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Foreword

It is almost a decade since the Trustees of the Nuffield.
Foundation decided to sponsor curriculum development
programmes in science. Over the past few years a succession
of materials and aids appropriate to teaching and learning
over a wide variety of age and ability ranges has been
published. We hope that they may have made a small
contribution to the renewal of the science curriculum which
is currently so evident in the schools.

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

The stage has now been reached for the publication of
materials suitable for Advanced courses in the sciences. In
many ways the task has been a more difficult one to
accomplish. The sixth form has received more than its fair

_ share of study in recent years and there is now an increasing
acceptance that an attempt should be made to preserve
breadth in studies in the 16—19 year age range. This is no
easy task in a system which by virtue of its pattern of
tertiary education requires standards for the sixth form which
in many other countries might well be found in first year

" university courses.

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

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

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

K. W. Keohane
Co-ordinator of the Nuffield Foundation Science Teaching
Project
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To the student

This book contains some of the things you need to help you to
understand the work of this Unit, and some reading which we
hope will help you to see how the work is relevant to

other, wider issues. It does not contain all you need:

you will have to consult textbooks and other maore general
books as well, working through theoretical arguments,

reading about experiments, and finding out more about how
the ideas can be put to practical use.

This book contains many questions; more than you will be
able to do while working on this Unit. Later on, you may wish
to use some of them for revision. You will find questions
which take you step by step through the theoretical arguments
in the course, and students in trials have said that these
questions are a good way to understand a piece of theory.
You will have to pick and choose, according to your needs
and tastes, amongst the other questions. A few give you
simple practice in calculation. More invite you to argue about
or discuss a problem, and some of these are not suited to
formal written answers. They are meant to start off a
discussion, which may then wander far from the question.

There are a few harder questions to challenge the clever, and
you should not expect to be able to tackle every question
easily. But most are meant for ordinary human beings, not for
budding geniuses. If in doubt, try the obvious answer: usually
there is no catch! Most questions have some kind of answer
in the section headed ‘Answers’, though some of these
suggest where you might find the needed information, instead
of giving it. We have tried hard not to give wrong answers,
but, being fallible like yourselves, may not have succeeded.

Some questions ask you to guess, speculate, or give your
private opinion: obviously they have no one right answer.

To the student 1



" What you are being asked to learn to do
This course aims to help you to become more like a physicist.
Most of you will not become physicists, but will use physics
or learn more of it in one of a variety of scientific jobs or in
further education. Physics, and the world with it, are changing
so fast that no one can tell what bits of physics you will use
in, say, ten years’ time; however, one can be pretty sure that
there are some basic ideas that will be relevant to the new
problems of tomorrow. We have tried to build the course
" around what we believe to be these basic ideas.

Sa one thing the course aims at is helping you to become able
to learn, in the future, the new ideas in physics you may meet,
and helping you to become able to use the physics you have
learned. It does that because thése are the tasks that will face
you.

In the future, you will need to be able to learn from books and
articles; that is why the course contains a good deal of
reading. To use the physics you have met, you need to
understand it — that is, to be able to use it in new kinds of
problems. That is why sa many questions in this book ask you
to make up arguments about new problems, using what you
know.

What is ‘understanding’? That is, how does one recognize
that someone understands a piece of physics? We think it is
something like this. Suppose a group of people are talking
about a problem in physics. Very rarely, even among research
workers, will anyone immediately see an answer. More often,
they each have some ideas which they try out in discussion
with colleagues. Those who ‘understand’ their physics are the
ones who can offer sensible, relevant ideas that would help
towards clearing up the problem. A reasonably competent

. physicist expects himself and others to be able to draw on
their knawledge and use it to make sensible contributions to
the discussion of problems.

2" Unit8 Electromagnetic waves



So to test whether you understand a piece of physics, it is
asking too much to expect you to salve a new problem
completely and correctly; few — if any — experts can do that.
The test should be that of physicists talking tagether: can you
produce sensible ideas that are relevant and would help a bit
towards clearing up a problem? This is the test that will be

. used in the examination, and is the way to decide how well
you have managed a question or problem in the work of the
course.

The course also aims ta show yau what doing physics is like,
and this is another reason for encouraging plenty of discussion
of problems, for that is the way physicists work. It tries to
show what kinds of questions physicists ask themselves and
what sorts of ways they use to tackle them. We think this is
important because to use physics successfully and to judge its
claims and achievements you need to understand what it can,
and what it cannot do. That is why several questions ask you
about such things as how theories, models, experiments, and
facts fit together. Physicists also guess, estimate, and
speculate, so other questions ask you to do these things too,

to find out what doing them is like and to become better at
doing them.

There are a lot of misunderstandings about what physics is
like. Some say it is all facts; others that it is all theory, having
little to do with what happens in practice. Many are puzzled;
asking whether what physics says is true or not, or how
physicists arrive at their ideas. We hope you will find chances
in this course to think about such matters, and that you will
form your own views.

Some of the questions ask about how physics can be used in
engineering and technology, because we think that you will
rightly want to know when what you learn is of practical value.

Finally, one of the main reasons we want to offer you same
physics is that we like the subject and get excited about it.
So we hope you enjoy it too.

i To the student 3



Summary of Unit 8
Electromagnetic waves

Part One
Looking through holes

Difficulties in seeing distinctly
Consequences of the wave nature of light for waves
going through apertures. Diffraction effects at a hole,
cantrasted with image defects not due to diffraction.

Adding waves
Explanation of the diffraction effects at a slit, as an
example of the general method of calculation with waves:
adding amplitudes, taking account of phase differences,
to find the resultant amplitude.

Practical problems involving diffraction
Direction finding with optical and with radio telescopes.
Investigating the structure of small, distant sources of
radiation. Radio astronomy.

Part Two
Spectra

Spectra as-a source of information
Measuring spectra (spectroscopy) at many different
wavelengths, as a way of obtaining a wide range of
kinds of information about materials, from the radiation
they absorb or emit.

The grating as a tool
The grating equation nA = d sin §. Why a grating produces
sharp spectra, giving accurate wavelength measurements.

4 Unit8 Electromagnetic waves



Part Three
Electric waves

Radio waves and electrical signals
Radio waves, and the possibility that they are electrical
in nature. Electrical signals on cables, and their speed of
travel.

Explaining the speed of electrical signals
The speed 1/,/LC of signals on a chain of inductors and
capacitors. Comparison with one special case of a pair of
long conductors, along which signals travel at the speed
of light. A description of the wave that travels in the
space between the conductors: similarities with a radio
or light wave in empty space. The speed 1/,/¢ 1, of
electromagnetic waves. Electromagnetic waves as
travelling fields.

A consequence of the nature of the waves
Polarization of light and of radio waves, understood as a
consequence of the transverse nature of the waves.

Part Four
Relativity

A strange fact about light
The fact that, although the speed of electromagnetic
waves is a speed relative to an observer, the speed does
not alter even though the observer moves.

Strange consequences of the constant speed of light
Using radar for distance, velocity and time measurement,
and a consequence: ‘moving clocks run slow’. An
example where the effect is not small. The Doppler shift.
Effects on forces between things: how magnetism and
electricity might be related.

Summary of Unit 8 5



Questions

Part One
Looking through holes

Questions 1 to 7 are general questioné about waves
and light, and about seeing things distinctly.

1 Figure 1 shows a printed photograph, together with a
small part of the photograph greatly enlarged, showing what
you would see if you looked at the printed photograph under a
microscope. (Tiy looking at photographs in magazines or
books under a microscope — colour photographs are
particularly interesting.)

Why does it not matter that the photograph is made up of a
multitude of dots which, when looked at in detail, are
unintelligible? Can you think of any artists who have used a.
‘dotting’ technique in their painting?

Figure 1 L
The liner Oriana. The circular inset shows an enlargement of a smail
portion of the photograph as printed
Photograph, P. & O




2 Figure 2 shows circular ripples on water, showing where
drops of water have fallen.

‘In what sense do the ripples not affect one another?

In what sense do the ripples affect one another?

Explain what a physicist means when he says that waves
‘superpose’ on one another. You may be able to think of an
example where water waves do not superpose, at least not in
the simple sense intended by a physicist when he uses the term.

Figure 2
‘Ripples on water. .
Photograph, Barnaby's Picture Library.

Questions 7



3 Figure 3 is an aerial photograph of a narrow harbour
mouth formed by two angled jetties, facing the open sea.
Why are there waves inside the harbour, well within the
‘shadow’ of the jetty which runs parallel to the waves in the
open sea? Make a sketch showing what you expect to see in a
ripple tank if plane-parallel waves reach a barrier which runs
parallel to the waves, and blocks off half the tank.

Figure 3
Morro Bay, California.
Photograph, University of Calffornia.
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4 Hold your first and second fingers together so that there
is a narrow crack between the middle parts of the two fingers,
although they touch at the top. Look at a distant small lamp
through the crack, and press the two fingers gently together.
As the crack closes, the lamp gets dim (obviously), but when
the crack is very narrow, the lamp also seems to get widet.
Why?

crack

Figure 4

B Watch a car driving away from you, and note where it is
when the individual letters or numbers on its registration plate
can no longer be seen distinctly although they are still visible
as separate ‘splodges’. Estimate, or pace out, how far the car
was from you at that moment. Use this estimate to make a
further estimate of the ang/e at your eye between two things
which it just cannot distinguish from one another. If you can,
use the angle to estimate a value for the wavelength of light,
assuming either that the effect is the result of diffraction at
the pupil of your eye, or that human eyes have evolved so as
to distinguish objects only a little worse than the wave nature
of light will allow.

- Questions 9



6 A camera is marked with /-numbers, which are a way of
indicating the diameter of the open aperture of the lens, as a
fraction of its focal length. Thus an aperture marked f/8 is
twice as wide as one marked f/16, has four times the open
area, and lets in four times as much light in the same time.

/8 means that the lens diameter is 1 of its focal length. Suppose
a photographer has worked out, or found by experimenting,
that an exposure at f/16, for 1/30 s is just right for a good
picture of a sunny garden, with the sort of film he is using. Then
_ he takes a picture of two children playing on a seat in the

garden, and uses an aperture of f/8 at 1/120 s. Next he is

_ asked to photograph the children having a race down the
garden. A friend suggests using a 1/500 s exposure at f/4, but
he says that that might not be much good.

Suggest why he changed to /8 and a shorter exposure time 4
for the second picture. Was he right to reject the friend’s
suggestion?

7 As the lens of a camera is stopped down, the quality of
the picture improves. However, if one tried to improve the
quality still more, by using very small apertures, the quality
would start to deteriarate again. Explain these two effects.

Questions 8 to 13 are revision questions about
interference, mainly simple two-source effects such as
Young's fringes.

8 Light from a coloured filter is used to produce Young's
double-slit fringes. The slit separation is 0.4 mm. The distance
between the slits and the screen on which the fringes are
formed is 1.4 m, and the distance between successive
dark spaces (or bright fringes) is 1.7 mm.

a Find the average wavelength of the light used.
b Why ‘average’?

9 Light of wavelength 5 x 1077 m from a very small source
falls on a pair of slits 0.1 mm apart, and forms fringes 2.5 mm
apart on a photographic film, 0.5 m from the slits (figure 5)
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A=5x10"m I
AANAANANAAAD> '$0.1 mm film

a The wavelength of the light is halved. What will the fringe
spacing become? Would the fringes be visible if you looked

at a screen placed where the plate was held?

b The slit spacing is halved, still using the shorter wavelength.
What is the fringe spacing now?

¢ An experiment has been done to test whether electrons have
wave properties, using this arrangement. The expected d
wavelength was about 1071 m. The fringes could be

detected if they were at least 102 mm apart. Approximately
what slit spacing would have to be used if the film were still

0.5 m from the slits?

0.5 m

Figure 5

10 a Two loudspeakers are stood on stools out-of-doors,

on a rough, grassy, non-reflecting surface. They are mounted
about a metre apart, and each produces the same musical note.
How will the sound pattern heard from the two speakers differ
from the note heard from one?

b Using one loudspeaker in a room, you can get effects similar
to those obtained with two speakers outside. How do you
explain this?

11 An inventor claims to have found the perfect device for
hecklers at political meetings. He says it has a microphone,

a phase reversal circuit, and a loudspeaker. The sound is taken
in and broadcast out again, but every compression is turned
into a rarefaction, and vice versa. Then in the air of the room
the loudspeaker gives out sound which cancels out the sound
of the speaker, and so nothing is heard. Do you think this
device will work?

Questions 11



potlights

Figure 6

12 A student who was interested in stage lighting effects
proposed to mount two spotlights so that the area where both
beams met would be dark because of the interference between
them. it wouldn't work. Why not?

13 For discussion
If it were not for diffraction, Young's double-slit interference
fringes could not be produced. Why not?

Questions 14 to 24 are about diffraction at a narrow
aperture, and the effect this has on the ability to resolve
sources; that is, to see distinct sources as distinct.

14 The world’s largest optical telescope has a 5 m diameter
mirror, but the mirtror of a large radio telescope can be as much
as 80 m across. Why is the mirror of the radio telescope so
much bigger? :

15 Why do you think astronomers sometimes photograph
stars through a blue filter?

16 This question is about an effect which has nothing to do
with diffraction, but looks as if it might, when you see it.

Most simple lenses focus blue light more strongly than they
focus red light, as shown in figure 7. {f the lens is forming an
image of a narrow, straight filament emitting white light,
whereabouts would a screen be if the image were a bluish-
white line with fuzzy red edges? Where would it be if the
image were a reddish-white line with fuzzy blue edges?

12 Unit8 Electromagnetic waves



lamp 7
red focu

s

Figure 7 lens

17 Light with a wavelength of 500 nm (5x 1077 m) from a
very narrow slit-like source is focused by a high quality lens
onto a screen 10 m from the lens. The source is 0.1 m from

the lens, and is on the axis of the lens. See figure 8.

A long slit only 1 mm wide is put over the lens, with the
centre of the slit also on the axis of the lens.

A pattern of light now appears on the screen, some parts of
the pattern being a good deal dimmer than others.

iens

narrow slit-like
source

1 mm slit (10 m)

xXe

0.1 m =2

Figure 8

a Sketch the pattern on the screen. You needn’t do any
calculations at this stage.

b Explain why the part at the centre is bright.

¢ What is the path difference between the edges of the 1 mm
slit and a point on the screen 1 mm from the centre of the
pattern?

d How many wavelengths is this?

e Do you think this part of the screen will be 7 almost as
bright as, 2 about half as bright as, or 3 much less bright than
the centre?

f How far out from the pattern centre must a point on the
screen be for the path difference to be 1 wavelength?

g Waves from the edges of the 1 mm slit then reinforce one
another, yet this point is dark. Why?

Questions 13



h Where will the next dark point be?

i The source is moved 0.1 mm down to X, being moved
perpendicular to the length of the slit. If you were looking at
the pattern, how would you know this had happened?

j How could you work out how far the source had moved?

18 This question is about the angle 0, given by d sin 8 = 4,
over which parallel light is spread if it goes through a slit of
width od. ﬂ

plane-parallel - very narrow slit
waves (width A or less)

Figure 9

a Figure 9 is a sketch of what you can see if you let parallel
waves in a ripple tank fall on a slit which is a wavelength or
less wide. Is any wave energy travelling in the direction shown
by the arrow, at angle 6 to the direction of the waves before
they reach the slit? If the slit were removed, would the
answer be the same?

b Why is it very hard to do this experiment with light?

c Figure 10 is a sketch of parallel light falling on a slit AB, -
which is more than a wavelength across. If you try such a slit
in a ripple tank you will find that the wave is only spread out
a little, as suggested in figure 11. The amount of this small
spreading can be calculated if the slit is imagined as being
composed of a row of sources, all very close together, each
emitting radiation as shown in figure 9. If the slit is ten
wavelengths wide, at least how many such sources must be
imagined? (You could test the idea by comparing the wave
pattern from a row of closely spaced single dippers with that
coming through a gap as wide as the row is long, between

147~ Unit8 Electromagnetic waves



Figure 10

A

Z

Figure 11

two barriers in a ripple tank.)

d Imagine the wide slit, figure 10, made up of a row of
point-like sources a, b, ¢, etc. Each may send some wave
motion in a direction making an angle 6 with the original
direction of the plane-parallel waves falling on the slit. What
difference in path (AC) along such a direction, is there
between waves from a and from p, if p is in the middle of the
slit?

e If plane-parallel waves fall on the slit, all the imaginary
sources representing the slit will emit in phase. Will radiation
from any pair of them, reaching a screen a long way away,
coming at angle 6 from the slit, always be in phase?

f If AC (figure 10) is half a wavelength, what combined effect
will waves from a and p have at angle 6, on a distant screen?

Questions 15



g What will be the combined effect of waves from b and q,
the imaginary sources next door to a and to p respectively?

h Complete the following passage: ‘If the slit AB is divided
into many imaginary sources, there is an angle 8 at which
sources half the width of the slit apart can be paired off, such
that each and every pair together send waves to a distant
screen which combine to have zero effect. For this to be so,
the path difference (d/2) sin 6 between waves from each pair
must be . .’

i In terms of the wavelength 1 how big is the distance AD,

at the-angle 8 discussed previously?

j Give a reason for thinking that at all angles less than 8, there
will be some light on the screen. At what angle will there be
most light?

19 A telescope is set to look at a star. The image at the focus
of its main lens, which is inspected through an eyepiece or is
photographed, is not a sharp point of light, but is blurred out
into a disc surrounded by some fainter rings. Figure 12 a
suggests the way the intensity varies across the pattern.

A line from point X on the pattern to the middle of the lens
makes an angle 8 with a line from the middle of the pattern,

at Y, to the lens.

two stars ‘ /‘\ f e
g T el o —.Y __________

Figure 12
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a If the pattern shown were obtained with red light, what
difference wauld it make, if any, if a blue filter were used
instead of a red one?

b The same telescope is pointed at a pair of stars which
happen to subtend the angle # mentioned above, at the lens,
as indicated in figure 12 b.

Make a rough sketch af what the pattern of light at the focus
of the telescope would now look like, supposing that the stars
are equally bright.

¢ The telescope is pointed at a planet, whose diameter
subtends this same angle 8 at the telescope. Would the pattern
- shown in figure 12 a be altered much?

20 Figure 13 shows a dish-shaped reflector with an aerial
at its focus (it is the radio telescope at Dwingeloo, in the
Netherlands). It was used to detect radiation at a wavelength
of 0.21 m which is the wavelength on which radiation is
emitted by hydrogen atoms in space, and in this way to plot
the concentrations of hydrogen gas in our galaxy. The results
confirmed that the galaxy is a spiral-shaped structure, the Sun
being in one spiral arm some twa-thirds of the way from the
centre of the whole flattish spiral.

a The diameter of the dish is 25 m. Supposing that a circular
dish is equivalent to a slit of the same width (actually it is
equivalent to a slit whose width is equal to the diameter
divided by 1.22), over what angle away from the direction of
one place in the sky which emits radio waves at wavelength
0.21 m will the telescope detect an appreciable intensity?

b A part of our galaxy being studied might be roughly
20000 light-years from the telescope (1 light-year is about
1016 m). At least how far apart must two parts of the galaxy
be for the telescope to be able to distinguish them as
separate sources?

¢ What arguments might be given in favour of, and against,
building a similar telescope with a diameter ten or a hundred
times higger? You will see from figure 13 that this telescope
can be steered so as to point at different places in the sky.

Questions 17



Figure 13
The radio telescope at Dwingeloo in the Netherlands.
Photograph by courtesy of the Royal Netherlands Embassy.

18 Unit8 Electromagnetic waves



21 The planet Venus, when it appears as the Morning Star,
is about 150 million kilometres from the Earth. It looks
perceptibly different from a true star, perhaps because the
unaided eye can see it as a disc rather than as a point of light.
The diameter of Venus is about 12000 km. Using rough
estimates of the wavelength of light and of the diameter of the
pupil of your eye, do you think that the eye can detect that
Venus is not a star? Is this plausible, or does the difference in
appearance between Venus and a typical star require some
other explanation?

22 In the aerial photograph, figure 3, details of objects mare
than about 3 m across are just visible. If the photograph was
taken from a height of 3000 m, what can you say about the
diameter of the camera lens?

23 The ability of a radio telescope to resolve pairs of sources
is limited by its aperture, because of the relatively long
wavelength of the radio waves being detected by the

~ telescope, but it is impracticable to make a telescope much
bigger than about 100 m across. Even one this size is much less
able to distinguish between sources than the human eye.
One way around this problem is to use pairs of small telescopes
a‘long way apart, when, like pairs of slits in a Young's fringes
experiment, they produce an interference pattern whose
spacing is finer than the fringe spacing of the diffraction
pattern from either small telescope on its awn. Such a device
is called a stellar interferometer.

Figure 14

Questions 19
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Figure 15 .
The radio source Cygnus A, showing radio intensity contours super-
imposed on a photograph of the same part of the sky, taken with the
5 metre Palomar telescope in California.
Photograph, Moffet. A. T. (1966) Annual review of astronomy and
astrophysics, 4, 749.
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In Australia a stellar interferometer has been constructed by
placing an aerial array on top of a 100 m high cliff near the
entrance to Sydney Harbour. The system was designed for the
study of 1.5 m wavelength radiation emitted from the Sun.

a If figure 14 shows the Sun’s rays when the intensity at A

is at a maximum, mark a point Y on a copy of the figure, such
that AX—AY must be an odd number of half wavelengths.
(The phase is reversed on reflection by the sea.)

b As the Sun sets, the angle 8 changes. Explain how and why
the intensity at A varies as the Sun sets.

24 Figure 15 illustrates the value of good resolving power
in a radio telescope. The radio source Cygnus A seems to be
located near the blurred object at the centre of the
photograph, which may be an exploding galaxy. It is
believed to be 500 million light-years-from the Earth.

A sufficiently good radio telescope can show that the radio
source corresponding to this visual object is actually a pair of
sources. The figure shows contours of radio intensity,
obtained with a radio telescope at Cambridge University.

The two sources are some 300 000 light-years apart.

a What angle do the two sources subtend at the Earth?

b The ellipse in the lower righthand corner of the picture shows
the size of the area within which pairs of radio sources cannot
be resolved by the telescope at the distance of Cygnus A.
Estimate the mean diameter of this region in light-years, and the
angle subtended by this diameter at the Earth.

c Estimate the diameter of the dish aerial (such as that in
figure 13) which would be needed to resolve sources as well
as the telescope used to obtain the result in figure 15, at a
wavelength of 0.15 m. Explain why a dish aerial was not used.
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Part Two
Spectra

Questions 25 to 31 are about diffraction gratings, and
the spectra they produce. Questions 25 and 31 are the ones
which deal with essential pieces of theory.

25 Figure 16 illustrates some effects of a diffraction grating
on plane-parallel light falling on the grating, at right angles
to it. The grating can be imagined to be made of a number of
equally spaced transparent slits cut in an otherwise opaque
material, though a real grating is not usually so simple.

\
a i b

1 ™ to first order
<> ' \ spectrum
\—7
A\
to bright l \
> central [l )

maximum

to second order
spectrum
(wavelength 1)

Figure 16.

a Use figure 16 a to explain why light going in the same
direction as the light falling on the grating, combines to give
a bright central band on a distant screen. if the incoming light
is white, why is this band white?

b Use figure 16 b to explain why light going at an angle 0,
given by 4 = d sin 0, also combines to give a bright patch

on a screen, whose colour is that corresponding to the
wavelength 1.
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c Use figure 16 ¢ to explain why there is another bright patch
_at another angle 6,, given by 21 = d sin 0,. Explain why
radiation having wavelengths of either 1 or 24 can give a
bright patch at this angle.
d Write a general equation for the angles 6 at which radiation
of wavelength 1 will give a maximum intensity, coming froma
grating with spacing d (in the case of parallel light falling at
right angles onto the grating).

26 A grating composed of many narrow slits ruled on an
otherwise opaque sheet gives, with a monochromatic source
of light, a set of bright lines. Then every other slit is blocked
out. What happens to the positions and intensities of the
bright lines given by the grating?

What do you think might happen if half the slits were blocked
out but selected at random rather than regularly? (Guess —
don’t spend too long on it.)

27 A long-playing gramophone record (or a 45 r.p.m.
extended play record) can be used as a diffraction grating for
light, even though the grooves are very many wavelengths
apart. The trick is to reflect light from the record at a shallow
angle, so that the light grazes the surface, across the groove
direction.

a Look at a record and estimate how many wavelengths of
visible light would fit into one groove spacing.

b Explain why the ‘trick’ explained above works.

¢ The same ‘trick’ is used to measure the wavelength of
X-radiation, using a grating ruled for use with visible light.
Why is it necessary to use the grazing angle method for this
purpose?

28 To do this question you need a diffraction grating, a
darkened room, some lavatory paper, and a box of matches.

It would be a good idea to have a bowl! of water handy, too,
for safety.

Light a match, and look at it at arm’s length with the grating
over your eye. You should see at least one, maybe more, pairs
of spectra of white light split into colours, on either side of the
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flame. (}f they are above and below the flame, how can you
make them appear on either side of it?)

Now light a spill of lavatory paper. The flame loaks similar to
the match flame, but through the grating, you should see a

clear, sharp, yellow image of the flame ‘on top of’ the colours.

What does the existence of a clear, sharp ‘first order flame’
tell you about the light from the burning paper?

29 At roughly what frequency would a slatted wooden
fence (or, if you prefer, iron railings) be a good diffraction
grating for sound waves? The speed of sound is about
340 m s~ 1; make any other estimates you need.

30 Criticize the following statement.

‘Diffraction by a diffraction grating is not the same as
diffraction at a single slit. In the second case, the light just
spreads out; in the first, the radiations from many slits are
superposed and can interfere with one another, as can the
radiations from a pair of slits.’

31 This is about why the spectral lines produced by a
diffraction grating in light of one wavelength are sharp.
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Figure17
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Figure 17 shows some of the slits in a grating which contains
10000 slits, each one 10~¢ m from the next. Light of
wavelength 5 x 10~ 7 m falls on the grating (the lightis a
parallel beam at right angles to the grating).
From ni = d sin 0, the first maximum of intensity, with n = 1,
" comes at 8 = 30°, where sin § = 0.5.
a If figure 17 a illustrates this first maximum, what is the path
difference between waves from the first slit and from the
second, when they reach a distant screen?
b What is the path difference between light from the first slit
and light from the third?
¢ What is the path difference between Ilght from the first slit
and light from the five thousand and first?
d Figure 17 b illustrates the situation at an angle a shade more
than 30°. Why is the path difference between light from the
. first slit and from the second now a little larger than it was
before?
e If the path difference in d now happens to be
A (14+1/10000), what does the answer to b become?
f What does the answer to ¢ become, at the slightly larger
angle?
g What will be the resultant mtensnty at a distant screen of
Ilght from the first slit and from the five thousand and first?
h What will be the resultant intensity at a distant screen of
light from the seventh slit and the five thousand and seventh?
" i Imagine pairing each slit with one 5000 slits further along
the grating. What will be the net intensity at the screen from
the whole grating?
j The new larger angle, at which the intensity is zero, has a
sine which is larger than 0.5. Write down its sine.
k Write down the wavelength of radiation which would give a
maximum (n = 1) at the angle whose sine is given in the
answer to j.
I It may seem reasonable that if light containing wavelengths
of both 5x 10~7 and the wavelength in k, shone on the
grating, it would just be possible to see the two maxima as a
pair and not as one blurred maximum. What is the resolving
power of the grating, expressed by the fraction, perceptible
difference in wavelength divided by wavelength used?
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Questions 32 to 37 are general questions about waves,
spectra, and spectroscopy. A number of them show how the
wave ideas developed in this Unit can be used in other
problems outside the scope of the Unit.

32 This question is about an interesting difference between
‘what your ears and eyes do to signals containing more than
one frequency. A physicist would say it shows that your ear
is a ‘Fourier analyser’, but that your eye is not.

a Get someone to play you three or four notes on a piano,
one at a time. Give them arbitrary names, say P, Q, R, etc.
Then get your helper to play two at once, and see if you can
say which two notes are being played.

b Now supply your eye with two colours of light
simultaneously, as follows. Stand in front of a pair of electric
lamps with a diffraction grating held over your eye, and move
about until part of the lefthand first-order spectrum from ane
lamp seems to fall over part of the righthand first arder
spectrum from the other lamp. Suppose red overlaps blue:

do you see ‘red and blue’, or some other, single colour?

Both eye and ear were supplied with a complex oscillation
made up of at least two frequencies. Your ear and brain, at
least partially, separate the complex oscillation into its
constituent frequencies. A diffraction grating does the same
for light, sending different frequencies off at different angles.
Both analyse the input sent to them. Your eye is not an
analyser, however, and sees one colour for each complex light
input.

33 For this question you either need a simple hand
spectroscope, or you will have to make one from a diffraction
grating, a posting tube, and a slit. Figure 18 suggests how
you could make one.

Light from the hot outer surface of the Sun has to pass
through the Sun’s cooler (though still hot) atmosphere. This
atmosphere contains many different chemical elements, and
the atoms of these elements can absorb radiation at the same
frequencies as those at which they would emit radiation. As a
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result, the Sun’s white light spectrum has light missing.from it
at a number of frequencies. If the spectrum is formed froma
slit, the spectrum seems to be crossed by narrow dark lines.
These lines were found by Fraunhofer, and are often called
Fraunhofer lines.

To see the Fraunhofer lines, look through a hand spectroscope
at a white screen on which sunlight is falling. Several [
thicknesses of good white paper laid on the ground make a
suitable and simple screen.

Warning: Under no circumstances should you look at the
Sun directly, even for a moment. You could easily blind
yourself doing so.

aluminium foil taped over the end of the tube, with a
slit cut in it parallel to the grating rulings

. inside of tube
painted matt black

grating in cardboard 35 mm slide mount taped over
the end of the tube (keep tape off the grating)

Figure 18
A home-made hand spectroscope.

Angle the spectroscope so that the very bright, white,
‘zero-order’ image is cut off by the side of the tube. Try small
adjustments to the slit width, to find a good compromise
between brightness and sharpness. A millimetre is about right.

What informatian about the Sun’s atmosphere couid the lines
be used to give?
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34 Measuring the frequency or wavelength at which a
material emits or absorbs radiation can yield information about
the material. By analogy with the inspection of a visible
spectrum, in which the wavelengths present are spread out
into a band of colours, making such measurements is called
observing a spectrum. Spectroscopy — looking at spectra — is
used by very many kinds of scientists and engineers, at almost
all of the wavelengths of the whole electromagnetic
‘spectrum’. This question is about some of those uses.
Remember that the energy of a photon of frequency f is given
by E=h f, with h=6.6 x 10734 J s. The speed of light is
BEFI08im s=1.

a Sodium street lamps emit yellow light, of wavelength about
5.9x 1077 m, from individual sodium atoms in a vapour inside
the lamp. If white light is passed through sodium vapour, in
which most atoms are in the lowest energy level, light at just
this wavelength is strongly absorbed. What do these facts tell
you about the energy levels of sodium atoms?

b The carbon—carbon bonds in petrol molecules oscillate in

and out (stretching, rather than bending) at a frequency of
just about 104 Hz. At what wavelength would you expect
petrol vapour to absorb radiation? How might you detect such '
radiation ? Why would a reflection grating be a good way of
spreading such radiation out into a spectrum?

¢ Protons — that is, hydrogen nuclei — are little magnets, and
in a magnetic field, they can accept energy from radiation,
turning them from one orientation in the field to another. In a
field of 0.94 tesla, radiation of frequency 40 MHz is just right
to flip the little proton magnets in CH, groups in ethanol over
from one orientation to the other. What is the energy
difference between the two orientations? Suggest a way of
measuring the wavelength of radiation which has this frequency.
This sort of spectroscopy is of interest because it makes it
possible to measure the strength of the little proton magnet.
Its effective strength depends upon what electrons are

nearby, and on where they are, so it is not the same for every
proton in, say, ethanol. This molecule gives absorption at three
distinct frequencies (or three different fields, which comes to
the same thing), corresponding to protons in OH, in CH,, and
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in,CH, groups. The pattern of peaks, or nuclear magnetic
resonance spectrum, can be used to analyse compounds, just
as visible spectra can be used.’

d The energy of a gamma ray photon can be measured, by —
in essence — measuring the intensity of the flashes of light
gamma ray photons produce when they go through a suitable
material which scintillates when gamma rays fall on it.

How could you work out the frequency and wavelength of a
gamma ray photon of energy 1.76 million electronvolts
(2.82x 10713 J), which is one of the gamma rays emitted by
naturally occurring uranium? Why would it be impracticable
to measure either directly?

Gamma ray spectroscopes have been used for uranium
prospecting by aircraft. The aircraft carries a slab of the
scintillating material (crystals of sodium iodide) and a detector
and energy analyser is set to look for the ‘spectrum line’ of
uranium gamma rays. Others have used gamma rays to tell
them something about the energy levels of nuclei, much as
visible spectrum lines do for the energy levels of atoms.

35 In this Unit, light has been treated as if it were a wave
motion, even though, in Unit 5, you may have seen evidence
that light energy is delivered in ‘lumps’, called photons.

Say what you think of one or more of the following statements.
Comment in particular on whether the writer’s confidence or
caution seems justifiable.
a ‘When we consider . . . the very great speed with which
light is propagated in all directions, and the fact that when
rays come from different directions, even those directly
opposite, they cross without disturbing each other, it must be
evident that we do not see luminous objects by means of
matter translated from the object to us, as a shot or an arrow
travels through air. Light is propagated in same other manner,
an understanding of which we may obtain from our knowledge
of the manner in which sound travels through the 