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Foreword

It is aimost 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 most valuable part
that has been played in the work by practising teachers and the guidance and help
that have been received from the consultative committees to each Project.

The stage has now been reached for the publication of materials suitable for
Advanced courses in the sciences. In many ways the task has been a more difficult
one to accomplish. The sixth form has received more than its fair share of study in
recent years and there is now an increasing acceptance that an attempt should |
be made to preserve breadth in studies in the 16—19 year age range. This is no easy
task in a system which by virtue of its pattern of tertiary education requires
standards for the sixth form which in many other countries might well be found in
first year university courses.

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

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

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

K. W. Keohane . -
Co-ordinator of the Nuffield Foundation Science Teaching Project
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The Teachers’ guide

This volume is intended to contain whatever information and ideas are required for the
day to day teaching of the Unit. Not every teacher will need all of it all of the time:
sometimes the summary and the list of experiments will come nearer to meeting the
need.

The main text contains, on the righthand pages, a detailed suggested teaching:
sequence, which teachers can adopt or adapt. The facing lefthand pages carry
practical details, suggested questions, references, and background information for
teachers in the form of a commentary on the text. This commentary also indicates
aims of the teaching, and points out links with other parts of the course. \
At the end, there are some appendices containing material needed on occasion only,
and lists of apparatus and teaching aids for the Unit. These lists include details of
books and articles referred to in this Guide.



Introduction

This Unit has been designed as an introductory Unit for the Advanced Physics
course. We want the sixth form work to capture the students’ imagination right
from the beginning, and we choose for the first Unit a relatively complex topic
which is of considerable practical importance but is treated simply.

The hope is that there will be quick rewards for students, and also that the Unit will
illustrate some of the recurring issues of the course: arguments about models,
understanding macroscopic behaviour in microscopic terms, and applying
knowledge from one part of physics to tackle problems in another. Because gases
were used to illustrate these issues in Nuffield O-level Physics, we turn back to
solids.

Timing
The Unit is planned to be fairly brief, lest students become dismayed by the
complexity of materials, and is intended to occupy not more than four weeks. A
number of optional further areas for discussion are suggested. It is best not to use_

these unless there is interest and time can be found. It would be better to omit
material than to run over the time suggested.

Aims

Detailed suggestions about what students should be expected to achieve appear in
the commentary on lefthand pages. Overall, we hope to increase their awareness of
the variety of materials, and to give them a (limited) knowledge of some important
mechanical properties. Students should know that X-rays are used to investigate
structures, and should have a first understanding of how this is done. Interference
and diffraction will appear again in Unit 4, Waves and oscillations, and also in
second year work on optics, in Unit 8, Electromagnetic waves, and in Unit 10,
Waves, particles, and atoms.

We hope students will become more aware that the understanding of materials has
a valuable role to play both in choosing materials for particular applications and in
designing new materials. The strong 'applied’ flavour of this Unit is deliberate.




Summary of Unit 1

Time: not more than four weeks.

(Numbers in brackets refer to suggested experiments, listed on page 5).

Part One
The variety ‘and behaviour of materials

Time: not much over one double period.

This part is intended to.give students experience of the behaviour of materials, out
of which questions arise about the nature of materials. Some of the more detailed
investigations of materials in Part Three (experiment 1.7) could be taken into

Part One. :

Suggested sequence

Handling useful materials (1.1), discussing how materials differ, discussing how
they are used, and asking why they differ.

Part Two
X-rays and structure

Time: up to two weeks.

This part is about how X-rays can be used to discover the arrangement of atoms in a
material, a question raised in Part One. A simple argument for one substance
(copper) is suggested, using a microwave analogue of diffraction. Some indication
of the scope of X-ray analysis as a tool in maﬁy fields can be given, and there is an
opportunity to discuss the role of models in physics.

, Suggested sequence
Revision — the sizes of atoms.
.Bubble raft (1.2) and stacking spheres (1.3) to consider ways of stacking atoms.
Microwave analbgue of X-ray diffraction (1.4).
Film loops of X-ray diffraction.
Bragg diffraction as a wave phenomenon, [Jsing microwaves (1.5, 1.6).

Structure of copper and size of a copper atom by scaling down microwave
analogue results using X-ray data for copper. '

The Avogadro constant.

Bragg’'s Law (could be taken later, in Units 4, 8, or 10). X-ray analysis as a tool
widely used in many fields. Models in physics. )




Part Three
Stretching and breaking

Time: up to two weeks.

This part links the observed abilities of materials to stretch, yield, and break, with
ideas about the arrangement of atoms and the forces between atoms. Measuring
the Young modulus and the breaking strength gives a chance to consider the design
of a quantitative experiment, and to let students report their work to one another.
Measurements and observations can be interpreted in atomic terms, particularly by
contrasting rubber, copper, and glass. Composite materials, such as fibreglass and
reinforced concrete, can then be discussed as attempts to design new materials,
using the insights into the limitations of materials gained previously.

v

Suggested sequence
Feeling materials stretch and break\(1 I

Measurements of the Young modulus and breaking strength (1.8) for rubber, steel,
copper, glass, and, optionally, polythene. Terms: stress, strain, modulus, plastic,
_brittle, elastic. Force constant of an atomic bond.

More microscopic interpretation: ‘

Rubber — orderliness of stretched rubber using X-rays, suggestion of molecules
uncoiling (1.9).

Copper — bubble raft suggests dislocations as a slip mechanism in a regular
structure (1.10). .

Glass — disorderly structure, importance of cracks (1.11).

Composite materials (1.12). Research by students into literature on concrete, ’
toughened glass, fibreglass, plywood, and wood, illustrating how materials engineers
exploit the properties of materials to overcome their limitations.

.
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Choosing one’s own path.

We hope and expect that teachers will find their own ways of using the material in
this Unit. The detailed teaching programme laid out in the following pages 5
represents as good a way of handling the material as we have been able to find in
the light of experience in the trials, but should not be thought of as more than a
possible, fairly well tested way of achieving the aims we decided upon. No doubt
others can and will do better.

But teachers will know that it is the detail that counts in successful teaching, and so
the Guide is full of particular teaching suggestions and practical detai\ls. We hope
that these will help those who are uncertain how to handle either new material, or
old material taught in a new way for unfamiliar aims. .

The summary and list of experiments will, it is hoped, assist those who have taught
the course a few times and no longer need to refer to all of the detailed teaching
suggestions, as well as those who feel confident that they can make up their own
teaching programme out of their previous experience. We also hope that the
summary will provide an overall view of the work suggested. Such a view

is necessary for keeping a sense of perspective and direction, both when one is
immersed in particular detailed teaching suggestions and comments, and when
students lead the teaching off in an unpredictable direction by contributing their
own ideas. E

It seems fair to add that the summary, taken on its own, could mislead. it cannot
easily indicate the aims of pieces of work in any precise way, or find words to
express the relative seriousness or lightness of particular episodes. Nor should a
phrase one might find in a current examination syllabus always be taken here to
imply the same work as it would imply there.




1.1
1.2
1.3
1.4

1.5
1.6

1.7

1.8.

1L

Experiments suggested for Unit1

Handling useful materials page 9

A raft of equal sized bubbles page 77

Stacking spheres page 79

Microwave diffraction by a polystyrene ball “crystal” page 23
Microwavés page 29

Bragg ‘reflection’ of microwaves page 37

Feeling materials stretch and break page 55

Measurements of the Young modulus and breaking strength page 63
Splitting of stretched rubber page 717

Bubble raft model of dislocations page 73

Cracks and brittle fracture page 77

Samples of comhosite materials page 87

Unit 1* Materials and structure
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Part One
The variety and behaviour of materials

Time: not much over one double period




Purpose and timing

Part One starts the Unit off from the point of view of the application of materials, as Part Two,
about X-ray diffraction, may seem to have too ‘pure’ a bias. It need not last more than a double
period. Teachers may like to extend it by taking some of the qualitative stretching and breaking
experiments from Part Three, experiment 1.7. In trials, some classes benefited from such a broader
experience of the behaviour of materials, while others found: it too childish for the start of the
Advanced course.

Other introductions -
Waves

Part Two will assume some acquaintance with interference as a wave property, and for some
classes it may be well to begin with ripple tank work (see Nuffield O-level Teachers” guide /l/,
pages 122-39), explaining that soon they will be seeing how the waves called X-rays are used to
study the structure of materials.

Bridge building contest

The American E.C.C.P. project, ‘' The man-made world’, suggests that groups of students should
compete to build the strongest bridge that will span a given distance, say 20 cm. Each group has
the same amount of balsa wood (say'2 to 3 mm sticks), glue, and pins. A group needs several
metres of wood.

The contest could give scope for imagination, good guesswork, and know-how, and-should give
occasion to introduce concepts such as stress and strain, when the bridges are compared. But it will
not suit all students, and it may not be easy to link it with the rest of the Unit. Nor was it part of the
trials course. ]

Experiment
1.1 Handling useful materials
Selection such as:
1054 stainless steel wire, 1 m lengths, 44 s.w.g. bare (item 7A may serve)
2B copper wire, 1 m lengths, 32 s.w.g. bare

1054 glass rod, 0.1 m lengths, about 3 mm diameter (soda glass)
1053 glass wool, such as that used for insulating roofs
1053 glass fabric, such as that soid for curtains
1053 nylon fishing line, 1 m lengths
1053 rubber bands, at least 50 mm long
1053 plywood: samples of 3-ply and 5-ply in squares or strips big enough to bend
1053 fibreglass: sample pieces if available
1053 poiythene: food bags, other polythene sacks, heavy gauge sheet sold for gardening

1053 plastics: lunch boxes (item 100/1) are common, and if made of polystyrene can be
compared with expanded polystyrene; plastic roofing material can be obtained

1053 concrete: ready mixed cement and aggregate from builders’ merchants cast in short bars
.in cardboard or hardboard moulds; allow at least 24 hours for setting

1053 wood: soft and hard wood; balsa wood, chipboard, and blockboard could be added
1053 paper: especially corrugated paper used for packaging

8 Commentary



Part One is about the widely varying properties of materials, and the uses to which
they may be put.

It also asks why a material should behave as it does; much of the rest of the Unit
explores a few answers to such questions. Understanding why a material has its
special properties could assist a scientist to design new and better materials. A
physicist might learn much about forces between atoms from such a study.

Experiment
1.1 Handling useful materials

Have available samples of many materials, choosing generally those whlch are used
for their strength. .
We suggest things made of materials such as:
steel
" copper
possibly other metals, including bars or rods
glass rod and woven glass cloth
nylgn thread or fishing line
rubber
plywood | '
fibreglass
polythene, plastics -
concrete
wood
corrugated paper

and any other materials of interest as they become available, for example, carbon
fibre reinforced materials.

Ask the questions, "What is it?” “What is it made of?* “What is it used for?’
‘Why might it be suitable for that use?’

Encourage students to pull or bend specimens, asking them to describe what they
feel. It may be useful to encourage them to pull, release, pull harder, and so on, so
that elastic behaviour is observed.

It may be desirable to extend this into further qualitative stretching experiments, as
in Part Three, experiment 1.7.

Part One The variety and behaviour of materials Text '



Reading

Gordon, The new science of strong materials, should be available. Give it to someone to take home,
or ask a student to find the answer to ‘a problem in it. Chapter 4, for example, is about why materials
break. F

Loftas and Gwynne, Advances in materials science, was recommended to us by a trials student.
See also Clarke, ' Materials and their uses’, in the Students” book.

.For details of reading recommended in this Commentary, see the list entitled ‘Books and further
reading’ on page 105.

Discussion

The overall aims of the course discussed in the Teachers’ handbook call for several kinds of ability.
One is the ability to talk sense about physical problems. Another expects students to learn that
argument and discussion are essential components of scientific inquiry, and to experience some of
the most important kinds of argument. Other aims also imply a developing ability to talk, or will be
helped if students have enjoyed being involved in talking about problems. Above all, then, the
course should start in such a way that students see that discussion is both valued and expected.
Teachers will need to encourage contributions — asking individuals to tell the rest about fibreglass,
fishing line, concrete, or plywood. Too many contributions from the teacher could spoil this

., atmosphere. Students are not expected to memorize what they see, but to think of things to observe
and describe. .

The outcome of the discussion should not be information, but awareness that it is sensible to think
about such matters. Students should come to expect to be asked questions of this kind.

Students” book

See questions 1-7.

Questions 1, 2, or 3 could be used with experiment 1.1. Questions 4 and 5 may introduce words
such as ‘elastic’, ‘plastic’, “strong’, “tough’, or ‘brittle’, making a useful expansion of vocabulary.
Question 7 may serve later for revision, while question 6 is a speculative exercise.

The history of materials
The broader social significance of the availability of materials with various properties might be
brought out by a little history. For example:

Stone age — hard, brittle material.

Bronze age — hard, tough material, somewhat ductile.

lron age — hard, tough, ductile material, cheap.

More recently :
‘steel — less brittle and stronger than iron.
plastics

’ — new possibilities.
composites P e
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Discussion — the choice of material

Before, after; or togéther with the handling of materials: one can pose some
problems about their uses. One or two like the following may suffice:

What materials are used in cars? Why is each chosen for its job? Could
others be used? (Fibreglass.)

What different materials have been used for frying pans?

(Cast iron, steel, copper, glass, ceramics.) What advantages or
disadvantages does each have?

What materials are used for wrapping and tying things? (Paper, cord,
polythene, string, steel bands, etc.) What decides the choice?

How are things fixed together? (Glues, nuts and bolts, screws, rivets.)

Speculation about the future will provide an opportunity to focus attention for a
while on the composite and sandwich materials, and to mention that there will be a
closer look at composite materials at the end of this Unit.

What decides how a material behaves ?

When pulled or bent, copper yields, glass snaps, and rubber stretches a long way
but recovers. Some brief speculation may be encouraged: how might the atoms or
~ molecules differ, or how might their arrangement inside the materials differ to
produce such variations? Raising the question introduces Part Two which studies’
evidence about the arrangement of atoms and molecules in materials.

'

Part One The variety and behaviour of materials Text 11
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Part Two
X-rays and structure

Time: up to two weeks.

13



Looking ahead

In later work (’lonic crystals’) in Unit 3, Field and potential, and in Unit 9, Change and chance,
the ideas from this Part about the regular arrangement of atoms in a crystal will be needed, and

. similar ideas will be used in other places from time to time. Unit 8, E/ectromagnetic waves, will use
and develop diffraction ideas, and electron diffraction will find an important place in the final Unit,
Waves, particles, and atoms.

’

Bragg’'s Law

Bragg's Law for X-ray diffraction is developed here, for use in Unit 10, Waves, particles, and atoms.
But the Law follows after simpler arguments, and could be postponed if necessary. Many students
in the trials have, on the other hand, expressed pleasure at meeting a definite, clear piece of physics
at this point.

The simple arguments, to precede Bragg's Law, use a model crystal built of large spheres which is
used in a beam of 3 cm microwaves as an analogue of X-ray diffraction. The spheres are chosen to
have a diameter such that the analogue is a scaled-up version of the diffraction of 0.154 nm
X-rays by copper, so that the diffraction angles are equal in the two cases, and the size of a copper
atom can be obtained by scaling down the analogue in the ratio of the two wavelengths.

Order of treatment

This guide for Part Two offers a simple treatment of X-rays and the structure of solids. We think it
has merits, but no doubt teachers will adapt its order to their own ideas and needs. There should be,
however, no need to introduce further ideas, such as descriptions of other crystal lattices, rotation
or Laue X-ray photography, or a highly rigorous treatment of Bragg's Law.

The Avogadro constant

This constant appears in both the Nuffield O-level Physics and Chemistry courses. Students who
need help in using it can be referred to the Nuffield Advanced Chemistry programmed text,
Amount of substance, the mole concept and its use in solving problems. They need only use
Section A, Chapter 1:

Students” book

See questions 8 to 11. Questions 8 to 10 practise the use of the mole concept and the Avogadro
constant. Question 11 is an estimating question: it and others like it are worth using from time to
time.

Handling large and small numbers

Students find numbers such as 1023, 1070, 1019 hard to manage, but the best way to learn to use

' them is to use them. There are many occasions in the course, such as the questions above, when
short calculations using such numbers appear. Students need to be told that they are expected —
gradually — to become able to handle them and to recognize the order of magnitude of the

quantities involved. It is necessary to have an idea of these orders of magnitude in order to be able to
think sensibly about problems on the microscopic scale.

N
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How big is an atom?

Part One ended with questions about the arrangement of atoms in a material. A
start.can be made by looking back at ideas from O-level.

How big is an atom?

The investigation uSing an oil film from Nuffield O-level Physics, Guide to
experiments | (class experiment 68) and the investigation of the kinetic theory in
Teachers” guide IV yielded much information:

length of an olive oil molecyle . about 16x1077° m
diameter of a carbon atom about 1.3x1071° m
diameter of a molecule of “air’ about 4x1071°m
Avogadro constant about 6x 1023 mol™*

The Avogadro constant can be obtained from the size of an atom, and such a

calculation will come later (page 41). The principle is simple enough. One mole of

atoms is chosen to be the number of atoms in exactly 12 g of 12C. The size of a
carbon atom can be used to work out how many atoms fit into any particular
volume of solid carbon, as long as the way the atoms go together and how much

space there is between them is known. Then if the volume chosen is the measured

volume of 12 g of carbon, the number of atoms is the Avogadro constant. ;
Actually, we shall use copper, not carbon, and rely on the chemical knowledge
that 63.6 g of copper contains as many atoms as 12 g of carbon.

For such reasons, as well as for its inherent interest and possible practical value, the

next matter considered is the problem of finding out how atoms are arranged in
solids. y

What would be a sensible substance to choose about which to ask the question,
‘How are the atoms arranged?’ Rubber, plastics, wood, or concrete are rather
complicated chemically; it would be best to start with a substance containing just
one kind of atom only. Copper is a common and useful pure substance, and we
consider that first.

Part Two X-rays and structure Text
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Information for teachers '

The atoms of copper take up a face-centred cubic arrangerhent.

Figure 1
Unit cell of face-centred cubic arrangement.

Figure 1 shows the cubical unit which, repeating indefinitely in all directions, makes up the structure.
An atom appears at the centre of each face of this ‘unit cell’. If the atoms are spheres in contact,
they occupy 74 per cent of the space, which is the most efficient possible packing in a regular
three-dimensional structure. See Appendix A for more details.

Demonstration
1.2 A raft of equal sized bubbles

100/1 - rectangular plastic tank
"or
90/A ripple tank without legs

1055 length of rubber tubing to fit gas tap

1054 glass tube to fit into rubber tubing and drawn out to a fine jet at the other end
or ‘ :
1055 hypodermic needle, 25 gauge

1056 Teepol or washing-upfliquid
1056 glycerol
522 Hoffmann clip

Recipes

A little washing-up liquid in water. More elaborate: Teepol, glycerol, water, in the proportion
1:8:32 parts by volume. A

Bubbles are blown by connecting the jet to the gas tap. The clip is used to adjust the rate of flow
of gas.

16 Commentary



The packing together of copper atoms

Atoms of copper are all alike. They must be attracted to each other, otherwise the
material would not hold together, but there must also be some force which
prevents them from getting too close. Soap bubbles exhibit these properties. With
care they can all be made the same size; surface tension pulls them together and at
the same time the pressure inside prevents them from getting too close.

Figure 2
Atoms packed as closely as possible in a layer.

Demonstration
1.2 A raft of equal sized bubbles

The bubble raft shows that the bubbles cling together in an ordered manner, each
one having six others around it. See figure 2. When a lot of bubbles are formed
there may be discontinuities (grain boundaries) where one collection of ordered
bubbles does not quite fit with another collection. The close-packed arrangement
taken up by bubbles in a bubble raft is shown in figure 3.

Figure 3
Bubble raft.
Photograph, Sir Lawrence Bragg, F.R.S.

There may also be defects such as an occasional bubble which is a different size, or
a space where a bubble is missing. All these are relevant to the study of materials
and more will be said about them later. For the moment, however, the main point

is that the bubbles pack as shown in figure 3.

The bubbles form into an orderly arrangement in two dimensions. What might an
orderly arrangement of atoms in three dimensions look like?

Part Two X-rays and structure Text J7/



A raft of equal-sized bubbles packs together into a layer with each bubble as close as possible to its

. neighbours, in a hexagonal arrangement. An image of the raft can be projected using an overhead
projector, or a larger raft can be made in a ripple tank. The size of the bubbles formed for a given
rate of flow of gas depends on the size of the jet and thg depth it is held below the surface of the
solution. It is best to start with a very fine jet and break pieces off the end until it gives satisfactory
results. A 25 gauge hypodermic needle works well. When a satisfactory depth has been found, the
jet should be clamped into position in one corner of the tank and the bubbles swept with a
microscope slide into the body of the tank as they are formed. Wrongly sized bubbles can be burst
with a hot wire and the whole raft can be cleared by playing a Bunsen burner over it.

The bubble raft can be shown very quickly — a visual impression is the most useful result.

Slide

Slide 1.16 shows a raft with "grain boundaries’.

Demonstration
1.3 Stacking spheres

1016/2 expanded polystyrene sphere, 50 mm diameter 40

Books or
wood battens, 0.25 m long 4

This model is built because it happens to have the same (face-centred cubic) structure as copper.
Oranges might be used in place of expanded polystyrene spheres.

Lay out a square 5 x 4 ball array inside a 0.25x 0.2 m fence, and pile further balls on top in places
such as X, figure 4. The stack is shown in figure 6.

&

|

Figure 4 (s
Starting off a heap of balls.
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Demonstration
1.3 Stacking spheres

Greengrocers make orderly stacks of oranges for display. They often start with a
‘layer of fours’ in a “square pattern’ as in figure 5.

[¢] (¢} o o o
. o [o} o o o N
B
o o O ANEE O (o)
f
Figure 5 (¢} o (¢} [¢] o

Balls in square array.

Having set out such a layer, where can the first orange of the next layer be put? It -
may roll off in any direction if put vertically above an orange in the first layer. It may
roll off in either of two directions if put at A, but it stays firm at B.

Second, third, and fourth layers of twelve, six, and two balls can now be piled on
the first. When physicists talk of ‘structures’, they mean tidy heaps. This is one
possible kind of tidy heap.

Notice that the sloping sides have balls closely packed in hexagonal array (figure 6),
a ‘layer of sixes’ like the soap bubbles. Is this heap made of “square’ or
‘hexagonal’ layers? (Both, depending on how one chooses to look at it.)

Figure 6
A heap of balls or oranges.

Part Two X-rays and structure Text 19



Students” book

See questions 12 to 16. Questions 12 and 13 follow up the soap bubble analogy. Question 14 may
be useful in class discussion. Questions 15 and 16 produce a value of the Avogadro constant from
experimental results. They could be saved until later (see page 41).

Tactics

This brief stacking exercise, recalling O-level work, serves to introduce the meaning of “structure’. It
should also lead students to look for a variety of regular layers in a regular structure, which will be
useful when they come to think about the effect of such a structure upon a beam of waves in the
next experiment. J

In the microwave analogue of X-ray diffraction ‘which follows, these layers will each give a strong
‘reflection” at a characteristic angle. These angles will be used to suggest that copper atoms might be
stacked in the same pattern, when it is found that copper diffracts X-rays of suitable wavelength at
these same angles.

Note

Instructions for building the face-centred cubic ‘crystal’ of polystyrene spheres appear in
Appendix B.
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A large model crystal

A large model, of two hundred expanded polystyrene balls, each 50 mm in diameter,
stuck together, can now be produced and the question can be asked, ‘Has it the
same structure?’ (It has.) The model has been built up differently in the sense that
it started from a hexagonal layer and then similar layers were stuck on. Because
each layer was of the densest sort (in balls per unit area) and because the layers
have been packed together as closely as possible, it will seem reasonable that no
other structure could be more closely packed (in balls per unit volume).

Students are not required to remember the layers and their arrangements, but they
-will need to know that there are regular layers of more than one sort (‘fours’ and
‘sixes’).

Figure 7
Large model crystal.

Preparation for microwave analogue experiment \

How might one discover if the atoms of, say, copper are or are not arranged in this
or in some other proposed fashion? Can one look and see? Why not?

The use of very short waves such as X-rays may be suggested, or may have to be
offered. (Nuffield O-level Chemistry refers to X-ray diffraction.) X-rays are
nowadays widely used to investigate the structure of materials.
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X-ray film loops
Four 8 mm loops have been made in conjunction with the project. Details appear on page 100.
Note that the first loop shows, at the end, X-rays detected by a Geiger counter at a low enough

intensity for the randomness of arrival of photons to show up. This is an opportunity to mention, in
passing, an idea which will be increasingly important in the course, especially towards the end.

~ Demonstration
1.4 Microwave diffraction by a polystyrene ball ‘crystal’
184/1/2 3 cm wave transmitter, receiver, and power pack

181 general purpose amplifier
and d
183 loudspeaker

1015 turntable, for 3 cm X-ray diffraction analogue
1014 waxlens 2
1053 metal screen, about 0.3 m square

59 |t variable voltage supply

64 oscilloscope

1016 polystyrene sphere, crystal model (see Appendix B)

1000 leads
wax lens
i turntable
emitter
~ /.
TN S o A D O S N e D 5 S o gwmw-mmn»mmmm
. /
3 [
crystal
model
: wax lens
shield
A Figure 8

Microwave analogue of X-ray diffraction.

Figure 8 shows the arrangement of the apparatus. The transmitter and receiver are placed on stands
so that they are at the same height as the centre of the mode! which rests on the turntable with its
unfinished face downwards, as in figure 7. The waves are made roughly horizontal and parallel by a
convex wax lens 9 or 10 wavelengths in diameter. The focus of the lens is not easy to find
accurately, but the emitter should be placed at such a distance from the lens as to produce the most
nearly parallel beam of radiation. The turntable should be well below the beam, and may rotate at

50 r.p.m. The detector, placed at the focus of a second lens and mounted so they move together,
swings to various angles on both sides of the incident beam. There should be some simple means of
measuring the angles. The scattered beams have much less intensity than the incident beam and

7,
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Film loops of X-ray work

Some teachers may wish to precede the microwave analogue of X-ray diffraction by
a glimpse of the real thing on film; others may prefer to show the loops after the

analogue experiment, when students will have more idea of what they could
expect to see.

The first film loop shows an X-ray apparatus, and the use of a Geiger counter and
ratemeter to detect the beam.

The second film loop shows X-rays (wavelength 0.154 nm) being diffracted by a
single crystal of sodium chloride. The crystal, which most students should be ;
prepared to regard as a regular stack of atoms (ions, strictly speaking), ‘reflects’ the
beam at certain very definite angles, and only at these angles. :

A large scale analogue experiment may now be offered, as a way of exploring the
puzzling \behaviour of the X-rays. If the X-ray loops (page 35) are not used, the use
of the analogue follows directly upon the suggestion that radiation of appropriate
wavelength shone upon a structure might help one to find out how it is built up.

‘

Demonstration .
1.4 Microwave diffraction by a polystyrene ball ‘crystal’

The class can now see what happens when the large crystal model is placed in a
beam of microwaves. If students have not been shown the X-ray fiims they can be
told that the structures of materials like salt, copper, or polythene are investigated in
a similar way using the short waves called X-rays.

If the model is not on the turntable, a signal is only heard when the detector is in
line with the emitter. With the model rotating on the table, a signal is detected as
the detector is swung round to an angle of about 44°, the gain of the amplifier
being turned up.

Listening to the signal at its loudest, in each revolution the class will hear two pairs
of loud ‘bleeps’ separated by longer than the time between a pair (figure 9).

s A R

=l
. 1 revolution il
Figure 9
Signal at 44° (reflections from hexagonal layers).

It seems as if microwaves are being ‘reflected’ into the detector at this angle. (Here
the use of the word ‘reflected’ will naturally prompt students to look for reflecting
surfaces or layers in appropriate positions.)
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therefore scattering by gas taps, teachers, and students, must be avoided. At some collimator angles
a metal shield may be needed to stop radiation passing direct from emitter to detector. The detector
is connected to an amplifier and loud speaker, the emitted waves being modulated at an audio
frequency. Some may find it easier to detect a maximum if the amplified signal is fed into an
oscilloscope with its time-base switched off.

The experiment is not an easy one and needs care and practice.

It is easier to detect the effect of the crystal on the microwaves, but less easy to measure the
angles, if the transmitter and receiver are both placed about two metres from the rotating “crystal .
The apparatus can be set out on three tables, suitably positioned. No wax lens need be placed in
front of the receiver, but the transmitter should be at the focal point of a wax lens placed between it
and the crystal. In this variation, it is best to use a portable battery-powered amplifier connected to
the receiver. '

Timing
There is no sense in rushing demonstration 1.4, especially if that would cut short discussion about
what is happening.

Diffraction angle and layer spacing (note for teachers)

By starting at the smallest angles, Bragg reflections are first found from those layers which are most
widely spaced, since 1 = 2d'sin 0, d being the layer spacing. Such layers must be those which are -
most closely packed within themselves, that is, the *hexagonal” layers.

At larger angles, reflections from layers which are less closely packed within themselves — like the
“square’ ones — and sa are closer together in the crystal are obtained.

Preliminary revision ?

Three-dimensional diffraction is not a situation students will readily understand. Demonstration 1.5 is
about the wave properties of the microwave radiation, and some teachers will prefer to show it first.
Unless the class knows little about waves, we prefer the order suggested because it raises questions
and shows why the wave experiments of 1.5 may be needed. The diffraction experiment 1.4 should
“indicate how much revision is needed.

Theory before experiment?

It might seem more “logical to discuss the Bragg equation first, and then do experiment 1.4, and

that would be best if the sole aim were to convince students of the truth of the Bragg equation and
of its use in analysing the experiment. But there are other aims, particularly to practise thinking

about a new problem using ideas from earlier work and to show how theoretical ideas are developed
in physics to explain new and puzzling results. So we suggest doing it by meeting some experimental
facts first and thinking about making sense of them.

The demonstration is arranged so that useful answers can be obtained without the Bragg equation,
and students can then see what kind of ideas are being used, shorn of theoretical complications.
Some could leave the matter there, though most can go on to discuss the Bragg equation

A = 2dsin 0. This choice is discussed later.

At least the experiment and simple argument will show students why the Bragg argument considers
the effect of layers of atoms on waves.

24 , Commentary



Can the class see any layers which might be responsible? Fortunately, the right
layers are the most obvious ones; that is, the “hexagonal’ layers, a pair of which lie .
in a vertical plane and can easily be seen in figure 7. There is a pair of reflectlons as
first one layer and then the other. bisects the angle between the beam and the
detector, and then a second pair after the ‘crystal’ has rotated through 180° to

bring the backs of thPSe Iayers into'line (figure 10). It is convenient to rotate the
crystal by hand.

A

‘hexagonal’ layers

A U T A e e T e S s s e o e i S G S R S A A R W S s W A R O 00 e

Figure 10
Microwave diffraction; the 44° reflections.

Microwaves are strongly reflected from these layers when they strike them at 22°,
being turned through 44°. Why? Before taking up that problem, try larger angles. At
50° (microwaves incident at 25°) there is another strong reflection, but with two
‘bleeps’ per revolution (figure 11). These come from the ‘square’ layers.

At larger angles, after these closely spaced reflections at 44° and 50°, there is

nothing regular until an angle of 74° is reached, when a third reflection can be
heard. This too has two maxima per revolution (also as in figure 11).

s g (N P ey

1 revolution

Figure 11
Signal at 50° (reflections from ‘square’ layers).

The class may wish to look for layers resbonsible for the reflection at 74°, but it will
probably be best if they remain content with noting the three angles; having
identified layers associated with the first two.
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Later use of the observations

The pattern of ‘two reflections close together and a third further round’ is one that will later be
recognized in X-ray photographs of copper. Students need not remember the angles after they have
been used in this way but should recall that regularly spaced layers give strong ‘reflections” at
definite angles.

Film loops of X-ray diffraction

The two loops mentioned on page 22, may be shown now if they were not shown then,
illustrating here how X-rays are ‘reflected’ from a'sodium chloride crystal in a way similar to the
“reflection’ of microwaves from the model.

/

Reading

The Nuffield Chemistry background booklet The start of X-ray analysis by Sir Lawrence Bragg may
be offered for reading. Perhaps one student could prepare to tell the others about it when the next
X-ray film loops are shown and the structure of copper emerges.

The Scientific American offprint “X-ray crystallography’ by Sir Lawrence Bragg is also valuable.

Bragg planes (note for teachers)

In the crystal mode! the planes which decide the direction of the Bragg reflections are planes of
atoms. They need not be, in general. The three-dimensional repeating structure may be built of more
complex units, such as groups of atoms or molecuies.

If each ball in the model were replaced by some unsymmetrical object representing a complex
molecule, the model would have the same planes and would reflect in the same directions. But the
intensity of the reflections in particular directions would be altered, since the unsymmetrical objects
will be orientated to scatter more in some directions than in others.

Simple diffraction gratings behave similarly. The spacing of the slits is all that decides the directions
of diffraction maxima, but the exact shape of the slits'— width, depth of ruling, profile, etc —
determines the intensities of the various maxima.

In X-ray studies, the intensities of the diffraction pattern give information about the grouping of
‘atoms within whatever unit it is that repeats in three dimensions. The directions of the diffraction
maxima give information about the pattern in which this unit repeats in space, but not about the
nature or symmetry of the repeat unit itself.
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Optional — layers responsible for the 74° reflection

Return to the heap of balls built in demonstration 1.3 and build another, but with a
glass or Perspex plate in a’vertical plane parallel to one of the edges of the
‘square’ base array. See figure 12.

rows of

Figure 12
Layer responsible for 74° reflection. s

Against the plate, there lie horizontal rows of balls; the balls of each row touch, but
the rows are separated by gaps. The rows of balls in the next layer of this kind fit
into the gaps between the rows in the front layer.

The unfinished base of the crystal model (figure 7) is a layer of this kind.
These layers lie in planes at right angles to the hexagonal, closely packed layers in

the sloping sides of the heap, and so at right angles to similar layers in the large
crystal model. i

N
~li
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Demonstration (for discussion)
1.5 Microwaves 3
184/1/2 3 cm wave apparatus (transmitter, receiver, and power supply)

181 general purpose amblifier
and
183 loudspeaker

1053 metal reflector, about 0.3 m square
1053 hardboard partial reflector, about 0.3 m square

1014 wax lenses

1000 leads
== — metal plate 7
> i L
a4 " X

r~ b

i o g,

—.,,"

ﬁw‘ "

4 o ’ " o—
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transmitter raceiver

Figure 13
“Lloyd’s mirror” with microwaves.

s
Both meter indication and audible indication may be used. For the latter, the microwaves must be
modulated. The simplest “wave’ experiment is probably ‘Lloyd's mirror’ (figure 13).

If the receiver catches waves from the transmitter both directly and after reflection, interference
effects are observed when the path difference is changed either by moving the reflecting metal plate
or the receiver.

Pace

It would be easy to get into a long exposition or piece of revision here, but that would be a mistake.
There will be plenty of time later in the course to look long and carefully at wave behaviour
(Unit 4). §

The purpose of demonstrations 1.5 and 1.6 is to suggest that the ‘reflections’ observed from the

model crystal might be explained as the result of interference between waves scattered from layers,
without going into any detailed theory at this stage.

Students” book
See questions 17, 18, 19.
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Demonstration (for discussion)
1.5 Microwaves

Students who have never seen the microwave apparatus need to be shown what
microwaves will do, and to have some evidence that they are waves. It may be best
to ask individual students how they would demonstrate some of the following
points:

1 The transmitter sends out a beam in front of it.

2 The signal becomes weaker at bigger distances.

3 Whether the beam goes through a hénd, a metal sheet, or a
hardboard sheet.

Whether a metal or hardboard sheet reflects the beam (check the angles).

The wax lenses will focus the beam. -

Can the class suggest experiments to test whether the radiation is really wavelike?

.
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1.6
184/1/2

1015
b9
1014
181

183
1053
1053
1053
1053
1000

Demonstration j
Bragg ‘reflection’ of microwaves
3 cm wave apparatus '

turntable for 3 cm X-ray diffraction analogue
I.t. variable voltage supply for turntable

wax lens 2

general purpose amplifier
and
loudspeaker

sheet of expanded polystyrene, about 0.3 m square (e.g. ceiling tile) 2
sheet of expandéd polystyrene arranged parallel with 30 mm spacers 72
metal-screen, about 0.3 m square '

glue, which does not dissolve the tiles (Evo-stik 863)

leads

plane layer of 50 mm spheres (optional)

The centres of the tiles should be about 30 mm apart. This value of 30 mm (about the wavelength of
the microwaves) makes 6 in the Bragg equation 30°. Since the beam turns through twice this angle
the detector has to be placed at an angle of 60° from the straight-through position.

«

The microwave apparatus and turntable from 1.4 is used, with the tiles in a vertical plane on the
turntable. :

Some expanded polystyrene tiles are not dense enough te reflect much radlatton when a single tile
is used. Sheets of hardboard can be used instead.

Film loops (optional)

Ealing Scientific ‘Bragg reflection of waves’, shows how an array of scattering centres in a ripple
tank can give maxima at definite angles. The Longman loop ‘The diffraction of X-rays by a crystal’ is
similar. See page 100 for a list of loops.

\
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Demonstration
1.6 Bragg ‘reflection’ of microwaves

Having arranged a single polystyrene tile to reflect the parallel beam through a lens
to the receiver, bring a second tile up behind the first and parallel to it. Rises and
falls in intensity occur, as the extra path to the second tile is either an even or odd
number of half wavelengths.

Some may like to show that a glued-up flat layer of balls reflects just like a flat tile.
Students are not likely to -appreciate arguments either that this might be in doubt, or
that it ought to be so. (See page 44.)

The single tile would reflect at any angle. Now use an array of 12 tiles, all equally
spaced (figure 14).

8 = Bragg angle

“screen

Figure 14 ;
Simulation of Bragg ‘reflection’ with a stack of tiles.

These will reflect the beam, but only at definite angles. There is little reflection at
other angles even though the planes are correctly placed, halving the angle
between beam and detector.

f
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Visits to see real X-ray diffraction experiments

Most universities and some technical colleges have X-ray diffraction apparatus. It would be best to
ask to see powder photography.

ldeally, a powder photograph using a copper wire would be taken, and the class supplied with
prints. ’

The type of educational X-ray apparatus used in the film loops is too expensive for a school, but
might be afforded by an LEA for loah to schools. Such apparatus may also be found in teaching .
laboratories of some universities or colleges in the future.
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The general picture (figure 15) is of a wave coming in, and many bits of wave
coming off each layer, adding up to a big reflection when the extra path along
which the wave goes between layers is just right.

1
wave coming in

5,

many waves, scattered from layers, coming out;
at one angle they can be all in step

fayers of atoms — ™

Figure 15
Bragg reflection’.

The experiments with microwaves make it seem that we have to do with an
interference effect resulting from path differences between layers. ) {

The second film loop which students will have seen by now (page 22 or 26) shows

X-rays reflected at a definite angle from a crystal of salt. Perhaps the microwave
experiments are similar, but on a bigger scale. It would be well to look more
closely at the diffraction of X-rays by crystals.
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Film loops of X-ray diffraction

See page 100 for a list of loops. The loops (1) ‘ Production of the X-ray beam’ and (2) ‘ Diffraction
of monachromatic X-rays by a single crystal” will prabably already have been shown. The third
loop, ‘Diffraction of monochromatic X-rays by a powder specimen’, develops the idea of powder
photography.'The fourth loop, ‘Determination of the wavelength of X-rays using a diffraction
grating’, shows how X-ray wavelengths may be measured.

4 -~ ——
-
R s

crystal fragments lying
in different directions

‘reflected’ beam ™

Figure 16
Conés of X-rays diffracted by small crystals.

.The cones (figure 16) show all possible directions for X-ray beams reflected by small crystals which
happen to lie with planes at an angle 0 to the incoming beam, these planes having spacing d in
A= 2dsin6. "

.

Slides

Slide 1.1 shows the arrangement of a powder camera.

Slide 1.3 gives an X-ray powder picture taken with sodium chloride, similar to the one taken in the
film. The reflection at a Bragg angle 8 of 15.9° (line 2) can be identified on this slide, and students
can check that the angle is the same as that found in the second film but using a'single crystal and a
Geiger counter. See figure 19 a. 1 1 ol

Evidence for the polycrystalline nature of metals

If granulated zinc is melted in a crucible and allowed to cool it will form crystals which are visible
to the naked eye if the piece of zinc is broken in half. There may be some advantage in using a
magnifying glass to inspect the broken surfaces. The ends of the piece of cast bismuth from the
O-level crystals kit (item 3F) are very similar in appearance to the broken surfaces of the zinc.

The large crystal areas on galvanized steel may be shown, or recalled. Photographs of the
microscopic crystals in metals are to be found in the following:

Nuffield O-level Chemistry, The structure of substances. ‘ S

Moffatt, Pearsall, Wulff, The structure and properties of materials.

Scientific American book Materials.
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exit hole

specimen

incident beam

Figure 17
X-ray powder camera.

Film loops of X-ray powder photography

Turning back to X-rays, the third film in the series shows powdered sodium
chloride exposed to X-rays. The resulting jumble of tiny crystals will have a few
facing in the right direction to reflect at all possible angles, and a strip of film
wrapped round the specimen can catch and record the diffracted radiation.

Why are the ‘lines’ on the film curved? X-rays coming from the specimen at any
one angle to the incoming beam will lie on the surface of a cone, which cuts the
film in a curved line.

The film also shows the result of replacing the powdered crystal by a copper wire.
The result is a very similar-looking pattern. Students should have objected by now
that copper does not look crystalline, as large salt crystals do, having no regular
shape. Why should one suppose that copper atoms are arranged in regular patterns?

\
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Students” book

The X-ray powder photographs, figures 19 a and b, appear in question 20. Question 20 a uses the
sodium chloride photograph to practise measuring angles. Question 20 b obtains the size of a
copper atom by the argument opposite. The questions could be done at home, saving teaching time
for discussion. Question 21 is more general, suited to class discussion.

Many teachers will prefer to develop a class discussion around the slides, rather than to send
students away to work on their own.
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‘The existence of sharp X-ray diffraction lines is the evidence which decides the
point. The similarity between the patterns for powdered salt and copper suggests
that the copper crystals exist but are too small to see easily.

loriginal position of film (figure 16)

Y v
film partly unrolied

%:asured from end

incoming beam

Figure 18
Powder camera film partly unrolled.

: Ana’lysing the powder bhotographs: the size of a copper.atom

Figure 18 shows the film from figure 17, cut across the place where the X-rays left
the camera, and partly unrolled. Figure 19 a shows the unrolled film taken with
sodium chloride (slide 1.3). The line marked 2, now near the end of the
photograph, lies at a Bragg angle of 15.9°, the same angle as was found in the fitm
loop using a single crystal of sodium chloride and a Geiger counter; the X-ray
wavelengths were the same.

Figure 19 b shows the result for a copper wire. Lines 1, 2, and 3 will be found to lie
at angles to the original beam direction of nearly 44°, 50°, and 74°; two close
together and another further round. The Bragg angles are half these values.

‘The wavelength of the 3 cm radiation used in demonstration 1.4 depends on a
number of factors and will not always be the same. But for a typical value

(3.15%x 1072 m), the three angles measured in the earlier experiment with the

50 mm diameter balls are almost the same as those in the X-ray photograph, where
the wavelength was 0.154 nm. |f they are nearly the same, some student may
-suggest that copper atoms are packed in the same way as the ball model and that
‘the ratio of their diameters is equal to the ratio of the wavelengths. The atom'’s ,
diameter comes to 2.5x 10719 m. Others may be more cautious, for there have been
few stages in the argument with inescapable conclusions. But it may be pointed out
that X-ray analysis of a substance has often been started by thinking of a structure
which would give the scattering observed from that substance, and then )
supposing that the substance has that structure. More sophisticated methods are
now used, and the observations are more accurate and more complete than in the
case we have discussed, but the logic is not much more direct.
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Figure 19 m
a Sodium chloride powder photograph.
b Copper powder photograph.
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cm scale

specimen :
{powdered sodium chloride)

X-rays —->

wavelength = 0.154 nm
camera radius = 4.5¢cm
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cm scale

film

specimen
(copper wire)

wavelength = 0.154 nm
camera radius = 4.5 cm

X-rays —>
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Nuffield Advanced Chemistry

Topic 7 deals with the mole as the standard amount of substance. Top/c 3, which might come close
in time to the work of this Unit, mentions several ways of estimating the Avogadro constant (&) in an
" oil film experiment, (b) from the Faraday and the charge on an electron, (¢) from radioactive decay.
The idea of determining structures with X-rays and finding the constant that way comes later, |n
Topic 8. The treatment in Topic 8 is complementary to that suggested in this Unit, emphasmng
optical analogues rather than Bragg’'s Law.

Students” book

Questions 15 and 16 take students through the argument for the value of the Avogadro constant.
-They might replace classroom teaching.

|
1

40 Commentary



The Avogadro constant

Knowing the size of a copper atom, and the arrangement of the atoms, it is
possible to find the Avogadro constant: that is, the number of cobper atoms in.a
lump of copper of mass 63.6 g. Indeed, such calculations are at present the most
accurate method available for finding the Avogadro constant.

What is the volume of a mole of copper atoms? The density 8930 kg m~3 is
needed, giving a volume of 7.13x 1076 m3,

To work out how many copper atoms of diameter O will fit into that volume, think
about making a greengrocer’s stack of atoms (figure 6, demonstration 1.3) to build
a rectangular brick of copper of sides a, b, c.

: Figure 20 )
a One layer of atoms in a box.
b Four atoms in lower layer. }
¢ Atom in next layer is D/\/Z above lower layer. ;

A number of atoms a/D will fit into the length a, and a number 6/D into the width
b, so that a number ab/D? completes the layer of atoms in square alray with which
the stack starts (flgure 20 a).

Further layers are made of atoms nesting between four others in the layer below
(figure 20 b and c¢). The four supporting atoms form a square of side D, diagonal

D JZ, and an atom in the layer above spans this diagonal. Its centre lies a distance
D/\/2 above the centres of those below it. If the geometry seems hard, the factor
¢2 can be taken froml measurements made with the polystyrene spheres.
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Scaling the analogue experiment

Both copper and the crystal model have the same structure: face-centred cubic.

For reflections from, say, the hexagonally arranged layers of each:
S 2a’coppersm 0

microwaves and the model 1 . = 2d el
microwaves model

X-rays and copper A
sin 0

" 2 (@ AX-
The angles 0 will be the same if —copper— _ 2X-rays
model A microwaves

Because the structures are the same, thé ball and atom diameters D are in the same ratio as the
spacing d of corresponding kinds of layers.

Datom dcopper .
Dpail d model

The diameter found in this way is the diameter an atom would have if it were a hard ball touching
its neighbours.

Theory leading to Bragg’s Law 1 = 2d'sin 0

Students who have had enough could now pass to page 47, omitting Bragg’s Law. This Law will
be needed in the second year, for electron diffraction in Unit 10 Waves, particles, and atoms, and is
part of the complete course.

It could be postponed, either to the end of the course or to Unit 4, Waves and oscillations.

Figure 21
Scattering of almost parallel X-rays.
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The numbers of layers that can be fitted into the height c is thus ¢./2/D, and the
number of atoms that make up the brick of volume abc is abc/2/D3.

If the volume abc=7.13x1076 m3 mol ™~ ?, the volume of a mole of copper atoms,
then the number of atoms in one mole is:

U 13 R IIORCN D, al ~ 1
(—2-5_X1—01—0)3 6.4x10 mol~

This is fairly close to the accepted value of the Avogadro constant. A small error in
the diameter of the atom makes a big difference. A diameter 2.55x 10~ 1© m would
give nearly the accepted value of the Avogadro constant. i

Simple argument for scaling down the analogue experiment

Is the diffraction of X-rays by copper the same as that of microwaves by the crystal
model, only'smaller? Figure 15 (page 33) showed what might be happening.
Suppose figure 15 were on half the scale. The layer spacing would be half as
much; so would any path difference between layers. If the wavelength were half as
much, any path difference that was before equal to 4, or A/2, would still have that
value, as long as the angle stays the same (to keep angled path differences on the
same scale). So it seems fair to scale down the analogue experiment in the ratio of
the wavelengths.

The fourth film loop on X-ray diffraction shows how the X-ray wavelength could
have been measured. It shows X-rays diffracted at nearly grazing incidence by a
plane-ruled grating. The wavelength is 0.154 nm. ¢

Diffraction of X-rays

On the scale of individual layers of atoms, the X-ray source is enormously far away,
and so is the film. So a-simple theory treats the problem as one of parallel beams
reaching the layers of atoms (figure 21).
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Studenis” book

Question 22 gives the argument for the Bragg equation 4 = 2dsin 6 and asks for critical thinking
about it. See the alternative offered in Nuffield O-level Physics Teachers’ guide V, page 328.

Textbooks
These can also be used, now or later for revision. See:

Arons, Development of concepts of physics, page 826 (probably the best).
Baez, The new college physics, page 597. ;

Bennet, Electricity and modern physics, page 274.

Caro, McDonell, and Spi(;er, Modern physics, page 38.

PSSC Physics (2nd edition) page 631 develops the Law, but for neutrons diffracted from a crystal,
which might interest a very bright student.

Rogers, Physics for the inquiring mind, page 186.

References to these books appear in the answer to question 22.

Simplifying the Bragg theory

Figure 22 is deliberately drawn with fuzzy layers, to distract the student from the fact that a layer isa .
regular array of atoms. The theory offered is really a theory of demonstration 1.6, with tiles, rather

than of demonstration 1.4, with a regular structure of spheres, in which the scattering centres in a

layer are separated from each other by distances of the order of a wavelength.

A Bragg plane within a crystal, or a layer of regularly arranged spheres such as those from which the
crystal model was built will, on its own, act like a two-dimensional diffraction grating. There will
certainly be a zero order reflection obeying the usual law of reflection, but from one layer there can
be other directions in which there is an appreciable intensity, as with any diffraction grating in
reflection. However, when there are many layers, the only direction in which all layers contribute
amplitudes in step is the zero order direction obeying the usual law of reflection.

Whilst an occasional first-rate student might be enéouraged to think about these difficulties, most are
not likely to expect a difference between a layer of spheres and a flat tile, or to appreciate
arguments that their similarity might be in doubt, as was suggested on page 31.

Film loops

The Longman Loop ‘The diffraction of X-rays by a crystal’ and Ealing Scientific ‘Bragg reflection of
waves’ both show ripple tank analogues of Bragg reflection.

Either loop could be useful, though neither is essential. Demonstration of Bragg reflection in a ripple
tank is not easy, but can be achieved especially if Schlieren techniques are employed. Arranging such
a demonstration would be a task for a particularly skilled student who felt his or her abilities
under-employed at this stage. h
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Bragg’'s Law

: Demonstration 1.6 shows that one flat tile reflects some radiation at all angles
obeying the law of reflection. A stack of tiles reflects it at just one particular angle,
still obeying the usual reflection law. Demonstration 1.4 was similar, but the model
crystal seemed to have several sets of layers capable of producing a strong
reflection as in 1.6.

Figure 22 shows parallel radiation falling on a set of layers at a glancing angle 0,
reflected by each layer at this same angle. The radiation going via B travels an -
extra distance X B Y, or 2d sin 0, and that going via C the same extra distance ove
that via B. If 1=2d sin 0, the radiation from successive layers will be in step, and a
strong beam will emerge.

Suppose 0.9 A= 2d sin 6. The radiation from the sixth layer will be 4.5
wavelengths behind that from the first, giving zero resultant from these two. That
from the nth surface will destroy that from the (n—5)th surface throughout the
structure. If the radiation penetrates many layers, the reflected beam will be weak
except in one very particular direction, for which A=2d sin 6.
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Figure 22

Bragg theory of diffraction.
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The Avogadro constant and the wavelength of X-rays

Teachers may wish to note privately that the Avogadro constant calculation from the size of an atom
as determined by X-rays depends in the end on being able to measure the wavelength of the X-rays
with a grating. It is a difficult technique, but it has been done accurately, and so this method offers at
present the best determination of the Avogadro constant. Such is the curious interconnectedness of
physics, that counting atoms depends on making and using good diffraction gratings.

Instructions for making the sodium chloride model

See Appendix B for instructions for building the model shown in figure 25.

Reading !

The Scientific American offprint ‘X-ray crystallography’, by Sir Lawrence Bragg, is quite remarkably
apt at this point. It mentions the structure and X-ray diffraction of NaCl, and describes recent work in
molecular biology.

" Optional further work with sodium chloride

Teachers may like to consider salt further. The X-ray photograph, slide 1.3 (Students’ book,
figure 9) has a strong line at a Bragg angle of 15° 15’. The spacing d for this line comes to
2.8x1071° m, which happens to be the spacing between nearest sodium and chlorine ions.

Cleaving

Students can cleave salt crystals. The cleaving is best done with a sharp chisel, holding the crystal
in the angle of an L-shaped anvil. Suitable crystals can be bought from suppliers. The chisel or anvil
may rust if not cleaned after contact with salt.

The planes along which the crystal cleaves are related to the structure. The ions come apart along
planes which contain positive and negative ions in close contact (see figure 23).

BB, Qe03e

R ™ B%% Q

Figures 23 and 24
Cleavage plane of NaCl and slip plane of NaCl.

Slip

It is possible, but harder, to show that sodium chloride crystals will slip along certain planes. The
slip planes contain layers of ions of one kind facing ions of the other kind (figure 24), and it is
reasonable that a positive ion can slide round from the hollow between negative ions to the
next-door hollow. Compare the cleavage plane: to slip on this plane, each ion would have to move
against the strong repulsion.of an ion of the same sign.
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X-ray analysis of structures — an overall view

The use of X-rays to investigate the arrangement of atoms and molecules in
substances is nowadays widespread, as they are used by metallurgists, chemists,
biologists, and many others besides physicists. The information from X-ray
diffraction is used to make models or draw maps showing where the atoms are in a
structure or a molecule, and such models or maps may help to answer questions
about the behaviour of the materials concerned. ;

The story began with substances like salt, chosen by Sir Lawrence Bragg and his
father because they thought it would be easy to analyse. A model, figure 25, of :
the structure of sodium chloride can be shown with the explanation that structures
such as these can be worked out by methods similar to, but more detailed than
our sketchy treatment of copper.

The farge CI~ ions and the small Na™ ions can be indicated with the remark that _
later in the course (Unit 3) the forces that hold ions together like this will be
studied.

; Figure 25 :
Model of sodium chloride crystal.

4
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To show slip planes, a small cleaved specimen about 10x 4 x 2 mm is squeezed longways in a
suitable Bunsen clip or in a small vice (figure 26).

.
Slip lines can be.seen if the crystal is deformed between crossed polaroids, under the microscope.
Note that the crystals are hygroscopic, and should be handled with tweezers and stored in a
desiccator.

fOrCe s, A== force '

Figure 26
Slip lines in a crystal of NaCl. slip steps

The work of the crystallographer

This brief ‘lantern lecture” aims to give students a sense of the wide possibilities of work in this
area. It would be good if it aroused interest in the significant way in which the discovery of X-ray
analysis has changed physics and other subjects. Solids are now the subject of extensive study,
whilst they were almost a closed book fifty years ago. The most momentous consequences may yet
be in the future, for a knowledge of the structure of the chemicals which rule life itself will surely be
a potent force for good or evil. ]

The slides offered make one possible story: teachers can bring it up to date and add other material
in which they have a special interest.

. Slides
1.10 a metal alloy — X-ray diffraction
1.11 haemoglobin — X:/ray diffraction
1.12  structure of TIAIF,
" 1.13 structure of p-diphenylbenzene '
1.6 polythene (undrawn) — X-ray diffraction
1.7 polythene (drawn) — X-ray diffraction

1.15 lysozyme molecule

For fuller details, see list of slides, page 101.
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The work of the crystallographer

The argument about copper has given a glimpse of the work of the |
crystallographer. His task is to record and study diffraction patterns and to try to _
argue from them to the atomic arrangements which caused them. Some
diffraction patterns tell something of the inner regularity of structures even to the
untrained eye (slide 1.10), others show little or nothing except to the expert (slide
1.11). Each of these photographs shows large numbers of diffraction spots
" (maxima), each associated with some sets of planes satisfying Bragg's Law, and
each photograph shows only a small fraction of the spots which the complex
crystals involved can produce. The task of interpretation is usually difficult and often
impossible, but the need to know the atomic arrangements in metals, minerals,
organic and inorganic crystals, liquids, glasses, fibres, and the highly complex
molecules of living material has been a constant spur te extensive studies of
diffraction methods. y : .
Because they study the structures of all types of materials, crystallographers can be
found in the laboratories of physics, chemistry, geology, mineralogy, metallurgy,
fibre technology, biochemistry, or molecular biology. One might produce results like
an intricate array of tellurium, aluminium, and fluorine atoms (slide 1.12), another
will be interested in the atomic architecture of molecules which can be studied
when they pack together in crystals like p-diphenylbenzene (slide 1.13), and yet
another will study the irregular arrangements of atoms in liquids, glasses, or plastics
(slides 1.6, 1.7) where sharp spots or lines give way to fuzzy haloes.
The crowning achievement of this type of research has been the determination of
the structures of protein molecules. Each of these contains so many atoms that it is
very difficult to show a picture of the result at all! Slide 1.15 shows some of the
tangled molecular chain in the biologically important chemical lysozyme. Several
thousand diffraction spots were measured to obtain this result. X-ray studies have
helped to settle the structures of haemoglobin, of proteins, and of DNA and RNA,
the messengers of heredity.
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Talking abbut models

One aim of the course is for students to be able to argue about what it is to do physics. Models are
so widely used that we suggest an early, if light, introduction of this theme. It is not our aim to make
students learn, for later repetition, some one or other particular view. Our aim is that they should
discuss what doing scnence is like, and we suggest that teachers indicate that there is room for
debate. For this reason, most of the material opposite is in the form of questions. Larger questions
may arise. A mode! clearly does not-pretend to be certain, complete knowledge. Do scientists know
anything certainly and completely? Perhaps a student will think that mathematicians, at least, know
for sure. “Two plus two is always four.” A view they may not have met suggests that this is not a fact
at all, but a rule for making marks on paper in the game of arithmetic. Like the rule for moving
knights in chess, it could be followed or broken, but is not the kind of thing which is true or false.
Some students welcome a little philosophy, others have learned — wrongly we think — to despise it.
But it should 'be made clear to them that there are here no certainties, only debates which some
think deep and interesting and others think remote and useless.

'

Students’ bpok

.

See questions 14 and 23. Both are better suited to discussion than individual work.

Other references

See Dirac, ‘The evolution of the physicist’s picture of nature.” Here Dirac suggests that the best way
to get a true equation is to look for a beautiful equation, never minding the facts. See Watson,

The double helix, for a description of the conceiving of a model (of DNA), with only minimal access
to experimental facts.

Bronowski, The common sense of science, and Bondi, The Un/verse at large, also offer |deas about
the use of models in scientific inquiry.

See also Nuffield O-level Physics, Teachers” guide V, pages 81-3, and Teachers’ guide I/, page 281
Chapter 24 of Rogers, Physics for the inquiring mind, is good value.

. Thinking about scientific inquiry
We quote the following passage by Karl Popper. It appears in the Students” book as well.

/The way in which knowledge progresses, and especially our scientific knowledge, is by
unjustified (and unjustifiable) anticipations, by guesses, by tentative solutions to our

- problems, by conjectures. These conjectures are controlled by criticism; that is, by
attempted refutations, which include severely critical tests. They may survive these tests;
but they can never be paositively justified: they can neither be established as certainly true
nor even as “probable” (in the sense of the probability calculus). Criticism of our
conjectures is of decisive importance: by bringing out our mistakes it makes us
understand the difficulties of the problem which we are trying to solve. This is how we
become better acquainted with our problem, and able to propose more mature solutions:
the very refutation of a theory — that is, of any serious tentative solution to our problem —
is always a step forward that takes us nearer to the truth. And this is how we can learn
from our mistakes.

‘As we learn from our mistakes our knowledge grows, even though we may never know —
that is, know for certain. Since our knowledge can grow, there can be no reason here for
despair of reason. And since we can never know for certain, there can be no authority
here for any claim to authority, for conceit over our knowledge, or for smugness.”

From the preface by the author, K. R. Popper, to Conjectures and refutations (7963),
Routledge & Kegan Paul.

Preparation for students’ reports at the end of Part Three

Here, we shall suggest asking some students to collect and report information on such materials as
~ concrete, fibreglass, plywood, and toughened glass. They may also want to obtain or make s_amples
If the teacher chooses to do this, the work will need to be assigned at about this point.

\
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Models

Assemblies of glued-up polystyrene balls have been offered as, in some way,
‘good’ models of copper or sait. Obviously, copper atoms are not made of
polystyrene. What features of copper does the model represent well? What features
does it not represent? Some further questions may help:

Are copper atoms hard, rather fragile spheres?
Need copper atoms be spherical for the model to serve?
If copper atoms were stacked in a different pattern, would it still serve?

What about the electrons which conduct electricity in copper; are they
represented ?

The model has no missing spheres, but is it not likely that some atoms out
of 1023 or so in a lump of copper would be missing or misplaced?

For use in the microwave experiment, metal balls would be bad, as the
microwaves would not reach inside the structure appreciably. (Only the
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