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Introduction

Following the discovery of X-rays by Wilhelm Roentgen in 1895, a key
question that needed to be answered was whether these rays were made up of corpus-
cles or of waves. Despite many attempts to resolve this, it remained unsolved until the
spring of 1912. Some experiments, such as the Wilson cloud chamber studies, indicat-
ed a particulate nature. On the other hand, a slight spreading of the X-ray beam, when
it was passed through a narrow slit, suggested diffraction, which would imply waves.
Based on a conversation with a postgraduate student, Paul Ewald in Munich, Max
Laue$ proposed an experiment to show that, if they were wave-like, X-rays should be
diffracted by a crystal. The then head of the institute, Arnold Sommerfeld, was
reluctant to allow any time to be spent pursuing such an idea, arguing, according to
many accounts, that any diffraction effects would be eliminated by the thermal motion
of the atoms in the crystal*. Nonetheless, it seems that Laue got Paul Knipping and
Walter Friedrich to try out the experiment  in April  1912, and after several thwarted
attempts they obtained spots on a photographic plate when a beam of X-rays was incident
on a crystal of copper sulfate.  Subsequently they obtained even better photographs with
ZnS and diamond. This demonstrated, for the first time, that X-rays can be diffracted by
crystals, a sign that they should therefore be treated as waves, and this work was
published in June and July of that year. Laue subsequently received the Nobel Prize for
this momentous discovery in 1914, although it is interesting to note that it was not
awarded to Friedrich and Knipping. However, despite the fact that Laue had derived the
correct diffraction equations, he was unable to account for the exact arrangement of the
spots, mainly because he made a number of incorrect assumptions about the diffraction
process and the structures of crystals.

Working in Leeds around that time, William Henry Bragg (hereafter WHB)
was convinced that X-rays were particle-like in nature, and so, with his son William
Lawrence Bragg (hereafter WLB), set about showing how Laue’s patterns could be
explained by channelling of particles through ‘avenues’ within the crystals. However,
WLB became convinced that the correct explanation was actually one in which X-rays
consisted of waves rather than particles. On November 11th 1912 J.J. Thomson
presented WLB’s paper on this to the Cambridge Philosophical Society. Shortly
thereafter WHB realised the importance of WLB’s insight and WLB recognised the

$ In June 1913 Laue’s father was enobled and thenceforth the name became von Laue.
* This story about thermal motion has been disputed. It has been proposed that it is more
likely that Sommerfeld was opposed to the experiment, because he would have known that
Laue was mistaken in his thinking that interference could arise from secondary X-rays
emanating from atoms within the crystal. See  M. Eckert, Acta Cryst., A30, 30-39 (2012).



value of WHB’s new X-ray spectrometer (first reported Jan 23rd, Nature, 1913),
and father and son then collaborated to found the new field. (Note that it was not
until 1924 that de Broglie proposed the idea of wave-particle duality, and so in a
sense WHB was ahead of his time in his original belief in the corpuscular nature
of X-rays).

WLB’s paper subsequently appeared in print in February 1913**. The
importance of this work cannot be overstated, for it heralded a revolution in the
scientific understanding of crystals and their atomic arrangements. This discovery led
to many of the most important scientific achievements of the last century, and these
continue to the present day. This paper was the beginning of the field of X-ray
crystallography, a subject that has enabled us to establish the complete structures of
crystals, starting from the very simple to the most complex materials, such as
proteins, viruses and the molecule that forms the very essence of life, namely DNA.

Around 20 or so Nobel Prizes have been awarded for research that has used
the ideas described in this paper. Modern genetics, medicine and the study of
materials owe an incalculable debt to WLB, who at the astonishingly young age
of 22, made a discovery that has changed our understanding of the world around
us. Both father and son shared the 1915 Nobel Prize for their work, with WLB
remaining to the present day the youngest Nobel Prize winner ever.

In order to show precisely what WLB had achieved, a copy of the original paper
is enclosed together with brief notes indicating some of the important points. Every
time one reads this paper one cannot fail to be struck by the beautiful simplicity of
WLB’s treatment and evidence of the mind of a genius. Not bad for a mere 22 year
old! We hope you too will be equally impressed by this seminal publication.

We are grateful to the Cambridge Philosophical Society and the Royal Institution of Great
Britain (RI) for permission to reproduce this article, and to the Bragg family for the self-portrait
of WLB. Recently WLB’s personal reprint of this paper was found at the RI and it is this copy
that is reproduced here. Note that the reprint date is January 1913, whereas the final publication
sets it one month later.

Mike Glazer Emeritus Professor of Physics (Oxford University) and Visiting Professor
(Warwick University)
John Jenkin    Honorary Associate, Philosophy Program, La Trobe University, Australia

** Some authors quote the reference year for this publication as 1913 while others 1912.
Confusingly, Volume XVII (17) has a date range of 28 October 1912 to 18 November 1914, and
is in five parts. The parts have dates according to when the papers were either delivered
orally or accepted for publication, and so, depending on the meaning of “publication” as
opposed to “printed” it can be argued that the correct reference is Proc. Camb. Phil. Soc.,
XVII (I), 1912, pp. 43-57. Note that WLB published a brief report of the Cambridge Philosoph-
ical Society meeting, including his idea of reflection from planes, on December 5th 1912 in
Nature, Volume 90, page 402.



We reproduce here for the first time, by kind permission of the Cambridge
Philosophical Society, the original agenda and minutes taken during the
November 11th 1912 meeting of the Society.
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NOTES†

1. WLB begins with a brief description of the Laue experiment taken from
the June 1912 publication.

2. Laue incorrectly assumes secondary X-ray waves emitted by molecules
in the crystal would undergo interference to give rise to a diffraction
pattern.

3. Laue, who knows little about crystals at this time, mistakenly places ZnS
molecules at the corners of a cube.

4. By considering the X-rays to be scattered by individual molecules Laue
derives a correct set of equations to describe the formation of the
diffraction spots. Note that WLB makes a small mistake in equation (1):
ap should be written as a

5. Laue mistakenly assumes that only a few wavelengths of X-rays are
present in the incident beam#.

6. In particular he finds 5 wavelengths to partially explain his observed
pattern of spots.

7. Here WLB disagrees, as he finds that with this assumption there are no
spots that fully satisfy Laue’s equations.

8. WLB suggests that the incident beam consists of a continuum of wave-
lengths, and implies that it is this reflected radiation that causes the spots,
not fluorescent radiation from the atoms of the crystal. Laue argued in
March 1913 that a continuum of X-ray wavelengths would give rise to a
uniform darkening of the film, but Bragg’s Law showed immediately
why this is not the case.

9. Here WLB shows his mastery of optical physics, presumably referring
to the book A. Schuster, An Introduction to the Theory of Optics (Lon-
don: Arnold, 1909).

10. Instead of considering diffraction by each molecule, WLB proposes the
breathtakingly simple model whereby X-rays can be thought of as being
‘reflected’ by planes of molecules or atoms, with the reflected rays
interfering to produce either cancellation or reinforcement of intensity.
It is because of this model that we now refer to the diffraction spots as
reflections.

11. Here we see for the first time the appearance of Bragg’s Law. In its initial
form he chooses the angle q to be the angle of incidence which gives the
cosine form. In later work he changes this equation to be l = 2d sinq, the
form that we all use today.

† WLB deliberately omitted “X-rays” from the title in in deference to his father who had until
then advocated the corpuscular theory.
# It is interesting to note that had Laue been correct in his assumption of a fixed wavelength
then it is highly unlikely that Friedrich and Knipping would have observed any diffraction with
their initial experiment, and so their great discovery would have been set back.



This shows that reflections occur only for particular combinations of d, l and
q, thus giving rise to spots on a film rather than a uniform diffuse darkening.
This very simple relationship is central to all modern analysis of crystal
structures by X-rays, neutrons and electrons (and in many areas of modern
optics), and is one of the most important equations in the history of science.

12. He points out that there is a relationship between the energy of the X-rays and
the intensity of the spots.

13. WLB refers to the theories of Pope and Barlow who suggested that the structure
of ZnS should be in the form of face-centred cubic arrays, rather than the model
used by Laue. With this model WLB is able in the following paragraphs to
explain why certain reflections are missing from Laue’s pattern.

14. WLB starts by considering the structure of ZnS to consist of face-centred
arrays.

15.  A small error here: it should read 0 a a.
16. The discussion that follows is long and tortuous and uses geometric arguments

to explain why this happens: remember that this was before the concept of
structure factor formalisms came in to simplify such an analysis. At this stage
WLB is unaware of the conventional use of Miller indices to denote crystal
planes, something he corrects in subsequent publications.

17. He shows here that the spots fall on cones.
18. Here WLB indicates that his analysis is fundamentally the same as Laue’s but

his treatment is in a form that is more amenable to solving the crystal structure.
19. This where WLB explains that reflections are systematically absent when the

indices that describe the planes are not all odd or all even, in precise agreement
with Laue’s pattern.

20. All other models of the ZnS structure do not fit Laue’s pattern.
21. Evidence that the X-rays are scattered elastically by the crystal.
22. Tilting of the crystal changes the intensities of the spots dramatically, because

of the change of wavelength.
23. The spot shape changes with distance from the crystal. This demonstrates that

the spots cannot be explained by channelling of particles along ‘avenues’ in the
crystal. Reflection of the incident circular beam is shown here to lead to
focusing in the vertical direction but continued spreading in the horizontal
direction, leading to elliptical spots, a noted characteristic of the initial Laue
photograph. It is probably this observation that made WLB realise that it could
be explained by reflection from crystal planes.

24.  Up to this point WLB has not been specific about possible atomic arrangements,
beyond showing that a cubic face-centred lattice explains the ZnS pattern.
Here he points to tetrahedral arrangements of Zn atoms, and so he is suggesting
at least a partial crystal structure determination. It is later in 1913 that he
uses his father’s ionization spectrometer (a fore-runner of  the  modern
diffractometer), to complete his first full structure determination, in that case
that of the alkali halides (Proc. R. Soc. Lond. A 1913 89, 248-277),  followed
by a paper with WHB on the structure of diamond (Proc. R. Soc. Lond.
A 1913 89, 277-291).
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