second per second], or 49
newtons. The pull on each kilogram is 49 newtons/5 kilograms, or
9-8 newtons|kilogram.

The field strength is 9-8 newtons/kilogram whatever type of
matter we choose as our object for experiment.

Use of Field Strength. This idea of a field strength will be use-
ful in other parts of physics. We shall find that both the number,
9-8, and the unit ‘newtons/kilogram’ are very useful. Whenever we
wish to know how much the Earth pulls on some piece of matter,
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we ask how many kilograms of stuff we have (the mass). Then we
remember that the Earth applies its gravitational field to that, at the
rate of 9-8 newtons pull on each kilogram, and we can calculate the
weight. In all this, we should continue to call the weight ‘the pull-
of-the-Earth on the object’.

(If, when we want the weight of some object, instead of using a
field strength of 9-8 newtons/kg, we multiply the mass of the object
by an acceleration 9-8 metres/second per second, we make physics
look rather foolish to pupils. They can see that in most cases the
object is not falling with that acceleration; so the operation seems
to be a nonsense rigmarole — whereas multiplying by field strength
seems reasonable, if we have described field strength well. With
this use of field strength, we do not meet that difficulty experienced
by some beginners of not knowing whether to multiply or divide by
g when working out a problem.)

If we give this idea of field strength considerable importance, we
shall find it helpful when we come to electric fields later on. Re-
member that the concept of a field plays a very important part in
modern physics. We should give field strength all the emphasis we
can, both for immediate help with force problems and for later
understanding of physics.

Problems with Things Pulled by Weights

If we want to give pupils practice with problems in which the force
is provided by gravity, we should start with one in which the mass of
the pulling agent may be neglected. For example:

Specimen Problem 7. A 50-kilogram boy on roller-skates stands
on a long, smooth table. He is pulled forward by a cord round his
waist which runs, horizontally, over a pulley to a 4-kilogram load.
Calculate his acceleration and how far he will travel from rest in
2 seconds. In this case the force is 4-9 newtons (say 5) and the
moving mass is 50 kilograms, so the acceleration is 0-1 metre/
second2 (We have made two quite different errors, one of 2 per
cent, one of 1 per cent, in the same direction.)

Specimen Problem 8. Again imagine a 50-kilogram boy on
roller-skates, as above, but instead of the }-kilogram pulling load
have another 50-kilogram boy hung on the end of the rope. That
will do some good teaching of mass.
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Outcome. In all this, we want pupils above everything else to
feel that they are exploring the way in which a force changes
motion, makes things go faster and faster, and finds it difficult to do
that if there is a great deal of matter to be speeded up. This is more
important than ability to calculate the force in newtons that will do
a particular job, or to calculate the acceleration produced by a
given load hung on a string and pulling a given trolley along a level
table. Pupils should emerge with a clear feeling that they have

explored and learned a good deal about force and mass and motion. .

Note to Teachers. Philosophy of Newton’s Laws, There are
some definitions and assumptions interwoven with all experimental
illustrations of Newton’s Laws of Motion: for example, the
description of force, and the definition of our system of force
measurement, which we encourage pupils to take for granted; and
rules that forces acting side by side are additive, and that masses
piled up together are additive. (See Note on Interaction in the
General Introduction at the beginning of Year II1.) These are not
philosophical weaknesses in Newton’s Laws: they are simply
proper parts of the structure of his description of nature. We should
not worry pupils or even ourselves about these philosophical
matters; and yet we should keep in the back of our mind just
enough hint of doubt to prevent us telling pupils that they have
proved that Newton’s Laws are wholly right. In fact, the Laws are
right (subject to some relativistic modification) but they are partly
right by definition and partly right because they do describe
nature — and the pupils’ experiments have illustrated the latter
connection.
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TREATMENT OF NEWTON’S LAW 1I BY MOMENTUM
Algebra with Constant Acceleration. Perhaps the clearest way
to sum up and reinforce the knowledge that pupils have gained with
these experiments is to express it in terms of momentum — New-
ton’s own choice. In many cases a problem is easier to think about,
and may be easier to work out, by saying that [force] x [time] is
change of momentum. And then when we combine that with New-
ton’s Law III we arrive at Conservation of Momentum as a very
important general rule for dealing with mechanical systems.

The traditional way of changing to this form is to write:
F = ma = m(v—u)|t
therefore Ft = mv —mu, the change of momentum.

Descriptive Method. For some pupils a slower, less algebraic
introduction does better, with momentum appearing as the thing
which must be provided by a force acting for a certain time. Here is
a suggestion for a new start along those lines:

“You have seen that a force makes things go faster. I do not
mean just one force pulling one way while other forces are pulling
back. The other ones may be enough to hold the object at rest.
I mean that if, after adding up all the forces forward and back-
ward, the total is a resultant (net) force in one direction then
you get increasing motion in that direction.

‘I shall call the net force, or the resultant of all the pulls and
pushes on a moving object, ““ the force ”. When the force is there
the object it acts on moves faster and faster, gaining velocity. The
bigger the force, the more velocity the object gains; and the
longer the time the force acts for, the more velocity the object
gains. So we might say the total gain in velocity goes up in pro-
portion to force multiplied by time.

‘But if we have several trolleys all piled on top of each other — a
lot of stuff being accelerated — we do not have such a big gain
in velocity. So [force] x [time] does not tell us just the gain in
velocity. If we have twice the mass we only get half the gain in
velocity. So, when we look at [force] x [time] and ask what we
get from it we have to consider not only how much velocity we
gain but also how much mass is there, gaining velocity.
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‘Suppose we push one kilogram for a certain time and it gains
10 metres/sec in velocity. We could push two kilograms with the
same force for just as long a time but it would gain only 5 metres/
sec. Or 5 kilograms (pushed for the same time with the same
force) would gain in velocity only two metres/sec.

‘For the same force acting for the same time we get in every case
the same gain of [velocity] X [mass]. We call that momentum. We
say that gain of momentum, gain of mwv, is proportional to
[force] x [time]. Your experiments have not proved that that is
true. They have illustrated it: they fit with it.

‘Then we can turn that round and say
[force] x [time] = change of momentum.
Ft = change of (mv).

‘We have chosen our units for force, newtons, for use in F = ma.
We chose to make K equal to 1 in F = K ma by choosing our
units of F. The same choice applies here. We choose the newton
so that one newton acting for one second will produce a change
of momentum of 1 kilogram increasing its speed by one metre/
second.’

This will seem to some pupils a long roundabout form of F = ma.
But, to others, it may seem a more natural approach. And, in any
case, we shall be glad to have this form for use in our later studies.

Momentum is a difficult, strange concept for beginners, compared
with acceleration which seems more obvious to many. That is why
we treated the example of the jumping boy first by F = ma. Now
we should try it again, using change of momentum. But, for
momentum to become really important, we must wait for collisions,
in which the various momentum-changes will always add up to 0.
Then conservation of momentum will become so important, as a
universal rule in physics, that we are justified in starting now to
build up a feeling for momentum.

As soon as we introduce momentum, we should warn pupils that

there is another very useful quantity, kinetic energy. They must
learn to distinguish clearly between mov which is a measure of
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[force] multiplied by [time] and }mo? which is distinctly different
and which is a measure of [force] multiplied by [distance].

Pupils should look on momentum as a good way of specifying
‘motion’. It tells us how much material is rushing along, combined
with how fast it is rushing along. If we wish to stop a body moving
we have to take away its momentum ; we have to apply a force for a
certain time and the momentum that is to be removed tells us
[force] x [time].

Examples of Changing Momentum

We should give pupils examples to show how, when a given amount
of momentum has to be lost (or gained), we may have a choice
between using a large force for a short time and a smaller force for
a larger time.

Car hits Wall: Discussion of Problem. Suppose a car, driving
fast, collides head-on with a wall. If its bumpers are soft or springy
the car will take some time as the push of the wall brings it to rest,
taking away its momentum to be shared with the earth. Even then
the force will be quite large. But if the bumpers are very rigid, the
impact takes much less time and the force is much larger. Example:

‘A 1,000-kilogram car moving at 20 metres/second (about 40
mph), hits a wall head-on and comes to a stop. Suppose the front
bumpers are specially built for safety and are very squashy, so that
the process of the car coming to a stop takes 15th second. Then
the momentum of the car before the crash was [1,000 kilograms]
X [20 metres/sec] and its momentum afterwards zero. That
change of momentum is produced by the force exerted by the
wall acting for 0-1 second. Therefore

Fx0-1 =1,000x20

therefore Force = 2,000 newtons = about 20 tons-weight.’
Even that will seem an enormous force, but if we calculate the dis-
tance the car must travel while the crash is happening, taking the

average speed to be 10 metres/sec we see that 1 metre of the front
of the car must crumple up.
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‘Now suppose the bumpers are very strong and very rigid so that
the crash takes only ;2th of a second. Carrying out a similar
calculation, we find that the force will be 2,000,000 newtons or
about 200 tons-weight.’

In that case the car would only move forward about 4 inches during
the crash - no wonder the force is so huge and the crash so im-
probable. We should suggest when this calculation is done that the
second crash would break the wall down.

Landing after a Jump. In landing on the floor after a jump, we
can decrease the force by lengthening the time-of-landing. Here is
the earlier problem of the boy jumping from a window ledge,
changed to a smaller fall from a table and discussed in terms of
momentum:

‘Stand on the table and step off it and fall to the floor. Just before
you reach the floor you are falling with a speed of about 4 metres
per second. If you weigh 110 Ib that is about 50 kilograms. Then
your momentum downwards is [50 kilograms] x [4 metres/sec]
or about 200 kilograms-metres/second. When you land on the
floor you lose all that momentum; it is shared out with the great
world.

‘A force must act on you to take that momentum away from you
(and an equal counter-force acts on the Earth to give it some
momentum instead). That force multiplied by your time-of-
stopping must come to 200. If you were very squashy and took a
whole second to stop, then [force] x1 = 200; and the force
would be 200 newtons.

If you bend your knees only a little} and stop in one-tenth of a
second, then the force is 2,000 newtons.

‘If you try to keep your knees straight and stop quickly, you
would take about 1 hundredth of a second in stopping and the
force would be 20,000 newtons. Now remember that you are a
50-kilogram boy and the Earth pulls with a force of 9-8 newtons
on each kilogram of you. So, the pull of the Earth on you is
about 500 newtons.

} 4 metres/second to rest. Average velocity = 2 metres/second. In 0-1 second,
stopping distance = 20 centimetres.
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‘If somebody wants to feel a force of 500 newtons on his hand,
all he has to do is let you stand on his hand.

‘Now think of those forces that stop you when you are landing on
the floor: 200 newtons if you could take a whole second to stop,
2,000 newtons if you stopped in a tenth of a second, 20,000 new-
tons if you took only 1 hundredth of a second to stop - as you
would if you kept your knees straight. What would those forces
feel like? (50 pounds-weight; } ton-weight; 24 tons-weight.)
What would they do as they drove up through your feet, legs,
knees, spine?’

This is the time for some demonstration experiments that illustrate

our calculations of forces by momentum changes (or by the earlier
method, using F = ma):

=
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Experimental Test: Force that Stops a Jumping Boy when
he Lands. We can illustrate the large force the floor must exert to
stop a moving boy quickly by dropping a ball of plasticine on to a
household weighing scale. Or we can give a more intricate de-
monstration as follows. We arrange a wooden shelf to represent the
floor. The shelf is attached to a horizontal pivot at one end so that
it can tilt up and down, and it is pulled up by a wire at the other end.
The wire pulls that end up against a rigid stop so that as long as the
tension in the wire is maintained the ‘floor’ is horizontal. The wire
runs up to a large spring balance which shows that the upward pull
in the wire is, say 40 newtons. A small bit of thread squeezed
between the ‘floor’ and the stop carries a metal ball, so that if the
floor is pushed down the ball will fall to the table. Thus the ball
acts as a signal to tell us when a downward force greater than 40
newtons is exerted on that end of the ‘floor’. We then try dropping
a plasticine boy on to the table from various heights. Only when the
momentary landing force exceeds 40 newtons is the signal ball
released. This experiment is fun to watch — though it gives no
clear qualitative test of our calculation — but it needs considerable
explaining.

Force Used to Kick a Football. We can estimate the force
exerted by a player’s boot on a football by using the scaler as a
clock. We strap a covering of thick aluminium foil on the toe of the
boot and we cover the football with foil. We arrange the scaler to
record the time-of-contact between toe and ball. We shall estimate
the force from F.7 = change of mwv.
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Before we can estimate the force during that time of contact, we
must know the momentum imparted to the ball. We weigh the ball
to find its mass; and we must somehow estimate its velocity after
impact. The simplest way to do that is to place the ball on a table
and let the boy who kicks it give it a kick that starts it out horizon-
tally. Then by measuring how far away the ball is when it reaches
the floor, some distance below, we can estimate its time of fall,
which is also its time of flight horizontally. (If the ball falls 123
centimetres (4 feet) it takes just half a second. If we have a table as
high as that it will simplify the calculation.) As the ball is likely to
acquire a horizontal velocity of 10 to 20 metres per second, we
cannot time its flight by a stopwatch. The scaler is already being
used to measure the much smaller time of contact; so some rough
estimate like the one suggested above should be used. Alternatively
we take a multiflash picture of the ball in flight.
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Bernoulli Paradoxes as Examples of Newton’s Law I
We should show some ‘Bernoulli paradoxes’ and then explain how
all such effects are really only examples of Newton’s Law II.

Although the Bernoulli effects are of interest in discussing aero-
plane flight and a number of other things, they form a small part of
physics which we could well leave out. So far as factual knowledge
is concerned, we do not mention them here for any special interest
in the principle itself, but as an example of linking strange phe-
nomena with a simple law which is now well known to pupils -
Newton’s Second Law of Motion.

Bernoulli Demonstrations. We can show a number of amusing
demonstrations of ‘Bernoulli effects’:

Air from a jet supports a ping-pong ball; the jet may be tilted
over to a considerable angle from the vertical and still hold the
ball.

Water from a jet supports a ping-pong ball.

If a supply of compressed air is connected to the small end of a
conical funnel, the funnel can be used to pick up a light ball.

* We can show a spinning ball taking a curved path by throwing a
light cork ball with a cardboard tube: we swing the tube with
outstretched arm, making the ball roll out to the mouth of the
tube, thus giving it considerable spin.

A pupil holds two thin pieces of paper a short distance apart and
blows strongly into the space between them ; they move together
instead of apart.

A pupil holds a thin sheet of paper horizontally just below his
lips and blows out over it; the paper is lifted. (This shows the
mechanism of ‘lift’ for an aeroplane.)

These, and other surprising effects, can all be ‘explained’ by
appealing to the qualitative form of Bernoulli’s principle: that in
streamline flow of fluid the pressure is smaller where the flow is
faster. Although this is an ‘explanation’ that links together several
phenomena which look dissimilar, it is not a very good scientific
explanation in this form because it drags in a new, unexpected

103

¥ X X X X X *

D37a

D37b

D37c

D37d
OPT.

C38a -

C38b

*® R X X X ¥



principle. If we could link this principle in turn to something
familiar, we should feel we are much more powerful scientists. We
should be farther from superstition and nearer to the assurance of
Lucretius that ‘ Science frees men from the terror of the gods.’ We
can do that.

First, we must show one more experiment to illustrate the principle
itself: we drive a rapid flow of water through a wide glass tube
£ inch or, better still, 1 inch in diameter, about 2 feet long. For a
length of several inches in the middle, the tube is narrowed to about
half the original diameter. Three vertical standpipes rise from the
horizontal tube, one from the central narrow part, the others from
the two wider parts. In each case the standpipe must be attached by
careful glass-blowing so that the inner surface of the main tube is
not distorted, but is merely pierced by a small hole that leads up
into the standpipe ~ otherwise the flow may be disturbed. The tube
is connected to the water supply by a large rubber hose at one end
and water spouts out from the other (open) end into a sink.

To avoid air entering the large open end, the tube near that end is
given a crook, so that it rises an inch or two higher and then runs
horizontally for the last two inches at a higher level. (See figure at
end.) For a large class, the water should be coloured by dye from a
reservoir near the inlet, and backed by a translucent screen lit from
behind.

Even with fast flow, there is little difference of pressure, as shown
by water in the standpipes, between the two wide sections of tube,
because all the tube is so wide. However, the pressure in the central
portion is much lower. This demonstration shows the behaviour
summed up in Bernoulli’s principle; but it cries out for some
explanation of that paradoxical behaviour. (If the demonstration
does not work well, it is because the glass tubes are not wide
enough - and in that case fluid friction plays too big a part — or
because the flow is not fast enough.)
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BerNOULLT DEMONSTRATION

Where the pipe is narrow, so that the water moves fast, pressure is lower than in
the region of slower flow. With a wide pipe (1” bore not %”), fluid friction is
comparatively unimportant, as illustrated here by the pairs of stand-pipes. Note
the crook in the exit pipes to make water pile up to visible heights in the stand-
pipes.

We can link that paradoxical behaviour with other knowledge as
follows:

‘In this wide part the water is flowing along quite fast. What
must it be doing in the narrow part here? Remember that the
same amount of water has to get through the narrow part as the
wide part. ... Yes, the water must be moving faster in the narrow
part. Then when it gets to the next wide part it must move
slower again.
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‘Now imagine we put a little submarine in the water to move
along with the water itself. The submarine might be a little
square or oblong block of wood of the same density as water.
Suppose the submarine has flat ends. Here in the wide part the
submarine is moving along fairly slowly with the water. It is not
changing its motion. And here in the narrow part the submarine
is moving much faster, but is not changing its motion. But here
in the knee, where the tube is narrowing, the water has to change
from slow flow to faster flow and the little submarine must
change speed too. What must be happening here to the sub-
marine if it was moving slowly in the wide part and will be
moving fast in the narrow part? ... Yes, here in the knee it must
accelerate. If the submarine is accelerating what must be the
story about forces for it? ... Yes, there must be a resultant for-
ward force pushing it to accelerate it.

“The submarine has water all around it and the only agents to
push on it are water molecules exerting a pressure on it. The
water pushing on the sides of the submarine cannot very well
help it forward or backward. But the water pushing on the hind
end of the submarine pushes it forward, and the water pressing
. on the front end of the submarine pushes it backward. When the
submarine is in the knee are those two pushes equal? ... They
must be unequal. The submarine must feel a bigger pressure of
water on its hind end than on its front end. Then the pressure
must be bigger here in the wide part of the tube than here in the
narrow part of the tube.

‘Now we can forget about the submarine and think of the water
itself. In going from wide to natrow it changes from slow flow to
fast, it accelerates. There must be a force to make it accelerate
and that force is provided by water pressure. The water pressure
must be bigger here behind than here in the narrow part.” -

Thus, the Bernoulli effects are only a matter of force being needed
to speed up the fluid flow from the slow-moving regions to the fast-
moving regions: F = ma. '

(The more usual account of the effects and the derivation of the
Bernoulli principle by energy considerations is much more artificial,
because it makes us invent ‘pressure energy’ and that would not be
helpful here.)

106

* ¥ *

* % X *



Newton’s Law Ill and Conservation of Momentum

(We took a brieflook at Newton’s Third Law of Motion in Year III.
We suggest that, before discussing it further, teachers should look
at the comments in the Guide for Year IIL.)

The great French mathematician Poincaré wrote a strong, con-
vincing commentary on Law III, in one of his general books on
Philosophy of Science.} He showed that the experiments usually
quoted to prove Law III by using spring balances, etc., can-
notreally succeed in showing that action and reaction are necessarily
equal. He decided that Law III is really only a matter of definition,
an ‘accounting rule’, chosen by us for our own convenience in
expressing our knowledge of nature. We certainly should not men-
tion this discussion to our pupils, but we should keep it in mind
because it may restrain our comments somewhat when we are
teaching.

Action = Reaction. We ask a pupil to pull on a metre rule while
we hold the other end:

‘Which way am I pulling you? ... Yes, towards the blackboard.
And which way are you pulling me? Towards the clock at the
back of the room. Those two pulls do not cancel out and come to
no pull at all. I can feel your pull quite well, and you can feel my
pull. Only one of those pulls acts on you, the pull towards the
blackboard. And only one of those pulls acts on me, the pull
towards the clock.

‘The reason you do not accelerate towards the blackboard is
because another, quite different, force is shoving you in the
opposite direction. Your rough shoes on the rough floor stop you
moving. The floor pushes you away from the blackboard with a
friction force which happens to balance my pull.

‘If I pulled much harder, friction could not match my pull and
you would start accelerating towards the blackboard. If you
were on roller-skates you would be accelerating and I would have
to run towards the blackboard if I wanted to keep up that pull.
But even while we were running, my pull on you would be just
matched by your pull on me.

} H. Poincaré, Science and Hypothesis.
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“The fact that I pull you towards the blackboard does not consti~
tute a force on me towards the blackboard. The only force on me
is your pull that you exert on me, towards the clock. Newton de-
cided that every pair of pulls like that are equal and opposite: my
pull on you is exactly equal in size and opposite in direction to
your pull on me. That does not sound very interesting; but if it
is true, and we adopt it as a true working rule, it leads to a sur-
prising prediction.’

False Examples of Law III. We should be careful to avoid any
attempt to point at a case of equilibrium as an example of Law III.
Occasionally some textbooks suggest that a book at rest on a table
is an exhibit of Law III:

“The book remains at rest: therefore the push-up of the table is
equal and opposite to the weight of the book.’

7, BOOK AT REST ON TABLE

INVOLVES TWO PAIRS OF FORCES

J P &
Vi
T Tl //%”
| 7
EARTH
BOOK AT REST ACCELERATING DOWN
P i PT¢W
P=VW PLW

(This is, of course, correct). Therefore, in this case, action = re-
action (nonsense). There are two action and reaction pairs in this
story: the push-up of the table on the book and the push-down of
the book on the table — which are equal and opposite — and the
weight of the book and the pull of the book upward on the whole of
the Earth - which are also equal and opposite. Each of the ‘equal
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and opposite’ remarks remains true whatever happens, but if we
allow the table to accelerate upward or downward (which we can
easily do by putting the book on our hand instead and moving our
hand appropriately) a force of the first pair is no longer balanced by
a force of the second pair; the push-up of the table is no longer
balanced by the pull down of gravity on the book. The true state-
ment that those two forces balanced when the book was in equili-
brium was a statement belonging to Newton’s Law II and not Law
III.

We need to say clearly, all over again, that the push-up of the table
is a force on the book; but the fact that the book also pushes down on
the table does not constitute a force on the book. Of those two forces,
only one acts on the book, the upward force - and the book would
accelerate if there were not some other force acting on it.

We should not now labour discussion of Law III with pupils who
do not understand it. However, we should be careful not to store up
any misunderstandings which would be troublesome in future
studies.

CONSERVATION OF MOMENTUM
‘Here are two things which are going to collide, two trolleys, or
two rocks or anything else. During the collision A pushes B to
the right. And B pushes A to the left with an equal and opposite
force. What happens to the momentum of each of those things?
B receives that force F from A and has a change of momentum

[force] x [time for which the force acts] or (F)t. And A has a

change of momentum given by this force (— F)t.

‘But the time during which A pushes B must be just the same as
the time during which B pushes A. Think about that: ... can I
push you for a longer time than you are pushing back against me?
Then in these changes of momentum the time ¢ is the same for
both; so we have changes of momentum Ff and — Fz. What is the
total change of momentum? ... Yes, it is 0.’
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We discuss this further, making it clear that we expect to find the
total momentum always the same because in any kind of inter-
action whatsoever, the changes of momentum will happen in equal
and opposite pairs. We point out that this is a remarkable new Law
which will help us to keep track of any kind of event in which one
thing exerts a force on another: ‘The total momentum after the
event is the same as the total momentum before.’

Of course, all the participants must be included in that. When a
moving car comes to rest it loses a lot of momentum, and that
momentum seems to disappear altogether, but we believe that the
Earth itself gains an equal amount of momentum. We can draw
pictures of two things colliding and exchanging momentum without
any gain or loss in the total, but in most experiments there is some
friction which carries off momentum to the Earth, and then we find
less momentum afterwards than before.

We need to give demonstrations in which there is no serious loss of
momentum to the Earth; otherwise our story of conservation seems
unconvincing. We believe the principle is just as true when momen-
tum s lost to the Earth, but the account-keeping is harder to
demonstrate experimentally.

Although we should not start by insisting on it dogmatically to
pupils, we should keep in mind ourselves the universal nature of
the Conservation of Momentum. In every kind of action, in any
kind of closed system, the total momentum remains the same. If we
have a system which is not closed, one which has connections by
forces to other bodies including possibly the Earth, the total
momentum of the system may change, but then too we expect to
find conservation completely true when we keep account of the
momentum changes in the other regions to which the system is
connected. (We must include momentum of electromagnetic fields.)

Experiments on Conservation of Momentum

The experiments to illustrate or test conservation of momentum
should be class experiments as far as possible. Pupils should now
have such skill with tickertape that they can keep track of the
motion of two trolleys by using two tapes at the same time. We
should also take multiflash photographs, and give each pupil a
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print to analyse; and we should extend those to events in two
dimensions.

The experiments are of three kinds:

a. Collisions in which one of the objects is already moving before
the collision;

b. collisions in which both bodies start at rest and are given equal
and opposite lots of momentum by a spring or some other ‘explo-
sion’;

¢. collisions in which both bodies start at rest and after developing
some motion both come to rest again.

Of these, the first type seems to pupils a much more genuine
exhibition of conservation of momentum: there is some visible
momentum at the beginning and the same amount is there at the
end. The other two types of experiment have the advantage of
simpler measurements, but are somehow obvious to pupils without
being convincing: symmetry seems to distract attention from the
essential conservation.

Choice of Experiments. Teachers will find a considerable
variety of experiments suggested in the pages that follow. They
should not try to carry out all these experiments, or momentum will
seem a boring troublesome business instead of a very interesting
story. The more teachers have succeeded in shortening the earlier
studies of F = ma, the more time they can now safely give to
momentum experiments, without risk of boredom, and the better.
We do not want to use so many experiments to ‘prove’ that
momentum is conserved that we never have time to show the prin-
ciples being used. We shall put the principle to use in measuring
the speed of an air gun bullet and then check the speed by an alter-
native measurement that does not assume momentum conservation.

A. Head-on Collision between Moving Trolley and Trolley
at Rest. This is a difficult but convincing experiment. Two
trolleys are used, each carrying a tickertape. The two tapes run
under the same vibrator, but with a separate carbon paper for each.

One trolley, loaded to have a large mass, is given a shove by hand
and allowed to run at constant velocity along a friction-compensated

111

* ¥

¥ % ¥ X ¥ ¥ *

® X ¥ K X X X ¥ ¥ ¥ ¥ ¥

C41a



plank until it hits the hind end of another, lighter trolley. The two
trolleys do not stick together on collision, but the lighter trolley
bounces forward with greater speed while the original moving one
proceeds more slowly after it.

The vibrator is placed some distance behind the starting point of
the first trolley. There are two discs of carbon paper that run under
its hammer. A tape from the hind end of the first trolley runs back
to the vibrator and under one piece of carbon paper and out beyond
to a pupil who guides it. A tape from the hind end of the other
trolley also runs back under carbon paper to the guiding pupil.

Some teachers have found that using two vibrators, one for each
tape, is much easier than running both tapes under one vibrator.

Pupils arrange the collision and analyse the traces.

Here they are dealing with the momentum of each trolley which
should be constant before collision, and constant with a different
value after collision. Therefore there is no need here to paste up
charts of tentick lengths of tape. Pupils simply measure the length
of tape for a large, round number of ticks and work out the speed in
centimetres per second or in centimetres per tentick —~ any unit will
do as long as the same one is used throughout. Pupils require the
masses of these two participating trolleys; and they should be
allowed to find those in this case by weighing. (Far better: if the
loading is done by stacking trolleys, they just count trolleys.)

Some pupils may like to attach magnets to the trolleys and examine
the momentum changes in a ‘silent’ collision with magnets. They
will probably hope to find different changes in this case; so when
they find the same story here as for other collisions it will be an
important reinforcement of the general validity of momentum con-
servation.

In each experiment, pupils are seeking an answer to the very impor-
tant question, ‘Is momentum conserved in this collision?’> We, as
physicists, believe that momentum is always conserved; so that if
we find momentum failing to show the same total before and after
collision we simply blame friction for giving some momentum to
the Earth. With pupils, we should be careful not to be too glib with
this excuse but to discuss the possibilities very carefully.
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B. Inelastic Collision between Trolleys. We can arrange a

similar head-on collision in which the first trolley hits the second
and sticks to it so that the two of them proceed as one unit. That
requires some locking device for holding the trolleys together such

“as a sharp needle on the front of the first trolley that sticks into a
cork on the second one. In that case, a single tape will suffice if the
target trolley starts at rest because it will show the record of the
speed of the first trolley before collision and the speed of the com-
bination after.

C. Adding Mass to a Moving System. A trolley carrying a
tickertape is given a shove so that it moves with constant velocity
along a friction-compensated track. At some point in its travel, we
drop a brick on to the moving trolley from just above. That is cer-
tainly an inelastic change. The pupil should analyse the tape in the
usual way and see whether momentum is the same before and after
arrival of the brick. We should remind pupils that, although the
brick brings in, and at once loses, some vertical momentum, it con-
tributes no horizontal momentum but only changes the mass of the
moving system.

D. Multiflash Photos. We make the taking of the photograph a
demonstration; and, if possible, we issue a print to each pupil to
analyse. We use small ring-magnets with a cardboard lid and solid
carbon dioxide under the lid (the solid CO, is obtained from a
special cylinder). The ring-magnets slide over a level glass table.
We can change from the mass of one ring to double mass by adding
another magnet, or a brass ring of equal mass, on top. The motion
is practically frictionless until the glass table is cooled so much by
the carbon dioxide that water vapour condenses on it. It is impor-
tant to avoid that, if possible. Opening the windows generally helps.

We take pictures of some of the following events:

a. One ring moving on a glass table. (We hope to see constant
velocity: Newton Law 1.)

b. A ring moving with constant velocity makes a head-on colli-
sion with another ring of the same mass.

¢. A ring moving with constant velocity makes a head-on colli-

sion with another ring of double mass (arranged by piling another
magnet on top).
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And very important collisions in two dimensions.

d. A ring moving at constant velocity makes a collision with a

stationary ring and the two move off in different directions. This -

will need analysis of the momenta as vectors and will raise impor-
tant new questions.

e. A collision between two rings which are already moving. This
is both difficult and grand, requiring careful graphical analysis.
If there is time for this to be done and discussed carefully, it will
prove to be a rewarding experiment.

Vectors. The last two demonstrations involve velocities, and
therefore momenta, in different directions. We have to explain that,
like velocity, momentum is a vector, that is, something to be added
by geometrical construction. We may need to discuss vectors and
addition of vectors quite carefully at this point. But that should be
very brief. If we present simple geometrical addition as obvious,
pupils will accept it. There has probably been some simple dis-
cussion of vectors in Year III, but this is the first time we make
important use of them and we shall need them even more strongly
in-Year V.

For the vector analysis of oblique collisions, we may either draw a
line to represent the total momentum ~ drawing the line in each
case in the proper direction — or simplify matters by resolving the
momentum into components; preferably components along the
original ring’s momentum and perpendicular to that.

These are experiments that a teacher will find delightful if he has
had time to try them out carefully on his own so that the techniques
of taking the photographs and the tricks for the analysis are not a
worry to him at a time when pupils are struggling with new ideas.

E. Colliding Pendulums (Optional). If the laboratory has facili-
ties for hanging long pendulums from the ceiling, pupils should
observe directly (or measure with multiflash) elastic collisions
between steel balls, and some inelastic ones when the balls are made
sticky with wax or plasticine.

We should show head-on elastic collisions between equal masses,
and between a mass and a larger mass.
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Pupils should see oblique collisions between a moving mass and an
equal mass at rest; and if the collision is sufficiently elastic, the

- 'Ddde

angle between the two paths after collision will surely be 90°. We .

hope that some pupils will notice that. If they do, we should either
promise that they will later on see a cloud-chamber photograph
which shows that, or produce the picture at once. (Alpha particle
hits helium nucleus.)

If we have easy means of taking multiflash pictures of these pen-
dulum collisions, we should certainly try some. Pupils will probably
regard them as more genuinely and obviously frictionless than some
of our experiments with trolleys. They will understand and forgive
the obvious deceleration as the pendulums swing out and upward.

One very interesting type of collision that can be shown clearly
with long pendulums is a head-on elastic collision between a very
large mass and a small one. If the large mass is at rest, the small one
will move up to it and bounce back with almost its original speed.
That seems obvious enough; and pupils will predict it if we ask for
a guess beforehand. But if we then reverse the story and ask what
will happen if the large mass is moving and the small mass at rest,
pupils will find it hard to guess. We try the experiment and find that
the small mass moves on in the same direction as the large mass,
with twice the original speed. Here again, if we have multiflash
equipment ready, a picture of such a collision shows the story
clearly.

Theoretical Discussion of Head-on Collision of Large Mass
and Small One (Buffer extension). With a fast group of pupils we
might even show that the last result — double speed — can be pre-
dicted by a ‘theoretical’ argument. Of course we can no more
predict the facts of real nature by argument than the medieval
Aristotelians could ; but our argument contains a concealed piece of
experimental information: a very general one that pupils accept
unthinkingly ~ the principle of Galilean relativity. That says: New-
ton’s Laws of Motion and the mechanical events that they describe
are independent of uniform motion of the observer or apparatus.
We observe the same laws of mechanics in a steadily moving railway
train as we do in a laboratory at rest.
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Here is the argument:

‘Let us consider a collision between a ping-pong ball and an
elephant. First we throw a ping-pong ball straight at the
stationary elephant’s forehead at 20 feet/second. The ball will
bounce back with a speed almost 20 feet/second. If the elephant
is on ideal roller-skates he will recoil very, very slowly, barely
noticeably.

“Now suspend the ping-pong ball by an imaginary thread in mid-
air and let the elephant rush towards it at 20 feet/second. When
the elephant’s forehead hits the ping-pong ball, what motion will
the ping-pong ball take? It seems quite difficult to answer that
until we try the following trick. Imagine the elephant surrounded
by fog, so that you, who are riding on his shoulders, have no idea
how fast he is moving along the road. Pretend the elephant is
moving so smoothly on his roller-skates that you know nothing at
all about his motion. Then, in the fog, you see a ping-pong ball.
What will you think the ping-pong ball is doing? ...

‘Yes, you will think the ping-pong ball is moving towards you at
.20 feet/second. You still do not know that you and the elephant
are sliding along through the fog; and, seeing the ping-pong ball
rushing towards you at 20 feet/second to hit the elephant’s fore-
head, you know what it will do. It will bounce away 20 feet/second
from the front of the elephant.

‘Now let the fog clear away and, standing on the ground, watch
what is happening from the outside. You see the ping-pong ball
bounce away from the elephant’s forehead (at 20 feet/second
relative to him) but now you also see the elephant himself is
moving 20 feet/second; so how fast will you see the ping-pong
ball move if you are standing on the ground?’

We might comment to pupils that this is what is called a ‘thought
experiment’, a very useful method in theoretical physics.

This result has an interesting application in sports, and in kinetic
theory of gases. Whenever a massive bat or piston hits a stationary
object of smaller mass, making an elastic collision, the victim moves
away at double the speed of the bat. That applies roughly to the
head of a golf club hitting a ball, or a tennis racket hitting a ball in
serving or an engine shunting a light wagon. When gas molecules
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hit a stationary piston head-on they rebound, on the average, with
equal speed in the opposite direction but when they hit a moving
piston that is approaching them they rebound, on the average,
faster in the opposite direction with a gain of speed of twice the
speed of their piston. (This explains why diffusion pumps use
heavy particles, atoms of mercury or molecules of oil as their
moving ‘pistons’ - and why those pumps are so much better at
pumping hydrogen than at pumping heavy gases such as xenon.)

F. Collisions between Rolling Balls. A length of curtain rail is
used as a track along which steel balls can roll. A sloping section of
track leads by a smooth curve to a level section. One ball rolled
down the launching slope meets one or more balls on the level sec-
tion ; and pupils watch the result of the collision.

This can be done as a demonstration or in a rougher form with
marbles as a class experiment. It forms an amusing part of a pupil’s
widening acquaintance with collisions; but we should not spend
long on it.

Behind the simple story of the momentum of the impinging ball
travelling through a line of balls and sending the front ball of the
line forward, there is a complicated story of a propagation of a
compression wave through a ball. The complete transfer of momen-
tum from one ball to the next is even more surprising when one
thinks of it in terms of compression waves.

An alternative (optional extra) demonstration with a line of steel
balls each hung up by bifilar suspension is also good.

G. ‘Explosion’. As a class experiment, pupils arrange two
trolleys on a level table (not friction-compensated) and push them
together until the buffer rod has compressed the spring and the
catch holding the rod in is latched. The trolleys are placed so that
when the catch is unlatched and the spring pushes them apart they
will travel out in opposite directions towards the ends of the table.

Since there will now be some slowing of the trolleys by friction, it is
probably unwise to use tickertape to record the motions. Instead,
pupils should place a metre stick or a lath of wood across each end
of the table to act as a stop. These stops should be placed so that
each trolley runs the same distance from its starting point to the
stop. Then, with equal masses, trolleys are released and pupils
watch to see whether the trolleys arrive at the stops simultaneously.
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This experiment is repeated with one trolley having double the -

mass of the other. We do not tell pupils how to rearrange the stops
for that, but let them argue it out or try it for themselves.

H. Inverse Explosions. As a class experiment, pupils hold a pair
of trolleys some distance apart and attach a large rubber band ora
spiral spring to pull them together. The trolleys start at rest and are
released simultaneously. Pupils watch to see the motion that is left
over when the trolleys have met and stuck together. Some device is
necessary to make the collision completely inelastic. For example, a
sharp needle on one trolley sticks into a cork on the other.

I. Collision with Marbles (PSSC) (Optional extra). (Reports
from trials of this experiment differ greatly. Some teachers who
have practised both the experiment and its teaching consider it a
very good, clear experiment which pupils find successful. Other
teachers report that the adjustments are tricky, the ideas of the
analysis are difficult to teach and therefore they do not consider
this experiment worth doing.)

In this experiment we use some earlier knowledge, that a marble
projected horizontally takes the same time to reach the floor as a
marble dropped vertically from the same height. Therefore, thisis a
specially good experiment because it illustrates the way in which a
physicist uses one piece of knowledge in investigating the next.

A marble rolls down a sloping curved channel and arrives at the
edge of the table moving horizontally with a speed which will
be the same each time that launching channel is used. The channel
may be made of plastic or metal curtain rail, bent to make a suitable
curve. A marble is released, rolls down the channel, rolls horizon~
tally along the last half inch of the table before the edge and then
travels as a projectile to the floor where it hits a piece of carbon
paper resting on white paper. Or pupils may use a piece of soft
cardboard, such as the corrugated packing material with its smooth
face upward, and locate the ‘hit’ by the dent the marble makes.

Then a marble is held just beyond the edge of the table and dropped

vertically on to the carbon paper. The distance between the two
marks gives a measure of the speed of the projected marble.
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In analysing the records made by the marbles, we assume that both
marbles fall for the same time. That is not true unless they fall
through the same distance and start with no vertical velocity. It is
essential to make sure that the latter condition is fulfilled. The balls
must be arranged carefully to start at the same level and in the later
part of the experiment we must make sure that neither ball is given
any vertical velocity during a collision. Furthermore, this careful
adjustment needs to be made beforehand or the whole experiment
appears to pupils to be an artificial arrangement.

Then a marble is allowed to roll down the launching ramp from the
same starting place and collide with another marble just at the edge
of the table. Both marbles fall (for the same time) and hit the carbon
paper and make marks. The pupil then has measures of the velocity
of the original ball before impact and the velocities of both balls
after impact. He can find out whether momentum, treated as a vec-
tor, is conserved.

Nuclear Collisions. We should tell pupils that those collisions
are models of nuclear collisions which we can infer from cloud-
chamber photographs. Such photographs should be posted up for
all to see while this work is being done and should remain on view.
(The Nuffield Physics Group has gathered a collection, for use in
schools, as pictures or transparencies.)<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>