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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 which the
Scottish Education Department and the Association for
Science Education, as it now is, were conspicuous) 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
considered 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 programmes 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 com-
panions belong to the teaching profession as a whole.

The production of the materials would not have been possible
without the wholehearted and unstinting collaboration of the
team members (mostly teachers on secondment from schools);
the consultative committees which 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 pro-
fession, it is important that the current volumes should be
thought of as contributions 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
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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 de-
monstrate that the continuing renewal of the curriculum ~
in all subjects — should be a major educational objective.

Brian Young
Director of the Nuffield Foundation
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Introduction

This guide is a supplement to the Teachers’ Guide, giving
details of the class experiments and demonstrations to be done
during the third year of Nuffield O-level physics programme.
It is of course written for the assistance of teachers and is not
intended for pupil use. It should be read in conjunction with
the Teachers’ Guide.

Reference is made in each experiment to the apparatus
required. The item numbers refer to the numbers given to
each piece of equipment needed for the programme, full
details of which are given in the Guide to Nuffield Physics
Apparatus.



Experiments in Year 3

Waves

la  Class Experiment - Transverse waves along a
rope.

Ib  Demonstration — Examples of wave motion:
pulses and continuous
waves. -

lIc  Optional - Wave model.

Demonstration

2 Demonstration — Waves along a line of pupils.

3 Demonstration — Water waves seen in section.

4a  Class Experiment  — First acquaintance with a
ripple tank.

4b  Class Experiment  — Simple circular pulses in
ripple tanks.

4c  Class Experiment  — Simple straight pulses:

4d  Class Experiment  — Reflection of pulses by a
straight barrier.

4e  Class Experiment  — Reflection at a curved barrier.

4Af  Class Experiment  — Vibrator to generate
continuous waves.

5  Class Experiment - Introduction to a
stroboscope.
4g  Class Experiment - Using a stroboscope to

‘freeze’ continuous ripples.

4h  Class Expertment - Using a stroboscope to
estimate wavelengths of

ripples.

4i  Class Experiment  — Reflection of a pulse by a
barrier.



4

4k

41

4m

4n

4o

4p

4r

4s

4t

4u

Optics
6a

6b

Class Experiment

Class Experiment

Class Experiment

Optional

Demonstration

Class Experiment

Class Experiment

Class Experiment

Class Experiment

Class Experiment

Class Experiment

Class Experiment

Class Experiment

Demonstration

Demonstration

by a barrier.

— Reflection at a parabolic

barrier.

— Reflection of ripples at a

circular barrier.

— Elliptical reflector.

using two fingers.

using vibrators.

— Interference using two slits.

barriers.

X

— Reflection of a straight wave

— Watching what happens when
one ripple crosses another.

— Interference with two sources,

— Interference with two sources,

— Diffraction at wide openings in

— Diffraction at narrow openings

in barriers, and diffraction at

obstacles.

shallow water.

- Estimating wavelength,
frequency, and velocity of

ripples.

—~ Shadows on a wall.

— Ray of light on a wall.

— Refraction of ripples entering



6¢

6d

6e

6f

10
11
12

13

14a-o

15

14p

16

14g-s

Demonstration

Optional
Demonstration

Demonstration
Demonstration

Class Experiment

Demonstration

Demonstration

Class Experiments

Class Experiment

Class Experiment

Optional Class
Experiment

Glass Experiments

Class Experiment

Class Experiment

Demonstration

Class Experiments

xi
— Ray of light in water.

— Curved ray of light.

— Ray of light being reflected.
— Rubber ball ‘reflected’.

- Pinhole camera and lens
camera.

- Smoke box showing image
formation with a large lens.

— Image formation: moving
paper in the path of rays of
light.

— Image formation with a lens.
— Eye: range of accommodation.
— First look at a telescope.

— Telescope with a close image.

— Rays of light and cylindrical
lenses.

— Plane mirror forming an image
of a candle: empirical location
of the image.

— Reflection of rays by a
cylindrical mirror: aberration
and the caustic curve.

— Image of a marble in a large
spherical mirror.

~ Rays of light and cylindrical
lenses.



17  Home Experiments — Further experimenting with
ray streaks.
18  Class Experiment - Further work with a telescope.
19  Class Experiment —— Magnifying glass.
20 Class Experiment —— Compound microscope.
21a  Class Experiment - Retinal shadow in the pupil’s
' own eyes.
21b  Optional Extra — Illustration of retinal shadow
Experiment using a glass lens.
22a  Optional ~ Dissectable model eye.
Demonstration
22b  Demonstration — Model eye demonstration with
flask.
22¢  Oprional Additional — Model eye with a goldfish
Experiment bowl.
23 Demonstration - Variable focus eye.
24 Demonstration ~ Dissecting a bull’s eye.
25  Optional Class - The longitudinal lens formula.
© Experiment
Nature of light
26 Class Experiment  — Law of reflection.
27a  Class Experiment  — Refraction in tank of water.
27b  Oprional Class — Law of refraction.
Experiment or
Demonstration
28  Demonstrations and — Further refraction

Home Experiments  experiments.



29

30

31

32

33a

33b

34

35a

35b

36

37

38

39a

39b

39c

xiii

Class Experiments — The spectrum.
and Demonstrations

Class Experiment  — Particle model of reflection.

Class Experiment  — Particle model of refraction.

Optional Class — Marching model of refraction.

Experiment

Demonstration - Single slit and double slit
demonstrations.

Demonstration - Diffraction shadows.

Class Experiment - Young’s slits with a ripple
tank.

Demonstration — Interference with plastic wave
model.

Optional Class — Interference with corrugated

Experiment or cardboard wave model.

Home Experiment
Class Experiment - Young’s slits.

Films ~ Ripple tank films of refraction
and interference.

Demonstration — Interference patterns in a soap
film.

Class Experiment - Interference in a thin air
wedge.

Oprional — Interference using centimetre

Demonstration waves.

Optional — Interference using sound

Demonstration waves.
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Time, velocity, and acceleration
Class Demonstration —Acceleration of ball rolling

40

41

42

43

44

45

46

47

48

49

50

51

52

53a

53b

Class Experiment

Class Experiment

Class Experiment

Class Experiment
Class Experiment
Demonstration

Class Experiment

Class Experiment

down a plank.
~ Measuring time intervals.

— Rough timing of a trolley
running down a slope.

— Introduction to vibrators.

— Time intervals with the
vibrator.

— Number of ‘ticks’ in 3
seconds.

— Introduction to measuring
motion.

— Measuring the pupil’s own
motion.

— Investigation of free fall.

Demonstration and — Diluted gravity experiment

Class Experiment
Buffer Class
Experiment

Optional
Experiments

Buffer Class
Experiment

Demonstration

Demonstration or
Class Experiment

(acceleration down an inclined
plane).

— Diluted gravity experiment.

— Further experiments on
diluted gravity or free fall.

~ Trolley running up the hill.

- Galileo’s experiment with a
rolling ball.

— Galileo’s pin and pendulum
experiment,



54

55

XV

Demonstration — Frictionless motion.
Optional — Large pucks.
Demonstration

Inertia, force, and motion

56

57

58

59

60a

60b

61

62

63

64

65

66a

Class Demonstration — Inertia: two tin-can

pendulums

Optional - Inertia: further demonstration

Demonstrations experiments.

Class Experiment - Investigating acceleration with
trolleys.

Buffer Class — Effect on acceleration of

Experiment changing the mass of a trolley.

Optional Class- — Large trolley experiments on

Demonstration acceleration.

Experiment

Extra Optional — Large trolleys and friction.

Class-Demonstration

Experiments

Demonstration ~ Action and reaction with a
metre rule.

Optional — Action and reaction: trolleys.

Demonstration

Oprional — Multiflash photographs of free

Demonstration fall.

Class Experiment  — Falling objects.

Class Experiment  — ‘Guinea and feather’
experiment.

Class Experiment  — Independence of vertical and

horizontal motions.



66b

67

68a

- 68b

69a

69b

70

Kinetic theory of gases

7la

716 Class Experiment

72

73

74

75

76

Oprional
Demonstration

Demonstration
Optional Buffer
Demonstration
Optional

Demonstration

Demonstration

Demonstration

Class Experiment

Demonstration

Class Experiment

Optional

Demonstration
Demonstration
Demonstration

Oprional

Demonstration

xXvi

- Multiflash photographs of
projectiles.

— Pulsed water drop experiment.
- Testing projectile motion with
a parabola drawn on the black-

board.

~ Water jet following a parabola
drawn on the blackboard.

— The ‘monkey and hunter’
experiment. -

— Water jet through rings.

— Gravitational field strength.

— Model for kinetic theory of a
gas.

— Tray of marbles in constant
agitation as a two-dimensional
kinetic model.

— Brownian motion.

— Diffusion of hydrogen in air.

- Diffusion of bromine into air.

— Increase of pressure of a gas
with temperature.

~ Increase of pressure of a gas
with temperature.



77

78

79

Class Experiment

Class Experiment

Demonstration

Electromagnetism

80a

80b

80c

81

80d

80e

80f

80g

80h~k Class Experiments

801

Class Experiment

Class Experiment

Class Experiment

Optional Buffer
Experiment

Class Experiment
Exhibition of
Photographs

Class Experiment

Class Experiment

Class Experiment

80m Class Experiment

80n

Class Experiment

— Variation of pressure with
temperature leading to the
concept of absolute zero.

xvii

— Expansion of air at constant

pressure.

~ Boyle’s Law.

— Magnetic field due to an
electric current in a wire.

— Oersted’s experiment.

— Magnetic field due to a coil

carrying a current.

~ Simple galvanometer.

— Magnetic field due to a long

close-wound coil.

— Magnetic fields.

— Magnetic field inside an open

coil.

~ Field of a bar magnet.
~ Play with magnets.

— Magnetic fields due to
arrangements of magnets.

— Electromagnets: field pattern.

— Electromagnets: forces.



800
82
83

84
85
86

87a
87b
88a

88b

88c
88d
88e

88f

88g

xviii

Opziénal Class — Electromagnets: application to
Experiment buzzer and the electric bell.

Class Experiment  — Force on a wire, carrying a
current across a magnetic field.

Demonstration and — The ‘catapult’ field.
Class Experiment

Class Experiment - Moving coil meter.

Class Experiment  — The electric motor.
Demonstration — Fractional horse-power motor.
Class Experiment - Electromagnetic induction:

the motor as a dynamo.

Oprional Class — Electromagnetic induction:
Experiment motor as a dynamo (a.c. form).
Class Experiment  — Electromagnetic induction:

magnet and coil.

Class Experiment - Electromagnetic induction:
wire moving across magnetic
gap.

Class Experiment  — Electromagnetic induction:

magnet and coil on iron core.

Class Experiment  — Electromagnetic induction
using an electromagnet.

Class Experiment  — Electromagnetic induction:
switching an electromagnet.

Demonstration — Electromagnetic induction:
FHP motor connected to gal-
vanometer.

Demonstration|Class — Bicycle dynamo.
Experiment



89a

89b
89¢c

90a

90b

90c

91

92a
92b

93

94a

94b

95a

95b

96
97

98

Demonstration

Demonstration
Class Experiment

Class Experiment

Class Experiment

Demonstration

Class Experiment

Demonstration
Demonstration

Optional Buffer
Experiment

Class Experiment

Demonstration

Demonstration

Demonstration

Demonstration
Demonstration

Oprional
Demonstration

Xix

- Bicycle dynamo and oscillo-
scope.

- Oscilloscope and a.c. voltage
from transformer.

— Class oscilloscope.

— Transformer: d.c. supply and
switch.

— Transformer: a.c. supply.

— Transformer: dependence on
number of turns.

— Introduction to a voltmeter as
a cell counter.

— Water circuit board.
— The voltmeter as a cell counter.

~ Using a voltmeter to measure
power transfer.ced.

- d.c. model power line.

- d.c. model power line at high
voltage.

— Electric fields.

- Electric fields shown with
paper indicator.

— Forces in an electrostatic field.
— Macro-Millikan apparatus.
— Forces on charged polystyrene

spheres: models of ions in
motion.



99a  Class Experiment  — Electrostatic forces.
99b  Demonstration — Demonstration electroscope.
99¢  Class Experiment - Gold leaf electroscope.
99d  Class Experiment - - Electrostatic induction.
100 Demonstration — Deflection of electron beam in
an electrostatic field.
101 Class Experiment — Breaking bar magnets.
102a  Demonstration — Model of a magnet.
102b  Optional Film — Domain film.
103 Optional — Magnetization saturation.
Demonstration
104 Class Experiment  — Breaking ring magnets.
Appendices
I Operating instructions for the demonstration oscillo-
scope.
II Operating instructions for the class oscilloscope.



1a Class experiment
Transverse waves along arope

Apparatus
16 lengths of flexible rope

The longer the rope the better, depending on the space available,
minimum length 3 metres.

Procedure

Pupils should work in pairs and each hold one end of the rope.
A flick at one end of this rope sends a pulse down and back.
(This is easily done by jerking the end of the rope up and
quickly down to stop on the wrist of the other hand.)

The pulses can be reflected back and forth several times if the
rope is held in mid-air, but it may be better to have it on the
bench or on the floor.




1b Demonstration

Examples of wave motion: pulses and continuous
waves

Apparatus
1 ‘slinky’ — item 101
1 length of rubber tubing

The minimum length of the rubber tubing is 5 metres, It should be

8 mm or more in diameter.
The slinky should be at least 10 cm long when closed up.

Procedure

1. Pulses

The tube is held on the floor under slight tension and one end
is given a sharp flick horizontally. This is most easily done by
holding one’s hand against one’s ankle and then jerking it
sideways and back to the foot again. Different tensions and
slower pulses can be tried. (Pulses of a different shape can be
produced by having a stop such as a chair leg to limit the
motion of the tube.)

The above demonstration can also be done with a ‘slinky’.
Whilst it is great fun to produce standing waves with the
‘slinky’ and to make it walk downstairs, such experiments
detract from the main object of seeing how a pulse travels, so
“they should be avoided.

2. Continuous waves

The rubber tube of ‘slinky’ is laid on the floor or on a bench.
One end is made to oscillate transversely by hand with a small
amplitude and a frequency of about 5 cycles per sec, while
the other end is fixed. It will be seen how a regular chain of
impulses produces a continuous travelling wave. This is
usually clearer with the rubber tubing.

With a ‘slinky’ it is also possible to show travelling longi-
tudinal waves by oscillating the end of the ‘slinky’, though it
may be better to omit longitudinal waves at this early stage.






1c Optional demonstration
Wave model

Where the laboratory already owns a wave model of any form
that is ready for use, it may profitably be shown as a quick
demonstration, i addition to the experiments in la and 1b.



2 Demonstration
Waves along a line of pupils

Procedure

If pupils link arms in a line it is possible to send transverse
waves and pulses down the line.

For longitudinal waves and pulses, the hands should be put
on the shoulders of the neighbouring pupil, with elbows kept
bent.

It is more vivid if the pupils face away from the teacher in a
line, each with his hands on the shoulders of the one in front.
A good shove from the teacher on the back of the end pupil
can send a strong pulse down the line. When the pupils have
picked themselves up, it is worth discussing the difference
between this pulse and all the others so far: that the particles
did not, in this case, return to their original places. (This
occurs with waves in any medium when the medium is
strained beyond its elastic limit.) It is also worth while to
repeat the experiment with a gentle push while the pupils
cooperate to carry a wave without disaster.



3 Demonstration
Water waves seen in section

Apparatus
1 large rectangular transparent tank — item 100/2

Procedure

(a) The glass tank is filled half full with water and placed so
that the pupils can see the water line face on and any waves
passing along it in action.

Waves are generated at one end by moving the hand or a block
of wood up and down in the water or, better, sweeping it back
and forth as a paddle. The pupils watch the motion.

Clearly a long tank is preferable to a short one for the initial
outgoing waves will be seen without the complication of the
waves reflected from the end.

The tank need not be wide from front to back — 3 in would
suffice. The height should be at least 6 in and the length as
great as possible — one foot is probably too short, 3 ft would be
good, but expensive.

- If some sawdust is mixed in the water those watching at close
range may see the path of the particles of the medium when
the water waves travel along. However, that motion is too fast
to see easily and method (b) is advocated.

(b) Fill the tank one-third full of water and add paraffin (pre-
ferably coloured) above that until the tank is two-thirds full.
(Alternatively olive oil can be used, but it gives more damp-
ing and is unnecessarily expensive.) Generate transverse
waves at the interface, keeping the paddle immersed.
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4a Class experiment
First acquaintance with a ripple tank

Apparatus

8 ripple tanks — item 90
8 illuminants — item 47
8 transformers - item 27
8 buckets — item 533
8 deep beakers (1,000 cm?) — item 513
8 sponges — item 90R

In this and subsequent experiments, the ripple tanks require legs,
gauzes (or another arrangement to provide ‘beaches’), and supports
for the illuminants.

Some manufacturers supply special power units for use with the
ripple tanks. These provide the necessary voltage for the lamps and
also a variable voltage output to drive the motors. Some teachers
will prefer these, others will use the transformers for the lamp, as
suggested here, and a dry cell and rheostat for the motor.

Esso-Nuffield film

The experiments with the ripple tank are demonstrated in the

Esso-Nuffield film Waves and the Ripple Tank. This film

is intended for teachers and should not be shown to pupils. It

is available on free loan from Esso Petroleum Co. Ltd.,
- Victoria Street, London, S.W.1.

General notes on setting up the ripple tanks

To avoid unwanted vibrations, the tanks should be set up on
the floor. Each tank should be filled to a depth of about 5 mm
using about 1,000 cm?® of water — for further comments on
depth, see below. The tanks can be levelled quickly and easily
by matching the two reflections of the lamp, one from the
glass and one from the water surface.

A large piece of white paper underneath the tank will show
the ripples. So will a piece of hardboard painted white.

The lamp should be adjusted in height to give the best pic-
ture. It should be about 50 cm above the tank.

The pieces of gauze in the water around the edges of the tank
will cut down reflection of ripples by the edges.
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Depth of water
The recommended depth is about 5 mm using a 1,000 cm?
deep beaker.

With depths below 3 mm (about 800 cm? of water in the tanks
used in the trials) the ripples damp out in a small distance but
there is no trouble from reflections.

With depths above 6 mm (1,300 cm?) reflections from the
edge of the tank can be troublesome. The gauze ‘beaches’
produce multiple, weak reflections, which may be more
troublesome than a slightly stronger clear reflection produced
without the gauze.

1. If it is possible to darken the room, the ripples will be parti-
cularly effective and clear to see. If not, it is desirable to use
48-watt lamps as illuminants.

2. When first introducing the ripple tanks, the accessories for
later experiments should not be provided as well. The reflec-
tors and motors, for example, will attract attention and may
detract from the important introductory stage of becoming
familiar with the tank.

3. Emptying the tank. A quick way of emptying the tank is to
~ put a rubber tube on the outlet and tilt the tank so that the
end of the tube is under water. (See diagram opposite.)

The tube may be left on as a permanent fixture, if a clip is
fastened to it.

4. Viewing. Itis not wise to view the paper through the water;
the pattern on the water and the pattern on the paper may
combine to produce moiré fringe effects.
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Procedure

Begin by telling pupils to put water into the tank to a depth of
about half a centimetre and try finding out anything they can
about the ripples they can make with their fingers.

Warn pupils that the ‘tartan plaid’ patterns produced by jar-
ring the tank are too complicated to yield much scientific
knowledge, however pretty they are. Urge pupils to avoid
spoiling their work of discovery by making those patterns.

-

o
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4b Class experiment
Simple circular pulses inripple tanks

Apparatus

8 ripple tanks — item 90

8 water droppers — item 90H
8 pencils

The usual accessories will be required with the ripple tanks: legs,
gauzes, illuminants, supports for the illuminants, transformers,
deep beakers, buckets, sponges.

Procedure

After some general play in experiment 4a, suggest starting a
single ripple somewhere in the middle of the tank and then
making several such ripples one after the other. Suggest
using:

1. a finger

2. a pencil to touch the water

3. a drop of water from an eye dropper.

After that, pupils should use pencil or eye dropper as they
prefer.

Here, as in several places in our programme, the method
chosen as best seems to differ from one class group to another,
depending perhaps on the teacher’s own experience with the
apparatus as well as the pupils’.

When we ask if the water moves along with the wave pattern,
we should leave pupils to suggest their own tests. If, from our
experience in an earlier year, we arrange testing materials
ready at hand, we are likely to fail in our aim of encouraging
pupils to experiment and think on their own. Any materials
that pupils suggest for such a test can be fetched quickly; and
if they suggest none, the problem had best be left unsettled.
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4c Class experiment

Simple straight pulses
Apparatus

8 ripple tanks — item 90
8 wooden rods — item 90]J

The usual accessories will be required for the ripple tanks: legs,
gauzes, illuminants, supports for the illuminants, transformers,
deep beakers, buckets, sponges.

Procedure

Pulses can be produced by giving the rod a sharp roll forwards
and back, and continuous waves are produced by continuing
this motion. The ripples are rather wide near the rod but
become sharper as they move awdy.

Note

The ripples are sharpest when the filament of the lamp is
parallel to them.
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4d Class experiment
Reflection of pulses by a straight barrier

Apparatus

8 ripple tanks — item 90
8 wooden rods — item 90]
8 water droppers — item 90H
8 straight barriers — item 90D

The usual accessories will be required for the ripple tanks: legs,
gauzes, illuminants, supports for the illuminants, transformers,
deep beakers, buckets, sponges.

Procedure

Ask pupils to watch what happens when a ripple (pulse) hits a
wall. Encourage them to try that with:

1. a circular pulse

2. a straight pulse hitting the wall ‘head on’ (i.e. normally)

3. a straight pulse approaching the wall in a slanting direction
(i.e. incident at other angles).

Note

We should help pupils to avoid choosing an angle of incidence
of 45° because that makes it harder for beginners to see the
angle relationship. They should try both a much smaller
angle of incidence and a much bigger one.

This is still a stage of making acquaintance with ripples. We
should not suggest looking for angle relationships; we should
not expect such a result; and we should certainly not dictate,
or ask pupils to make notes of, any such relationship.



o
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4e Class experiment
Reflection ata curved barrier

Apparatus

8 ripple tanks — item 90

8 water droppers — item 90H
8 wooden rods — item 90J

8 lengths heavy rubber tube
8 lengths heavy copper wire

The usual accessories will be required for the ripple tanks: legs,
gauzes, illuminants, supports for the illuminants, transformers,
deep beakers, buckets, sponges.

Procedure ,

As in experiment 4d, pupils should try reflecting a pulse, this
time with a curved barrier made with a rubber tube bent into
something like a parabola. To help curve and anchor the tube,
heavy copper wire should be slid into the tube before bend-
ing.

No formal results are expected at this stage, but rather the
pleasure of unexpected and perhaps powerful effects; and the
teacher should not suggest or try to achieve ‘focus’ proper-
ties. If some pupils find out more things than others, well and
good. This is meant to be their own experimenting.
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4Af Class experiment
Vibrator to generate continuous waves

Apparatus

8 ripple tanks — item 90

8 motors mounted on beams - item 90L
16 rubber bands — item 90K
8 sets of leads to motor — item 901
8 dippers - item 90G
16 dry cells

8 rheostats — item 541/1

The usual accessories will be required for the ripple tanks: legs,
gauzes, illuminants, supports for the illuminants, transformers,
deep beakers, buckets, sponges.

The motor works well from a 15 volt cell in series with a 12-ohm
rheostat (item 541). Two cells may be needed for the higher speeds
but the motor then goes rather fast with the rheostat set at its
minimum value. The circuit boards used in Year II could be used
for this. The polarity of the battery determines the direction of
rotation, but that is immaterial, (If a battery with a higher e.m.f. is
used, a rheostat with a correspondingly high resistance would be
required.)

Some manufacturers supply special power units for use with the
ripple tanks. These provide the necessary voltage for the lamps and
also a variable voltage output to drive the motors. They avoid the
need for a transformer to light the lamp and a separate supply for
the motors and some teachers may prefer to use them despite the
extra cost.

Procedure

1. Circular waves

The wooden beam with the motor attached should be hung
by two rubber bands of such length that the wood is above the
water.

A small spherical dipper is attached to the vibrator by its
L-shaped rod and is adjusted so that the bottom of the sphere
is about level with the surface of the water.

At low frequencies, it is easy to see the waves; but at higher
frequencies the persistence of vision obscures them. Blinking
makes them visible.






22

2. Straight waves

Remove the dipper and adjust the height of the wooden beam
(with the motor attached and hung by the two rubber bands)
so that the beam itself is about level with the surface of the
water. When the beam is set vibrating, straight waves will
travel across the ripple tank. If the beam is too deep in the
water (or sitting on the glass!) the ripples do not travel very
far; if it is too shallow and the vibration is vigorous, the
ripples are less distinct near the vibrator.

The filament of the lamp should again be parallel to the
ripples.

Note

If the wooden rod does not vibrate enough, the eccentric
loading on the shaft of the motor can be increased.

Esso-Nuffield film

Teachers are advised to see fhe Esso-Nuffield film Waves and
the Ripple Tank.

For Class experiment 4g, see p. 28.
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5 Class experiment
Introduction to a stroboscope

Apparatus
32 hand stroboscopes — item 105/1
masking tape — item 105/2

1 fractional horse-power motor - item 150
1 rotating disc for FHP motor - item 151
1 L.T. variable voltage supply - item 59

1 compact light source — item 21

1 converging lens — item 93B

1 lens holder — item 124/2

1 retort stand and boss — items 503-505

It is very important to have one hand stroboscope per pupil.

The hand stroboscope is a disc of hardboard or card with a simple
pivot at its centre, so that the disc can be kept spinning by hand. The
disc has a hole, off centre, for the pupil’s finger to enable the pupil
to keep it spinning. It has narrow slits on its face, near the rim. The
slits are evenly spaced and there should be 12 of them. For most
purposes 12 is the required number; when fewer slits are needed,
some of them can be obscured by sticking black masking tape over
them. The pupil views a vibrating object through the slits.

The rotating disc (item 151) for attachment to the fractional horse-
power motor (item 150) is painted black with a white arrow painted
radially on it. The motor is conveniently driven from the L. T.
variable voltage supply (item 59).

Purpose of this experiment

The simple hand stroboscope enables pupils to ‘freeze’ repe-
titive motions —-or to slow them down for study. It is an
unfamiliar instrument that we suggest for certain interesting
uses. We do not suggest it should be used for an extensive

study.

The following are only suggested as possible optional aids.
Some classes seem to understand strobes at once. Others need
a short introduction. Most teachers advise proceeding to
observe ripples almost at once.

Procedure

a. To explain the principle, the teacher can start by swinging
his arm slowly round in a large vertical circle. He then asks
pupils to close their eyes and to open them briefly each time
he says ‘now’. He says ‘now’ once each revolution and the
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pupils see his arm each time in the same position. He then
says ‘now’ once every two revolutions-and they see the same
thing but less often. If he says ‘now’ once every half-revolu-
tion, they see his arm in two positions.

If this does not work well, it is #oz worth practising the pupils
in opening their eyes. The main point is to show the principle
of the stroboscope and this should soon be clear.

b. Rotating Disc

A black disc painted with a white arrow is driven by a motor.
The hand stroboscopes give 12 glimpses per revolution. Black
tape may be used to cut this down to 6, 4, 3, 2, or 1, but with
this experiment it is simplest to use all 12 slits and to adjust
the speed of the motor.

With the motor driving the disc at 25-30 rev/sec it is easy to
stop the motion and see a single white arrow, though this does
wander about. The stroboscopes are less likely to judder if the
screw is not too tight and the handle is held loosely.

Pupils should be able, without much difficulty, to rotate their
stroboscopes at the correct speed. By ‘correct’ is meant the
speed when the number of slits passing the eye per second is
equal to the number of revolutions per second of the motor.
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Pupils who cannot see the stopped motion can be helped if
the teacher works the stroboscope and looks through one side
of it, while the pupil looks through the other side.

c. Other speeds
The following effects are described as diagnostic aids for
teachers. We should 7oz labour the introduction by telling

pupils about these.

To show the effect of turning the stroboscope at half speed,
and twice and three times the correct speed, it is necessary to
have the motor running at different speeds, as the strobo-
scopes are difficult to turn at high and low speeds. Further-
more, at low speeds the white arrow becomes very spread out
and indistinct, particularly at the edge of the disc where it is
travelling fast.

With the motor running at 15 rev/sec it is difficult to turn the
12-slit stroboscope slowly enough to see a single stationary
bar. But if the stroboscope is speeded up until it is twice as
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fast, three times as fast, and even four times as fast, a sta-
tionary pattern is seen, as shown below.

With the motor running at 50 rev/sec, it is possible to see the
pattern stationary by turning the stroboscope at the correct
speed, at half this speed, and at one-third of this speed. It is
not, however, possible to check that the highest of these three
speeds 75 the correct speed, for it is too difficult to rotate the
stroboscope fast enough to get the ‘twice-as-fast’ pattern.

The examples above show how easy it is to rotate the strobo-
scope at the wrong speed when measurements are being taken.

d. Chopped hight

The teacher should then black out the room and use a lamp
with a very bright small filament to illuminate the motor-
driven disc with white arrow. A converging lens is placed to
form a real image of the filament of the lamp on the strobo-
scope disc, which is held in a clamp. The teacher then rotates
the stroboscope disc whilst the pupils look at the rotating disc
with white arrow.

This shows that roughly the same effect is obtained as before
when the stroboscope is in front of the eye.

This method will be useful later, where several pupils need to
see the same arrested motion. Then a motor-driven strobe
disc will be used.



e. Neon lamp on a.c. mains

This can be looked at through the stroboscope. A large neon
lamp is best for this and it is well to do it in daylight so that
the bulb is visible even when the neon glow is not. '

It follows that the lamp may be used as a chopped light source
to illuminate the disc.

Various stationary patterns may be seen as the motor is
speeded up, though the arrow on the disc broadens because it
moves farther during each flash. The single pattern is reached
with the motor running at 100 rev/sec. If the motor is going
at a slower speed, we get the effects of a stroboscope going too
fast, which were seen in ¢ above.

Notes

Some teachers may care to refer to the following and let the
pupils try the experiments for themselves:

1. Reference may be made to wagon wheels on the cinema
screen.

2. The cinema screen itself may be looked at through the
stroboscope, when it will be possible to black out at least parts
of the picture.

3. Looking at fluorescent lighting or street lighting through a
stroboscope will show the fluctuating nature of the light,
though it is not possible to turn a 12-slit stroboscope at a
high enough speed by hand. A 24-slit one is satisfactory, as
is a motor-driven stroboscope with fewer slits.

4. Stroboscope discs for testing the speeds of gramophone
turntables go very slowly and therefore have a large number
of radial white bars. Each bar moves on one place for each
flash of the mains lighting (100 flashes/sec).

5. A fan with several blades can be ‘stopped’ with various
speeds of the stroboscope. If one blade is painted white it will
be seen that many of these speeds do not give the actual speed
of the fan.

6. The back wheel of an inverted bicycle may be looked at

through the stroboscope. Many speeds of the stroboscope will
appear to stop the wheel if the spokes look alike.



28

4g Class experiment
Using a stroboscope to ‘freeze’ continuous ripples

Apparatus

8 ripple tanks — item 90

8 motors mounted on beams - item 90L
32 hand stroboscopes — item 105/1
Procedure

After pupils have practised for a short time with stroboscopes
(experiment 5, p. 23) they should try looking at ripples-with
them.

It is wise to proceed to ripples as quickly as possible, so that
pupils do not lose their interest. Some pupils will understand
stroboscopes much more easily when they find their relevance
to the work on ripples, upon which they have embarked, than
in training sessions with them.

Pupils should try viewing continuous circular ripples and
continuous straight-line ripples. They will take some time to
explore possibilities and to develop skill in ‘freezing’ the
motion.
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4h Class experiment

Using a stroboscope to estimate wavelengths of
ripples

Apparatus

8 ripple tanks — item 90

8 motors mounted on beams - item 90L
32 hand stroboscopes - item 105/1
8 metre rules — item 501
white paper

Procedure

At a later class, after pupils have learnt to ‘freeze’ ripples with
a stroboscope and after we have given them time to think
about the question ‘What measurement could you make?’,
we suggest measuring wavelengths (if that has not been pro-
posed by the pupils). We ask them to estimate wavelengths by
freezing the pattern and measuring a batch of wavelengths
(say ten) on the paper on the floor.

We should make it clear that the idea is to get a rough esti-
mate rather quickly, and not to try to achieve great precision
with a technique which cannot really support it.

Pupils should try this for circular ripples and for straight-line
ripples. Then they should change to a different frequency and
see whether the wavelength is the same. (Since the speed of
water ripples is a function of their wavelength, we must not
expect the simple relationship between frequency and wave-
length that we find for sound waves or waves on a rope or
light waves in vacuum.)

If some groups of pupils work fast and get ahead of the rest,
they might be asked to try this measurerent again with much
shallower water. For that they should be given a sheet of glass
to be placed in the tank so that the water above the glass is
very shallow indeed. That will anticipate experiment 4t on
refraction, but here the waves should meet shallow water
head-on (normally). The change of direction will not appear,
but pupils may notice changes of wavelength and speed
without any change of frequency.
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4i Class experiment
Reflection of a pulse by a barrier

Note

This ripple tank investigation should be a test carried out by
the pupils themselves in response to a specific question by the
teacher.

Apparatus

8 ripple tanks - item 90

8 water droppers — item 90H
8 straight barriers — item 90D

Some teachers will prefer to use pencils dipping in the surface
instead of the water droppers.

Procedure

We ask the pupils: “When a circular ripple (pulse) is bounced
back by a straight wall, where does the wave seem to come
from after that?’ We do nor give the answer to that, and we do
not, at this stage, give any discussion of images. Instead, we
ask pupils to look at the actual event in their ripple tanks.

The barrier should be placed somewhere near the middle of
.the tank so that the image from which the reflected ripple
seems to come is well inside the tank.

When pupils have seen this for themselves, the teacher should
suggest a further experiment:

‘Now that you know where the ripple that bounces back
seems to come from, try starting a ripple just there. Use the
finger of your left hand. Let the ripple spread and hit the
wall and bounce back. Mark the place where the bounced-
back ripple seems to come from, with a finger of your right
hand. Then start a ripple from that place with that finger.

‘Now start ripples with both those fingers at the same
moment. Your left hand will start the main ripple and your
right hand will start a ripple like the one that bounces back.
Watch what happens.’

When that succeeds, it is amusing and almost uncanny. We
should not spoil the fun by doing it for pupils even though a
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teacher can probably make the simultaneous ripples (the
incident ripple and the image ripple) much more easily since
he knows what he is trying to do. We should, however, help
pupils who are unsuccessful by encouraging them to put the
second finger at the right place — without our using the word
image or giving the geometry. We should just judge the right
distance with our own eyes and point to the right place. Then
the pupil can try again, see success and enjoy it. He may
notice the geometry, but it will not matter if he fails to notice
it: the main aim here is to emphasize the idea of a ‘place from
which the reflected wave seems to come’.

If a pupil finds it difficult to remember the position of ‘the
place the reflected ripple comes from’ (the image) let him put
a small coin in the tank at that spot.

Note

It is best to use one finger on each of two hands for this for
the sake of good teaching rather than for the sake of precision.
An ingenious teacher may be tempted to devise a gadget that
will start two ripples simultaneously from exactly the right
positions, but that is 7oz what we should offer here. This is
the stage for simple direct experimenting.
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4j Class experiment
Reflection of a straight wave by a barrier

Note

This ripple tank investigation should be a test carried out by
the pupils themselves in response to a specific questlon by the
teacher.

Apparatus
8 ripple tanks — item 90 -
8 wooden rods — item 90]
8 straight barriers — item 90D
Procedure

We ask the pupils: ‘Can you see any simple story about the
direction of straight waves before and after meeting a flat
wall? How are the angles related?’

At this stage, we do not talk about laws of reflection or ask for
measurements of angles or urge pupils to remember what they
saw before. We ask them to try this in their ripple tank.

They make a straight-line pulse and watch what happens
when. it hits a straight reflecting barrier (it is easier to dis-
“entangle the story when there is a single pulse like this than
when there is a train of waves).

Pupils should try directing a pulse head-on (normally) to the
barrier and then at various other angles. We should help
them to avoid 45° because that is apt to confuse the geometry.

They should try a larger angle of incidence than that and a
smaller one.

Note

Most pupils will bring out some story about angles. It does
not matter at all whether the angles are angles between wave-
front and mirror or wavefront and the normal. Dragging in
references to the normal in these simple studies of reflection
is no help at all. Even with a curved reflector, young people
can imagine a tangent to the surface just as easily as they

imagine a normal. All we want here is some idea of ‘equal
angles’,
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4k Class experiment
Reflection at a parabolic barrier

Note

This ripple tank investigation should be a test carried out by
the pupils themselves in response to a specific question by the
teacher. :

Apparatus

8 ripple tanks - item 90

8 water droppers - item 90H
8 wooden rods — item 90J

8 lengths heavy rubber tube
8 lengths heavy copper wire

Procedure

The teacher should ask ‘What happens to straight line waves
when they hit a parabolic reflecting wall? Can you turn that
story backwards and make straight line waves come out from
the wall?’

In experiment 4e, pupils will have tried reflecting a straight
line pulse with a (roughly) parabolic reflector. They probably
found the wave concentrated after reflection into a circular
ripple which closed down to a small size and then spread out
again. Whether they did or not, they can try that again now.

The parabolic reflector can be made with the rubber tubing.
To help curve and anchor the tube, heavy copper wire (or
solder) should be put into the tube before bending.

Then the problem is to guess what would happen in reverse,
and to try that experimentally. This is an exercise in thinking
as a physicist, so we should be very careful not to reduce it to
an exercise in carrying out instructions. All we should do is
ask the question about the reverse effect.

After pupils have seen the straight line ripple reflected into a
circular ripple that moves to a point, they know where to put
their finger to start the reverse experiment. (That is why
experiment 4e was done with straight line ripples and this
question is now framed this way round.)
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41 Class experiment
Reflection of ripples at a circular barrier

Apparatus

8 ripple tanks — item 90

8 water droppers — item 90H
8 wooden rods — item 90J
8 circular barriers — item 90F
Procedure

After pupils have tried experiments with a pulse being
reflected by a flat wall and a parabolic wall, we offer a circular
reflector and ask them to try any experiments they like with it.
The point of deferring this simpler curved reflector until now
is to offer a clear simple case to finish up with, a consolation
prize, that pupils can make something of without any leading
instructions.

We do nor tell pupils to start a circular pulse from the centre
of the reflector but many will do that of their own accord. We
do not tell them to find the place where straight line ripples
are brought to a point after reflection; and we certainly do not
ask them to measure that distance and see whether it is half
the radius of the mirror — that would be racing ahead into
. optics and spoiling the present flavour of leaving people to
their own experimenting.

Teachers who have tried this series of experiments with ripple
tanks as class experiments find that they take much longer
than expected. We believe they yield a very valuable sense of
experimenting when given plenty of time; but we do not
believe that much benefit will emerge if the experimenting is
interrupted by theoretical discussion or detailed measure-
ments. So we do not recommend — except for extremely fast
pupils — giving any discussion of the geometry or asking
pupils to locate a ‘focus’, or asking them to turn the reflector
round and use it as a convex reflector, and look for virtual
image effects.
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4m Optional demonstration
Elliptical reflector

Apparatus
1 ripple tank — item 90
1 water dropper — item 90H

1 elliptical reflector - item 90M

The elliptical reflector must be made very accurately. If great care
is taken, this demonstration is very rewarding. Some manufacturers
supply such an elliptical reflector in the ripple tank kit as an
optional extra, Many teachers will prefer to make their own to be
sure of the necessary accuracy — see note below.

Procedure -

The elliptical reflector is placed in the middle of a ripple tank
with very clean water. Start a single ripple accurately at one
focus and watch its progress to and fro.

Notes

1. Image formation by a wide-aperture reflector like this
depends on the wavepath being the same from object to image
by all routes, even those that use extreme portions of the
aperture. An ellipse does this — though it fails to give a good
image of points a little way off the focus. However, if part of
the reflecting surface is a little off the true ellipse, the condi-
tion fails and reflection there may even harm the image
instead of helping to form it. An error of  wavelength in part
of the surface will do great harm. Considering how small the
actual wavelength of the equivalent ripples in a pulse must be,
this error is very small. Furthermore, an error in angle in-~
clination can shift a portion of focused wave to an undesirable
place near by, but not at, the focus. In practice the beauty of
the demonstration is even more sensitive to accuracy of the
ellipse than those considerations would suggest.

2. To make the reflector, an ellipse should first be drawn very
carefully on paper and an expert mechanic can bend a springy
brass strip to fit the ellipse, joining the ends with a butt joint
and a strap outside. (This type needs very careful storage
unless one adds straps across it.)



39

Alternatively, the ellipse can be drawn on plywood which is
then cut out to the required shape. Great care must be taken
if this method is used.

To make the best reflector of all, use a wall of plaster of Paris,
shaping it by a peg moving with a loop of wire, instead of the
thread which will have been used in drawing the ellipse.

3. Coating the reflector with paraffin wax may improve the
regularity of reflection by making an angle of contact of
nearly 90°.

4. The position of one focus of the ellipse must be located
very accurately and used as the starting point of the ripples.
Perhaps the best way of finding the focus is ‘trial by ripples’.
Then two small coins should be placed in the tank to mark
the two focuses.

[ IE
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4n Class experiment

Watching what happens when one ripple crosses
another

Note

This investigation should be carried out by the pupils them-
selves in response to a specific question by the teacher.

Apparatus
8 ripple tanks - item 90

Procedure

We ask ‘What happens when one ripple crosses another? Do
they upset each other? Do they each come out from the
encounter the worse for wear?’

We suggest to pupils that they should make one ripple (pulse)
with a finger, and start another ripple from another place
some distance away, perhaps a little later, and then watch the
two ripples.
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4o Class experiment
Interference with two sources, using two fingers

Apparatus

8 ripple tanks — item 90
32 hand stroboscopes - item 105/1

Procedure

The teacher should ask the pupils to use two fingers of one
hand as sources of ripples which will, therefore, start out ‘in
tune with each other’. They should try making a pair of single
pulses in that way.

We hope they will then, of their own accord, move their hands
up and down to make two streams of continuous ripples.
Even with this informal source, pupils should try observing
with a hand stroboscope. This method will not produce inter-
ference effects that are very regular or easily seen; but it is the
proper beginning to give a feeling for what we are aiming at.

This will lead on to the use of the vibrator with two point
dippers attached to it to act instead of the fingers. This is
discussed in the next experiment, 4p.
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4p Class experiment
Interference with two sources, using vibrators

Apparatus

8 ripple tanks - item 90

8 motors mounted on beams - item 90L
16 dippers - item 90G
32 hand stroboscopes - item 105/1
Procedure

With two point dippers on the vibrator set up as in experi-
ment 4f, interference effects are seen. The waves may be
visible farther from the sources if the water is made deeper
(for example, 1 cm or 2 litres), provided the reflections from
the sides are not too troublesome.

When the dippers are 3 cm apart and the vibrator running as
slowly as possible (about 10 rev/sec) about 2 minima are seen
with the naked eye. As the vibrator is speeded up, more
minima are seen, but at high speeds the stroboscope is needed
to see the pattern, except near the dippers.

This is the time for a first glimpse at interference patterns. It
is not the time to give elaborate explanations with demonstra~-

-tions of wave motions adding together. Interference is studied
again later in the year. In fact, some teachers with slower
groups will wish to omit interference now and move on to new
things, returning to interference later on. There is no serious
harm in that, though they may regret missing an early
qualitative glimpse.

Note

The spacing of the dippers can be increased to increase the
number of minima and make them closer. This shows best
with the vibrator running slowly; at high speeds the pattern
is very beautiful, but the lines of minimum displacement
(lines of nodes) are very close together.
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4q Class experiment
Interference using two slits

Apparatus

8 ripple tanks — item 90

8 motors mounted on beam - item 90L
8 dippers - item 90G
8 short barriers — item 90E
16 straight barriers — item 90D
32 hand stroboscopes — item 105/1

16 side barriers (blocks of wood)

Side barriers (blocks of wood) must be used for this and subsequent
experiments to prevent stray edge effects.

Procedure

A single vibrator sends waves to two openings in a barrier. The
barriers are set up 4 in to 6 in away from the vibrator, with
the slits about 1 cm in width.

The hand stroboscopes should be available so that the pupils
can freeze the pattern if they wish.

The vibrating beam can be used to produce plane waves if the
dipper is removed and the beam lowered to the water surface.
-But making a double source from plane waves is not a demon-
stration to be shown nor an experiment to be suggested to
pupils. Itis the answer to a very different question and should
only be done as a class experiment by those few pupils who
hit on it by thinking, either now or after the later expenments
on diffraction.
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4r Class experiment
Diffraction at wide openings in barriers

Note

In this experiment the opening is of the order of 10 wave-
lengths. In the next experiment, 4s, it is of the order of %
wavelength.

Apparatus

8 ripple tanks — item 90

8 motors mounted on beam — item 90L
16 straight barriers — item 90D
16 side barriers (blocks of wood)

32 hand stroboscopes — item 105/1
Procedure

With the barriers about 5 cm from the vibrating beam, and a
wide gap — say 10 cm — between the barriers, pupils will see
waves proceeding through the gap with only a little diffrac-
tlon—spreadmg
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4s Class experiment

Diffraction at narrow openings in barriers and
diffraction at obstacles

Apparatus

8 ripple tanks — item 90

8 motors mounted on beams - item 90L.
16 straight barriers — item 90D
8 short barriers - item 90E
16 side barriers (blocks of wood)

32 hand stroboscopes — item 105/1
Procedure

1. With the gap between the barriers narrowed to 2 cm or less,
diffraction at a single slit is seen. The barriers should again be
about 5 cm from the vibrating beam.

With the vibrator at its slowest speed (10 rev/sec), giving the
longest wavelength, the waves are diffracted through almost
90° on each side.

At high frequencies, the waves can be seen only with a strobo-
scope.

It will be found that waves coming round the end of the
barriers are troublesome and they must be blocked off with
side barriers. At high frequencies, the barriers themselves
may start to vibrate, giving misleading effects, and this should
be avoided. '

2. Some pupils will alter the gap width to show less diffrac-
tion with wider apertures.

3. Optional. A source of circular ripples may also be tried.

4. Optional. Obstacles about 2 to 5 cm wide (e.g. the short
barriers) are put near the vibrator. Long waves are scarcely
affected but the ‘shadow’ of the obstacle becomes sharper
as the wavelength is reduced or as the size of the obstacle
is increased. The stroboscope is needed for high frequencies
though once again at very high frequencies vibration of the
barrier itself can give misleading effects.
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With a very small obstacle, some pupils may notice the very
weak circular ripple that is scattered as the main wave moves
past otherwise undisturbed.

5. Optional. The above experiments may also be done with
pulses but only the long-wave, low-frequency effects are
likely to be observed.
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4t Class experiment
Refraction of ripples entering shallow water

Apparatus

8 ripple tanks — item 90

8 motors mounted on beams - item 90L
8 plates of glass — item 90P
32 nuts or washers

32 hand stroboscopes - item 105/1

The glass plates should be cut as shown in the illustration opposite.
The nuts or washers act as spacers and should be about 4 mm thick.

Setting up the Apparatus

The ripple tanks are set up as usual, each tank with the motor
mounted on a beam to act as a vibrator. The glass plates are
put in the tanks. To prevent the glass sticking to the base of
the tank, spacers about 4 mm thick should be put underneath.
Nuts or washers do well.

To get an appreciable difference in speed it is important to
have the water on top of the glass very shallow. It is best to
pour the water into the tank until it just covers the glass and
then take out a little water. With this shallow water it is
necessary to level the tank very carefully.

To get sharp waves the height of the vibrator should be care-
fully adjusted: it is probably best to have it just below the
mean water level.

The speed difference is most pronounced with a low fre-
quency and long wave. If diffraction effects are not too
troublesome, it may be best in (1) below to use about 10
rev/sec and not to use a stroboscope. ’

Procedure

1. With the glass parallel to the vibrator, the difference in the
speeds and wavelengths of the waves may be noticed.

2. With the glass at various angles to the incoming waves, the
directions of the refracted waves may be noticed. (See
opposite.)

Very fast pupils might be encouraged to sketch a line normal
to the waves in each case.
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3. 1 and 2 might be repeated at a higher speed to show that
refractive index may depend on frequency (wavelength).

Note

Oil or dirt on the water in<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>