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PREFACE TO THE FIRST EDITION

IT is now two years since Dr. Laue conceived the idea of
employing a crystal as a ' space diffraction grating' for
X-rays. The successful realisation of the idea by Messrs.
Friedrichn and Knipping has opened up a wide field of
research in which results of great interest and importance
have already been obtained. On the one hand the analysis
of X-rays which has been rendered possible has led to
remarkable conclusions concerning the atoms which emit
them under the proper stimulus, and has thrown an entirely
fresh light on problems of atomic structure. On the other
hand the architecture of crystals has been laid open to
examination ; crystallography is no longer obliged to build*
only on the external forms of crystals, but on the much
firmer basis of an exact knowledge of the arrangement of the
atomswithin. It seems possible also that the thermal move-
ments of the atoms in the crystal will be susceptible not only
of observation but even of exact measurement.

In order to grasp the meaning and progress of the new
science, it is necessary to have some knowledge both of
X-ray phenomena and of crystallography. As these branches
of science have never been linked together before, it is to be
expected that many who are interested in the new develop-
ment find themselves hampered by a tantalising ignorance
of one or other of the essential contributory subjects. In
this little book my son and | have first made an attempt to
set out the chief facts and principles relating to X-rays and
to crystals, so far as they are of importance to the main
subject. We have devoted the remaining and larger portion
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of the book to a brief history of the progress of the work,
and an account of the most important of the results which
have been obtained.

The book is necessarily an introduction rather than a
treatise. The subject istoo new and too unformed to justify
a more comprehensive treatment. We have tried to draw
its main outlines for the use of those who wish to understand
its general bearings, and we hope that our statement may
even be of some service to those who wish to make its
acquaintance practically and to share in the fascinating
research work which it offers. No doubt the latter will
consult also the original papers.

Considering the purpose which we have had in view we
have refrained from the discussion of a number of interesting
points of contact with other sciences and with older work,
such as for example the remarkable investigations of Pope
and Barlow. We have not even given a complete account
of all the experimental investigations that have been made
in connection with the subject itself, and have been content
with the merest allusion to the serious mathematical discus-
sions which it has received at several hands.

The publication of the book has been delayed by the diffi-
culties of these times, which have also hindered the con-
tinuance of some researches and the publication of others
that are almost or quite complete. A few results which
could not be included in the book itself are given in supple-
mentary notes at the end.

The same circumstances have left me to write this preface
alone. Probably, however, | should have demanded the
privilegein any case. | am anxiousto make one point clear,
viz., that my son is responsible for the ' reflection ' idea
which has made it possible to advance, as well as for much
the greater portion of the work of unravelling crystal struc-
ture to which the advance has led.

W. H. BRAGG.

January, 1915.



PREFACE TO THE FOURTH EDITION

WHEN this book was written, analysis of crystal structure
by means of X-rays was a new subject of which no connected
account was in existence. We had it in mind to describe
it in such away that anyone who was interested in the new
field which it opened up might become generally acquainted
with its methods. It seemed especially necessary to make
the attempt because, in the first place, the subject demanded
alittle knowledge of many subjects which were not usually
combined in any one person's acquaintance, and, in the
second, because the same catholicity promised a general
usefulness to many different sciences.

During the last eight years, the subject has been greatly
studied and widely extended. The treatises of Dauvillier,
Ewald and others are witness to the increase in the ground
that has been covered. A large book would be required to
treat, in any detail, of all the work that has been done and
of the new fields of research which have been opened up.

This new edition does not aim at being such a compre-
hensive treatise : we have thought it best to keep to our
original purpose. We have, of course, rewritten most of it,
in order that some account might be given of the develop-
ments that have been made, and of the position in which
the subject now stands. But we hope, as before, that the
main usefulness of the book will lie in giving to the students
of the different sciences a genera idea of methods that
bear upon a very wide range of enquiry. It was best, we
have thought, to sketch the main lines of advance and to
leave it to everyone interested in following up any special

vii
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point, to do so by the study of such researches as, dealt with
it more particularly.

It is curiously difficult, in writing of this subject, to
use words which remain suitable in face of a succession of
new researches.  For instance, on page 10 we have said that
" there can be no such thing as a surface reflexion of X-rays "
and on page 40 that " scattered radiation has the same wave
length as the original." The very recent work of A. H.
Compton, to which we have referred later in the book,
imposes a certain qualification on these phrases. We hope,
however, that on the whole we have given a reasonably
faithful sketch of the subject as it stands to-day.

In our description of the determination of crystal structure
we have often adopted a historical method. We have used
the original measurements when they might have been re-
placed by the more accurate determinations that are now
made easily. The accuracy of the earlier data was amply
sufficient for the purposes to which they were applied, and
it seemed better to leave them as they were. The results of
more exact measurements are given when required.

We would express our grateful thanks to many kind
helpers : to M. de Broglie, to Messrs. Debye and Scherrer,
and to Mr. Hull for the gift of photographs, to Dr. Hutchinson
for corrections of crystallographic references, to Mr. James
for preparing an index, to Mr. Buckley for help in writing
the appendix, and to many others.

W.H.B.
W.L.B.
December, 1923.

NOTE TO FIFTH EDITION

OPPORTUNITY has been taken of the necessity for a
further reprint to make afew corrections and to extendwith
the help of Mr. Astbury the bibliography at the end of the
volume.

March, 1925.
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CHAPTER |

INTRODUCTORY

FROM the year 1895, when Rontgen discovered the rays
which bear his name, to the year 1912, when v. Laue showed
that they could be diffracted by acrystalline structure, their
relation to other forms of radiation was the subject of the
keenest investigation. In many respects the rays re-
sembled light. They moved in straight lines and cast sharp
shadows, they traversed space without any obvious trans-
ference or intervention of matter, they acted on a photo-
graphic plate, excited certain materials to phosphorescence,
and could bring about the ionisation of a gas. In other
respects the rays seemed to differ from light. The mirrors,
prisms and lenses which deflected light had no such action
on X-rays; gratings as ordinarily constructed did not
diffract them ; neither double refraction, nor polarisation
was produced by the action of crystals. If the velocity of
X-rays could have been shown without question to have
been the same as that of light, it would have been a most
important piece of evidence. E. Marx of Leipzig devoted
the greatest skill and perseverance to the attempt to measure
the velocity, and claimed that he had overcome all the many
acute objections brought against his work. His resultsled
him to assert the equality of the velocities of the two kinds
of rays; but the difficulties of the experiment were so great
that hiswork did not bring universal conviction.
Undoubtedly the strongest evidence of the similarity of
nature of light and X-rays was supplied by the discovery of

a form of polarisation of the latter rays. Barkla showed
B.R. A
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that the X-rays issuing from a bulb and impinging upon
matter were less scattered by the matter in a direction
parallel to the stream of cathode rays in the bulb than in
directions at right angles to the stream. A pencil of rays
selected from the scattered radiation, though more difficult
to work with than primary rays, showed the same effect to
a much higher degree.

These facts were in accordance with the theory of the
electromagnetic origin of X-rays due to Schuster, Wiechert,
Stokes, J. J. Thomson, and others. Cathode particles, whose
flight was suddenly arrested by impact on the anti-cathode,
should send out ether pulses in which the vibrations would
tend to be parallel to the direction of the cathode-ray stream.
Such vibrations, impinging on matter and scattered thereby,
would give rise to less radiation in the direction of the
vibrations than in any other direction.

The strongest evidence against the similarity of nature
of light and X-rays arose from considerations of the trans-
ference of energy by means of the latter. Cathode rays
impinging on the anti-cathode gave rise to X-rays: it was
found that these in turn gave rise to cathode rays, i.e
swiftly moving electrons, when they encountered matter of
any kind. It was very remarkable that the speed of the
secondary electron which the X-ray produced was of the
same order as that of the primary electron which produced
the X-ray. That was so, no matter what the intensity of the
X-rays might be, nor how far from the bulb the production of
the secondary X -ray took place, nor what the nature of the
matter from which the secondary electron seemed to spring.

It seemed almost imperative that we should consider the
X-ray to have transferred so much energy from the one
electron to the other, and this involved the conception of
a 'quantum' of energy radiation travelling through space
without alteration of form or content. The idea was and
is quite foreign to orthodox conceptions of the transference
of radiation energy. No one has been able to suggest how
it isto be reconciled with the older hypotheses.
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It had, however, become increasingly clear, even prior
to v. Laue's discovery, that the phenomenon which appeared
so irreconcilable with light theory must in some way be
made to fit in. The ' photo-electric action' was found, on
closer investigation, to be of exactly the same kind as the
X-ray action which has just been described. The difficulty
in connection with the apparent transference of energy by
X-rays could not be avoided by asserting that X-rays and
light were of different nature, and were not to be compared
with each other.

The whole aspect of the problem was changed when
v. Laue showed that on the classical theory of electro-
magnetic radiation, acrystal should be ableto diffract X-rays,
certain subsidiary conditions being satisfied, and when his
forecast was verified by Friedrich and Knipping. We now
know that light and X-rays are identical in nature. The
identity is even closer than we had imagined because we are
precluded from ascribing differences in character to anything
else than mere differences in wave-length. The new know-
ledge narrows the question but broadens the field of its
application.

In the second place, we have a new and powerful method
of analysing a stream of X-radiation. We are placed in the
same position with regard to X-rays as we may conceive
ourselves to have been in the case of light if we had, up to
a certain time, been able to analyse light only by observing
the absorbing powers of various screens, and had then been
presented with a spectrometer.

Again, we have a new means of investigating the structure
of crystals. Instead of guessing the internal arrangement
of the atoms from the outward form assumed by the crystal,
we find ourselves able to measure the actual distances from
atom to atom. In doing so we seem certain to acquire,
indeed we have already acquired, knowledge of great im-
portance to all the sciences and to their applications.

Dr. v. Laue's proposal was based on a brilliant extra-
polation. A large proportion of our knowledge of the
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phenomena of light is derived from investigations suggested
by the undulatory theory. Our most useful instrument is
the spectrometer, and especially that form of it which makes
use of the diffraction grating. The essential feature of the
use of the grating is the absolute measurement of the wave-
length which it renders possible. The grating consists, as
iswell-known, of an arrangement of parallel and equidistant
straight lines ruled in great numbers on a glass or metal
surface. The spacing of the lines must in practice be of the
same order as the wave-length to be measured. Sodium
light, which has awave-length of .0000589 cm., is diffracted
through about 24° by a grating which has 7000 lines to the
centimetre, i.e. a spacing of .000143 cm.

On various grounds it had been known for some time that
the length of the X-ray wave, if there were such a thing,
should be about 10® cm. or 10° cm., i.e. about ten thousand
times smaller than the wave-length of sodium light. To
construct agrating of appropriate spacings was unthinkable,
because the spacings would need to be of the order of the
distances between the molecules of a solid.

v. Laue conceived the idea of using the ordered arrange-
ments of atoms or moleculesin acrystal as aproper ' grating’
for the investigation of X-rays. The spacings of the atoms
or molecules were of the right order of magnitude. The
diffraction problem was not so simple as in the case of the
grating, because the regularity of arrangement of the atoms
of the crystal extended over three dimensions instead of
one. V. Lauewas, nevertheless, successful in his attack upon
the mathematical side of the problem. He showed that if
apencil of X-rays was made to traverse a crystal, diffracted
pencils would be formed, arranged about the primary beam
in aregular pattern according to laws which he formulated.
A photographic plate placed perpendicular to the primary
rays and behind the crystal would show a strong central
spot where the primary rays struck it, and other spots
arranged in regular fashion round the central spot in the
places struck by the diffracted pencils. The experiment
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was carried out by Messrs. Friedrich and Knipping in the
spring of 1912, and was immediately successful.  Since then
the authors have pursued their investigations vigorously,
and their diagrams have attained the most admirable clear-
ness. Examples are given in Plate |. The beautiful
geometrical arrangement of the pattern isin reality a mani-
festation of the regularity of crystal structure.

We shall not discuss the mathematical investigation of
the theory of the space-grating.  Experience has shown that
there is an exceedingly simple method of attacking the
question which differs in form, though of necessity not in
essence, from the original method of v. Laue. The newer
method leads also to a simple and useful mode of experi-
mental procedure. It will be convenient to follow it for the
present.



CHAPTER II

DIFFRACTION OF WAVES

WHEN X-rays are scattered by an amorphous body, the
scattering takes place in a continuous manner all round the
body. In the case of the photographs obtained by Laue,
however, by far the greater part of the scattering takes place
in certain directions only, and the scattered rays are grouped
into separate pencils which leave their impression on the
photographic plate in a series of isolated spots as shown in
Plate I. The arrangement of these spots shows, both by
its regularity and by the form which the regularity takes,
that the effect is intimately connected with the crystal
structure. It must be connected, moreover, with the funda-
mental pattern of the structure, and not with any accidental
consequences of the crystal growth. For example, in the
first case the crystal of Nickel sulphate is so oriented that the
X-ray beam falling on it is parallel to a two-fold symmetry
axis of the crystal structure, and the corresponding photo-
graph shows this two-fold symmetry in the arrangement of
the spots on the pattern. In the second case, the incident
beam is parallel to the six-fold axis of symmetry of the
hexagonal Beryl crystal, and the pattern has the same six-
fold symmetry, slightly distorted owing to a small error in
the orientation of the crystal slip. It is natural to suppose
that the Laue pattern owes its origin to the interference of
waves diffracted at a number of centres which are closely
connected with the atoms or molecules of which the crystal
is built, and are therefore arranged according to the same
plan. The crystal is, in fact, acting as a diffraction grating.
6
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DIFFRACTION OF WAVES 7

The diffraction of waves by such a grating is a more
complex effect than the diffraction of waves by the ordinary
line grating, such as is used in spectroscopy. The latter
owes its power of analysing a complex beam of light into its
component wave-trains to the system of parallel lines which
are ruled upon its surface at exactly equal intervals, many
thousands going to the inch. When a train of waves fals
on the system, each line acts as a fresh centre from which a
diffracted train of waves spreads out, and it is the inter-
action of the similar wave trains from all the lines which
gives rise to the diffraction effects. This type of grating is
the simplest possible, for it consists of a single series of lines
repeated one after the other in a plane. A crystal, on
account of its regular structure, also forms a grating, but
one of a more complicated type. A molecule, or a small
group of molecules, forms the unit of the crystal pattern, and
this unit is repeated throughout the whole volume. The
line grating has regularity in one dimension only, whereas
in the crystal the pattern is repeated regularly in all three
dimensions in space. The waves of very short wave-length
fall on the grating, and from each element, consisting of the
unit of pattern as described above, an identical train of
waves is diffracted, the interference of these trains giving
rise to the diffraction effects.

In his original paper on the newly discovered effect, Laue
obtained a mathematical expression which gave the intensity
at all points due to the diffraction of waves of known wave-
length incident on a set of particles arranged on a space
lattice. A study of this expression showed that the spots
on his photographs were in positions agreeing with the
supposition that they were due to diffraction, and so proved
the all-important nature of the new discovery. Treated in
the direct manner, the analysis is somewliat complex, and
in order to simplify the conception of the effect it will be
viewed in what follows from a different standpoint. Both
ways of attacking the problem lead to the same con-
clusions.
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Let us suppose that we have a series of particles which all
lie in one plane, these particles representing the atoms or
other units which scatter the waves. When a pulse passes
over these atoms, each emits a diffracted pulse which spreads
spherically around it. Fig. 1 illustrates the result of the
passage of the pulse PP over the atoms in the plane A A.
The circles represent the pulses sent out by atoms in the
plane. It is clear that all the diffracted wavelets touch a
reflected wave front P'P'; in fact we have only repeated

FIG. I.

Huygens' construction for the wave front reflected from a
plane surface. It does not matter how the particles are
arranged on the plane AA, as long as they lie exactly on
that plane.

Thus, when the pulse passees over a st of particles
which lie in a plane, the diffracted pulges combine to form
a wave front which obeys the laws of reflection from the
plane.

Turning now to the crystal, it is evident that its atoms
may be considered as arranged in planes in an infinite
number of ways. Fig. 2 represents a crystal, everything
being drawn in two dimensions as in the last figure. It is
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the natural arrangement of the particles in planes which
gives rise to the plane faces of crystals, just as the form of
the crystal in Fig. 2 is a polygon bounded by straight lines.
It has been seen that, if a wave passes over the crystal, all
the particles in any plane combine to reflect it with respect
to that plane. Therefore, if we choose any one way of
arranging the crystal particles in planes, corresponding to
the linespp in Fig. 2, and then find the direction in which
a wave would be reflected by these parallel planes, this

P FiG. 2,

direction will be one in which to expect an interference
maximum. There are an infinite number of ways of
choosing such planes, but the most effective planes are those
which are most thickly studded with particles, and which
have correspondingly a wide spacing between successve
planes, Study of crystal forms has shown that the natural
faces which crystals exhibit can be explained as being on
the whole those of a simple type, on which the particles are
distributed with the greatest density. Therefore one might
say, to sum up, that when a pulse passes over the crystal its
scattered energy is concentrated into definite beams, and
that these beams may be regarded as faint reflections of the
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pulse on planes parallel to possible faces in the interior of
the crystal.

The reflection does not depend upon the existence of any
polished surface on the outside of the crystal, it depends upon
an arrangement of planes within. It is this difference
between what is here called the 'reflection' and the true
reflection of ordinary light on surfaces which may make the
analogy somewhat puzzling. When we talk of the X-rays
being reflected by the crystal, it must be borne in mind that
the term is only used in order to simplify the conception of
the effect. There can be no such thing as a surface reflection
of X-rays. The surface reflection of light is an effect con-
cerned with the external form of the reflecting body alone.
Aslong asthe reflecting filmis more than a few wave-lengths
thick the full reflection is obtained. But when X-rays fall
on acrystal face, the first few layers of atoms cannot diffract
an appreciable proportion of the rays, for experiment shows
that the rays must pass through some millions of layers
before the X-ray beam is appreciably absorbed. Reflection
takes place on all the layers, the only limitation being that
if alayer is too deep within the body of the crystal, the
absorption by the superincumbent layers reduces its contri-
bution to an amount that is negligible. To the com-
paratively long waves of light the atomic structure is so
fine grained that the medium is practically continuous.
The X-rays are so short, on the other hand, that a crystal
is to them a series of widely separated and regularly arranged
particles, each of which diffracts a very small proportion of
their energy.

If the waves may be regarded as reflected in the crystal
planes, this idea should be capable of explaining the Laue
photographs. When Laue employed zincblende to obtain
his original photographs, the exact arrangement of the
atoms in the crystal was unknown. However, the fact that
zincblende crystals belong to the cubic system makes it
possible to determine the orientation of the planes with
respect to the incident X-ray pencil, and so to find the
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directions of the reflected beams. A comparison shows
that the spots in Laue's diffraction pattern for zincblende
can be regarded very simply as the partial reflection of
the incident beam by the principal planes of the crystal
structure.

L et us suppose that we have a crystal with a large natural
face on it, one of its important faces. From what has been
said of the crystal structure in connection with Fig. 2, itis
clear that this implies a possible arrangement of the particles
in a series of planes parallel to this face. Therefore, as a
pulse falls on this face, it will appear to be reflected from the
face itself, though it is not at the face, but inside the crystal,
that reflection is occurring. Yet, since the rays do not
usually penetrate more than a millimetre in depth into the
crystal, and often much less than a millimetre, it is only a
thin layer parallel to the face which is engaged in the reflec-
tion. In future we shall, for brevity, describe a reflection
of this kind as reflection by the face.

So far we have considered the reflection of a single pulse.
We may now proceed to consider the reflection of a regular
train of waves. Each plane reflects the wave train as a
wave train, but when the reflected trains are in the same
phase, that is to say, are so arranged that they fit on to each
other exactly, crest to crest, and hollow to hollow, the
reflected energy is far greater than if this condition is im-
perfectly fulfilled, even if the want of fit is exceedingly
small.

Let the crystal structure be represented in Fig. 3 by the
series of planes, p, p, p, d being their common distance apart
or 'spacing.” A, A; A, A ... compose a train of advancing
waves of wave length X. Consider those waves which, after
reflection, join in moving along BC, and compare the
distances which they must travel from some line such as
A A" before they reach the point C. The routes by which
they travel are ABC, A'B'C, A"B"C and so on. Draw BN
perpendicular to A'B'. Produce AB' to D, where D is the
image of B in the plane through B'. Since B'B=BD, and
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A'N—AB, the difference between A'BC and ABC is equal
to ND, that is to 2d sin d. Similarly A"B"C is greater than
A'B'C by the same distance, and so on.

If DN is equal to the length of the wave, or is any whole
multiple of that length, all the wave trains reflected by the
planes p, p, p, are in the same phase and their amplitudes
are added together. If DN differs but slightly from the
wave length, say by a thousandth part, the many thousand
reflections bear all sorts of phase relations with each other,
and the resultant amplitude is practically zero. When,

PP

&~ D

4" é \ P
— g
»

- T B

therefore, a monochromatic wave train is allowed to strike
the face of the crystal, it is only when the glancing angle has
certain values that reflection takes place. These values are
given by
A=2d sin 6,,
2A=2d sin §,,

3A=2d sin 8, etc.

The reflection at the angle O, is called the reflection of the
first order, that at the angle ©, reflection of the second order,
and so on.*

If the crystal is slowly turned round in such a way that
the glancing angle steadily increases, in general there is no

* By analogy with the spectra given by a line grating, these reflections
are often called ist, 2nd, and 3rd spectra.
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reflected beam. But as the angle assumes the values
©, O, O, there is a reflection of the rays. Passing now to
another face of the crystal, which has a different spacing, d/,
the monochromatic rays will only be reflected when

A=2d’sin@,’,
2A=2d4'sin 0y, etc.

If, therefore, we measure the angles ©, ©, ©, at which
reflection occurs, it gives us a relation between A, the wave
length and d, the constant of the grating. By employing
the same crystal face, the wave lengths of different mono-
chromatic vibrations can be compared. By using the same
wave length, the distance d can be compared for different
crystals and different faces of the same crystal.

In this way we may, on the one hand, investigate the
structure of crystals, and on the other hand analyse a beam
of X-rays. An instrument which detects and measures the
reflection from a crystal face may be called an X-ray spectro-
meter. The next chapter will be devoted to a description of
such instruments ; we are here concerned merely with the
theoretical explanation of the reflection. In order, however,
to gain some idea of the dimensions of the quantities involved,
we may assume some of the results obtained with the spectro-
meter, and take as an example the reflection of palladium
rays (i.e. the rays emitted by a palladium anticathode) by
rock-salt. It will be proved later that the planes parallel
to the face of a cube of rock-salt are equally spaced at
intervals 2.81 x10° centimetres. When the palladium rays
are reflected from such a face there is a series of angles
(5°59', 12° 3, 18° 14' ... , in a certain experiment), at which
the reflection is exceptionally strong. It is clear that a
monochromatic radiation is diffracted as 1st, 2nd, and 3rd
spectra at these angles, for the sines of these angles are in
the ratio 1:2:3. The wave length being given by the
equation #d=2dsinf, we have therefore, considering the

first spectrum only,
A=2 x2.8T x 10~%sin 5° 59" =.586 x 10~? centimetres.
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It is important to notice the relative magnitude of the
grating constant d and the wave length 4. If the spacing
d is less than one half the wave length, no value of d will
satisfy the equation A=2dsin6. In the case we have con-
sidered, there is a wide margin. The value of the spacing
is some five times larger than the wave length. The planes
we have chosen are densely packed with atoms, and the
spacing between them is large. As one proceeds, however,
to consider the reflection from more complex planes of the
structure, the spacing becomes smaller and smaller until
finaly d is so small that it is impossible to find an angle
which satisfies the condition for reflection. The conditions
under which the reflection of monochromatic X-rays can
take place are therefore very restricted indeed. Reflection
is possible only when the spacing of the planes is large
enough, and when the planes are inclined at exactly the
right angle to the primary beam. It is because we are
dealing with the complicated case of a three dimensional
grating that all these conditions must be satisfied in order
to obtain a ' spectrum ' of monochromatic waves.

We may now sum up the analysis which has been made.
When a pulse passes over the crystal it will be more or less
strongly reflected by all the sets of planes on which the
crystal particles can be pictured as arranged. Its scattered
energy will be concentrated in the specia directions which
correspond. If a series of pulses falls on the crystal this
will be true for each of them, so that on the whole the
X-rays, if of this nature, will be diffracted along the ' reflec-
tion' directions. The series of pulses may be regarded as
radiation composed of trains of all wave lengths over a
certain range, just as a hot body gives off light which forms
a continuous spectrum. However the crystal is oriented,
the ' white ' radiation is reflected as a number of fine pencils.
A crystal in one fixed position can reflect rays in many
directions, because the reflection is not a surface effect, but
takes place throughout the whole body of the crystal. The
rays forming each diffracted pencil will no longer contain all
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wave lengths, but will consist only of those wave lengths
which satisfy the relation for reflection. The crystal selects
for reflection certain components of the general radiation.
When the light falling on the crystal is monochromatic,
the effect is more restricted.  For each set of planes it is now
only at certain definite angles that reflection can take place
at all, these being determined by the equation #i=2d sin 8.
It is this extra condition which distinguishes the crystal
grating from the ordinary line grating. The latter, at what-
ever angle theincident rays fall onit, gives a series of spectra.
The crystal must be held at exactly the right angle, and even
then can only give a spectrum of one order at atime. The
reflection of the monochromatic vibration in this way gives
more information about the crystal structure than the
reflection of the white radiation. By observing the angles
of reflection, we get arelation between A and d, and by doing
this for various faces of a crystal we gain an important
insight into its structure. It isin this way that it has been
possible to determine the absolute wave lengths of various

types of X-radiation and the arrangement of the atoms in
crystals.



CHAPTERI I

THE X-RAY SPECTROMETER

THE X-ray spectrometer is an instrument designed to make
use of the reflection principle which we have just discussed.
Plate I I . shows the instrument as first constructed, and
will still serve toillustrate the essential principles.

The X-ray bulb is completely enclosed in a wooden box
coated with lead, only one side of the box being shown.
Good screening is, of course, an absolute necessity, for the
sake not only of the experiment but also of the operator.
We have used a thickness of 2 mm. over the whole box and
a special shield of 5 mm. in places where the direct rays
might do harm. With anticathodes of rhodium, palladium
or molybdenum, and with applied potentials of 30,000 to
50,000 volts, this amount of protection seemsto be sufficient;
but it would be much too little if very high potentials were
employed. The bulb shown in Fig. 4 is now generally
replaced by a Coolidge tube of special form, in which aheavy
molybdenum block is shaped so as to present a target nearly
at right angles to the incident cathode rays. The wave
length of MoK, is .712 A.u., asize which is convenient for
most crystal measurements, because the angles at which
this ray is reflected by spacings of common occurrence are
of the right size for measurement. The angles of reflection
of shorter waves are too small, either for accuracy or for
convenience, and longer waves are too much absorbed by
the materials they must traverse. When, however, the
crystal does not contain heavy atoms, and when as in
organic substances the spacings may be 10 A.u., and more,

16
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alonger wave, such as that of CuK,, 1.54 A.u. (seep. 57), is
often more convenient. One or other of the slits at A and B
may be used to define the pencil of rays, and both assist in
intercepting stray radiation. When the latter slit is used

FIG. 4.

to define the rays it is generally placed as near the crystal
as possible, and is for that reason mounted on a slider. The
crystal C—in the figure, a very large crystal of rock-salt—
is mounted on a revolving table carrying an arm, at the
end of which is a vernier working in conjunction with a
graduated circle.  On the table various crystal holders can
be placed, each furnished with three supports: two of the

latter rest in a groove which runs round the crystal table,
B.R. B
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the third rests on the table surface. In this way a holder
can be removed and so replaced that, when the table is
turned, the crystal revolves about the same axis as before.
At the same time the crystal and its holder can be turned
on the crystal table, so that a plane or planes can be brought
into any desired angular position with respect to the vernier
arm. This is a convenient arrangement when it is desired
to measure the angle between a pair of reflecting planes and
the vernier is not to be put into some position where it is
awkward toreadit.

The reflected pencil of X-rays passes into an ionisation
chamber mounted so as to be capable of revolving about the
same vertical axis as the crystal chamber. An adjustable
glit D stands in front of the ionisation chamber. The
chamber consists of a closed lead cylinder 15 cm. long and
5 cm. in diameter. A hole in the centre of the lead plate at
one end is covered by athin sheet of aluminium which trans-
mits the reflected rays without much loss. The opening is
large enough to take in a pencil 1 cm. wide; but the width
can be limited to very small dimensions by the slit at D.

The chamber isfilled with agaswhich absorbsthe X-rays
strongly, and so yields a large ionisation current. In the
earliest experiments SO, was used, but methyl bromide is
better for Mo, Rh or Pd rays. The chamber isinsulated and
raised to a high potential by a battery of storage cells. An
electrode is mounted in the cylinder, just out of the way of
the stream of rays that entersit, and is connected through a
mounting in an amber plug with afinewire leading to some
form of electroscope. We have used the Wilson tilted
electroscope and aso the string electrometer of Edelmann,
and found both satisfactory.

The wire is connected to the electroscope at a point
immediately below and on the continuation of the axis of
the instrument. The photograph will make this clear. The
object of this arrangement is to make it possible to turn the
ionisation chamber about the axis without straining the
connection with the electroscope. The connecting wire of
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X-RAY SPECTROMETER.

LLL, Lead box. V, Vernier of crystal table.

A, B, D, Slits. V, Vernier of ionisation chamber.
C, Crystal. K, Earthing key.

/, lonisation chamber. £, Electroscope.

M, Microscope.

Facing page 18,
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the electroscope is electrically shielded by stout metal casings
which are earthed.

The arm of the chamber also carries avernier which works
on the same scale as that of the revolving table.

The mode of using the spectrometer for crystal analysis
depends upon the nature of the crystal and upon the infor-
mation that isrequired. In general we require measurements
of the angles at which the principal planes of the crystal
reflect the monochromatic X-ray ; and also of the angles
which these planes make with one another. We may also
require to know the relative intensities of the different orders
of reflection by any plane.

The resolving power of the spectrometer increases rapidly
asthereflecting angle approaches 90° ; for, since #d =24 sin 8,

@0 _n sec 0
di 2d ’
The curve in Fig. 5 shows the result of observations of the

lines Ka; and Ka, in the rhodium spectrum of the fourth

' 36° oy ' o0, 37°
Ka; & Ka, of Rhodium in diamond: 4™ order

FIG.5.
(Proceedings of the Physical Society of London, 1920.)

T T

order, diamond being the crystal employed. The angles of
reflection, which are the angular settings of the crystal table
are plotted as abscissae : the two lines lie between 36° and
37°. Any error of scale zero is eliminated by making a
corresponding set of observations on the negative side. The
wave lengths of thelines are .6163 A.U. and .6121, so that the
separation in the figure is due to a difference of .0042 A.u.
only.

When a substance can be obtained in the form of a single
crystal, weighing a few milligrammes and not too much
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extended in any one direction, the procedure is very simple
and convenient. The crystal is mounted on a stand re-
sembling part of the equipment of a goniometer ; such a
stand is illustrated in Fig. 6. All dlits are opened wide :
the crystal itself is an effective slit since its dimensions limit

Diam.6¢cms————

Fic. 6.

The crystal at C, which is generally quite small, is attached by a
small pellet of wax to a holder Hwhich can be turned on its own axis.

The figure shows how the crystal on the holder can be rocked in
two directions at right angles to one another. The whole apparatus
as shown stands on the crystal table of the spectrometer.

the pencil of X-rays very narrowly. The crystal is so placed
that an important zonal axis is vertical. If faces can be
seen on the crystal this is readily done by eye with sufficient
preliminary accuracy ; exact adjustment can, if required, be
made by means of the X-ray measurements. If only one
good face is visible, and this face is placed in the vertical
plane, it is generally eassy to find a zonal axis by searching
for reflections from some plane other than that which is
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visible : the intersection of the two planes is an axis.
Reflecting angles often have values lying between 3° and
6°; if the ionisation chamber is set with wide open slit at
successively 6°, 8°, 10°, 12°, or thereabouts, the crystal table
may then be turned gently round over as wide a range as is
convenient, in the hope that a reflection will suddenly flash
out. If this happens, a zonal axis has been found, and the
road is plain. If no reflection is found, the crystal is turned
a few degrees in the plane of the visible face, and the search
is renewed. A few minutes generally bring success. If the
crystal has no visible face, the groping takes somewhat
longer.

When a zonal axis has been found, the crystal is adjusted
until the axis is vertical within one or two degrees. This is
done by turning the crystal in the plane of the visible face,
and observing the extreme positions at which the reflection
fails to enter the ionisation chamber. The crystal is then
set in the mean position.

The reflecting planes belonging to the zone are then
examined in turn. Each plane is made to reflect, first to the
right, then to the left ; and measurement is made of that
angular setting of the crystal table which in each case gives
the maximum reflection. From the two maximum readings
are at once found the glancing angle and the orientation
of the reflecting plane with respect to the crystal table. A
second plane being similarly examined, the positions of all
the other reflecting planes belonging to the same zone can
be calculated as well as their spacings ; and the reflections
can be looked for in their proper places. If, for instance,
it is found that two reflecting planes having spacings a and
¢ respectively, make an angle ® with each other, a figure
can be drawn to represent these facts. All the points ABC...
which lie at the intersections of the two sets of parallels
(Fig. 7), may or may not represent points in the funda-
mental lattice of the figure ; it may be that only some of
them do so, as for example B, F, H, D. The point is settled
at once by examining the spacings of other planes such as
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those parallel to BF, BJ, BG, or BD. The figure gives
information as to how the crystal table is to be s&t to find
the corresponding reflections, and suggests values for the
spacings which are either equal to, or some very simple
multiple or submultiple of, the actual values.

G H J

FIG. 7.

When a sufficient examination has been made in this way
of the planes belonging to a zonal axis lying in the crystal
face that has been placed vertical, a second zonal axis may
be looked for in the same face. The examination of two
zones gives the space lattice of the crystal. The most
important face of the crystal naturally contains the most
important zonal axes; and in general all the planes from
which reflections can be obtained belong to one or other of a
very small number of zonal systems, whose axes lie in an
important face. For instance, nearly all the planes in
diamond which give reflections of a wave greater than half
an Angstrom unit belong to one zonal system ; its axisjoins
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any atom in the tetrahedral plane to its nearest neighbour
in that plane (s p. 100).

This method of examining a crystal is more direct than
any other. For the essential subject of measurement of
the spectrometer is the angle of reflection ; and it is here
determined directly by the angular setting of the crystal
table. The angular setting of the ionisation chamber is
only a secondary consideration, and does not enter into the
calculations. There are no measurements of length to be
made. The crystal is assumed, of course, to be so small
that the portions of it which are concerned in the two
reflections, right and left, are essentially the same. A very
high standard of accuracy is obtainable; measurements
can be made with at least as much precision as in any other
X-ray determination; and in wave-length measurements
which have been carried out with great care errors have
been limited to a few seconds of arc in many degrees.  Such
a standard of accuracy is not generally required in crystal
determinations : it is enough to be able to distinguish from
one another spacings which differ by one or two per cent.,
S0 as to be able to recognise the similarity, or the reverse, of
two planes occurring in different parts of the crystal.

When a crystal is in the form of a thin flake or needle,
as is so often the case with organic substances, it may be
necessary to use one of the slits in order to limit the pencil
of reflected X-rays. The B slit isconvenient for the purpose,
and may be pushed up towards the crystal. Otherwise, the
procedure is as before. A crystal of this kind which shows
principal faces or axes prominently may conveniently be
attached to a circular celluloid disc asin Fig. 8, the latter
being simply mounted so as to be capable of revolution only
inits own plane.

The method which has just been described fails when the
substance under examination cannot be obtained in the form
of crystals of sufficient size. This is the case with a very
large number of crystalline substances; and it is clearly of
great importance that they should be brought within the
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range of X-ray analysis. It has been shown independently
by Debye* and by Hull T that a crystalline substance
when reduced to the form of a fine powder can be examined

Diam 6 cms——>

FIG. 8

with satisfactory results. Their work is described later in
this book (Chap. X.) ; and some of their records, which are
always photographic, are reproduced (Plates V. and V1.).

A simple variation of their method has been found to
give good results with the ionisation spectrometer. The
substance is mounted on the crystal table in the form of a
flat plate replacing the crystal of Fig. 4: the disposition
is shown in Fig. 9. The plate may be prepared, if neces
sary, by grinding down the material, and pasting it, using a
little adhesive, upon a sheet of glass or other material which
has no obvious crystalline structure of its own.

*Debye and Scherrer, Kgl. Ges. d. Wiss. Gottingen; Dec. 1915.
Phys.-Zeit, July 1, 1916, p. 277.

T Hull, Phys. Rev, Jan. 1917, p. 84. Paper read before American
Physical Society, Oct. 1916.



THE X-RAY SPECTROMETER 25

Rays proceeding from the source 5 and incident on the
plate at A are sure to find close to the surface some crystals
so oriented as to reflect into the ionisation chamber through

the slit at C, provided that the angle
SAC is the supplement of twice the
glancing angle appropriate to the
wave length of the rays and some
spacing of the crystal. If the face
of the plate AB is parallel to SC, S
and C being equally distant from the
mean position on the face AB, rays
of the same wave length, proceeding
in the direction SB, will aso be
reflected to C, since an angle such as
SAC changes very little as the point
of reflection moves over the plate
from A to B. If, then, the angular
setting of the ionisation chamber be
progressively altered, and the crystal
table be turned so as to follow at
half the rate of movement of the
chamber, a spectrum is mapped out
which shows all the glancing angles
at which each set of monochromatic
X-rays is reflected by the various
crystal planes. The special form of
X-ray bulb described on p. 33 is
very well adapted to this method of
measurement because the slit at S
Fig. 9, which may be considered to
be the effective source of the rays,
can be brought close to the actu