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I. Introduction 

On the 21st of April  t 912, in ARNOLD SOMMERFELD'S Ins t i tu te  for Theoret ical  
Physics of the Univers i ty  of Munich, WALTER FRIEDRICH and PAUL KNIPPING, 
act ing upon a proposal b y  MAX LAVE, observed the diffraction of X-rays  by  a 
crystal.  1 This discovery, especially as in te rpre ted  and  exploited by  W. L. BRAGG and  
W. H. BRAGG, is the source point  of an ever-expanding field of crystal  s t ructure  

1 The date of the discovery has, to my knowledge, not been published heretofore. 
(C/., however, in note 3, below, the date of the tenth  anniversary issue of Naturwiss.) 
I t  is stated in the document reproduced in Fig. 1, and translated below. The document, 
given by LAVE in 1951 to the Handschriften-Sammlung of the Bibliothek of the 
Deutsches Museum, was very kindly drawn to my at tention by Professor Dr. ARMIN 
HERMANN. 

Since the 2tst  of April t 912 the undersigned [FRIEDRICH, KNIPPING, LAVE] have 
been engaged in interference experiments with X-rays passing through crystals. 
The guiding idea was that  interferences arise in consequence of the space lattice 
structure of the crystals, because the lattice constants are ca. 10 × greater than 
the conjectured wavelengths of the X-rays. Photographs No. 53 and 54 are de- 
posited as proof. 

Irradiated substance: copper sulfate 
Exposed 30'. current in the moderately soft tube 2 milliampere. 
Distance of the plates from the crystal: No. 53 = 30 ram; No. 54 = 6 0  mm. 
Distance of diaphram 3 (diameter t. 5 mm) 50 mm. 
Distance of the point  of origin of the primary rays from the crystal = 350 mm. 

Diagram o/ the experimental setup [see Fig. !]. 

The experimental setup depicted is evidently not one of the earliest, bu t  represents, 
most probably, the first experiment with the "definit iven Apparat," described on 
p. 3t6 of W. FRIEDRICH, P. I~NIPPING • M. LAVE, "Interferenz-Erscheinungen bei 
R6ntgenstrahlen," Bayerische Akad. d. Wiss. zu Mi~nchen, Sitzungsber. math.-phys. 
Kl. (t9t2), pp. 303--322, 8 June, issued circa 23 August. Reprinted: Annalen 
der Physik 41, 971--988 (5 Aug. 1913); M. v. LAVE, et al., Die Interferenz der 
Rdntgenstrahlen, ed. F. RINNE & E. SCHIEBOLD (Ostwald's I~lassiker . . . .  Nr. 204; 
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Fig. 1. Sealed note deposited by A. SOMMERFELD with the Bavarian Academy of 
Sciences on 4 May 1912 in order to protect FRIEDRICH, KNIPPING, and LAUE'S priority 
in the discovery of the diffraction of X-rays by crystals. (Photo Deutsches Museum 

Miinchen, Lichtbildnummer: 30497) 

Leipzig, 1923), pp. 5--21 ; English translation in G. E. BACON, X-Ray and Neutron 
Di[[raction (" Selected Readings in Physics" ; Oxford : Pergamon, t 966), pp. 89--108. 
The photographs ("No. 53 and 54") included in the sealed note were no longer in 
LAUE'S possession in 195t, nor do they remain with the Bavarian Academy. They 
are, however, most probably those reproduced as Figs. 3 and 4 of Table I in this first 
publication (see also, notes t i t and i 14, below). 
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analysis by  means of X-rays  - -  a field lying between, and shared by,  physics, 
chemistry,  crystal lography,  geology, and now biology. The leaders of X- ray  
crysta l lography have striven to maintain  a separate ident i ty  and resisted de- 
gradat ion of their field to the s tatus of a mere technique common to these various 
sciences. Their separate and uniquely active Internat ional  Union of Crystallo-. 
graphy,  sponsoring meetings and publications, their concern with defining " A  
Crysta l lographer"  and what  he ought  to know, 2 test ify to this effort. As par t  of 
the ritual serving to reinforce this separate identity,  during the first f if ty years 
of the existence of the field there accumulated a large number  of brief retrospective 
accounts of the origins and immediate  sequels of the discovery out  of which it 
sprang, a Finally, for the celebration of its fiftieth anniversary,  through the initia- 
tive and editorial labors of P. P. EWALD, a magnificent Festschrift  was prepared. 
Fi f ty  Years o] X - R a y  Dij[raction (Utrecht,  t962) is entirely devoted to personal 
recollections, histories of the several nat ional  schools of X- ray  analysis, and a 
detailed account,  b y  EWALD, of the circumstances of the discovery. 4 

2 H. D. MEGAW, et al., Crystallographic Book List (Cambridge Engl. : Internat. 
Union of Crystallography, 1965), p.v. 

3 LAVE, "l~ber die Auffindung der R6ntgenstrahlinterferenzen", Les Prix Nobel 
en 1914--1918 (Stockholm, 1920), reprinted in LACE, Aufsdtze und Vortrdge (Braun- 
schweig, 1962), pp. 5--18, Nobelvortrag, gehalten am 3. 6. t920; W. FRIEDRICH, "Die 
Geschichte der Auffindung der RSntgenstrahlinterferenzen", Naturwiss. 10, 363--366 
(21 April 1922, "Zehn Jahre Laue-Diagramm");  P. P. EWALD, "Zur  Entdeckung der 
R6ntgeninterferenzen vor zwanzig Jahren und zu Sir William Braggs siebzigstem Ge- 
burtstag," Naturwiss. 20, 527--530 (t 5 July 1932); W. H. BRAGG & W. L. BRAGG, 
"The  discovery of X-ray diffraction", Current Science 7, suppl. (1937), pp. 9--13;  
LACE, "Zu P. v. Groths 100. Geburtstage", Zeitschr. f. Kristallogr. (A) 105, 81 (1943), 
reprinted in LAcE's Aufsdtze u. Vortrdge (I 962), p. 186; LACE, "Mein physikalischer 
Werdegang. Line Selbstdarstellung", written in 1944, first published in 1952, re- 
printed in Au]sdtze u. Vortrdge (t952), pp. vii--xxxvi,  trans, in EWALD, ed., Fifty 
Years of X - R a y  Diffraction (1962), pp. 278--307; LAVE, "Address before the First 
Congress of the International Union of Crystallography at Harvard University, Cam- 
bridge Mass., August 1948", reprinted by the North American Philips Co. Inc., 
Research and Control Instruments Division; W. FRIEDRICH, "Erinnerungen an der 
Entstehung der Interferenzerscheinung bei R6ntgenstrahlen", Naturwiss. 36, 354--356 
(1949); KATttLEEN LONSDALE, "Historical Introduction",  Crystals and X-Rays  (New 
York, 1949), pp. 1--22; LAVE, "Historical Introduction",  International Tables for 
X - R a y  Crystallography, vol. t (Birmingham, 1952), pp. t - - 5 ;  LACE, "Zur  Geschichte 
der R6ntgenstrahlinterferenzen", Naturwiss. Rundschau 1, 1--8 (t 954), reprinted in 
Au]sdtze u. Vortrdge (1962), pp. 1 t0 - - t17 ;  EWALD, "William Henry Bragg and the 
New Crystallography", Nature 195, 320--325 (1962). 

P. P. EWALD, " T h e  Beginnings", Fifty Years o[ X - R a y  Diffraction (Utrecht: 
N. V. A. OOSTHOEK'S Uitgeversmaatschappij for the Internat. Union of Crystallography, 
1962), pp. 6--80. A brief account of the commemorative congress in Munich in July 1962 
is given by A. I~IGGLI, "Fiinfzig Jahre R6ntgeninterferenzen ", Naturwiss. 50, 46t--462 
(1963). 

Recollections of the discovery of X-ray diffraction are also contained in un- 
published interviews with P. DEBYE, P. EPSTEIN, P. P. EWALD, and W. FRIEDRICH 
deposited in the "Archive for History of Quantum Physics";  details are given in 
T. S. KUHN, et al., Sources for History of Quantum Physics. An  Inventory and Report 
(Philadelphia: American Philosophical Society, t967). Through the kindness of 
L. PEARCE WILLIAMS I have been able to consult the transcript of interviews with 
P. DEBYE by D. M. KERR, Jr., and WILLIAMS in 1965/66. These transcripts are on 
deposit in the Oral History Project, Olin Library, Cornell University. 
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The origin of this discovery being LAUE'S inspiration - -  rather than either a 
long experimental search or an accidental observation 5 - -  these retrospective 
accounts often attempt to explain why this happy idea came where and when it 
did. The question is a good one, but dangerous. It  is almost certain that the 
physicist, having posed the question, will insist upon an answer. And in framing 
that answer he will be guided by i) logical neatness and true physics, and if) the 
motives which led him to raise the question in the first place. The memories of 
the principals have not been able to withstand these impulses, and they them- 
selves have created and elaborated an account of the conceptual situation in 
physics circa t911 which is, in certain respects, utterly mythical, s Since EWALD'S 
account is likely to be regarded as definitive by historians as well as physicists, 
it seems worthwhile to offer a critical examination of the traditional answer to 
the question, " W h y  Munich, spring 19t2 ? ", and of the conceptual difficulties 
standing in the way of the observation of the diffraction of X-rays by crystals. 

II. Why Munich ? 

The question - -  " w h y  Munich ?" - -  was first raised publicly , and given its 
now traditional answer, in LAUE'S Nobel lecture 'On the Discovery of the Inter- 
ference of R6ntgen Rays, '7 delivered in Stockholm in June t920. The idea that  
crystals ought to diffract X-rays arose in Munich, LADE maintained, because of 
two unique factors in the intellectual milieu: i) confidence in the hypothesis 
that  the constituent atoms of a crystal are arranged in a space lattice, if) active 
advocacy of the 'wave '  theory of X-rays. In this section we argue that, on the 
contrary, the Munich physicists were in no way unique in their adherence to 
the space lattice hypothesis, and we deny that an attachment to the 'wave '  
theory of X-rays was a necessary condition for conceiving the experiment. In 
Section I n  we go further, arguing that the experiment actually appeared very 
unpromising from the point of view of the 'wave '  theory of X-rays. 

1. The Space Lattice Hypothesis. Elaboration o] a Myth 

As LADE mentioned in his Nobel lecture, the notion that  crystals consist of 
'similar molecules similarly situated '8 goes right back to the seventeenth century. 
This picture, which I-IAT3Y had elaborated a t  the end of the 18 th century, was 
able to explain many empirical regularities in the forms of crystals. 9 A lat t ice 
arrangement of point centers of force had been introduced by SEEBER in 1824 

5 EWALD, Naturw. 20, 527--530 (t932). 
e Myths and anecdotes - -  a species of minor myth - -  have important, and perhaps 

even legitimate, functions in contemporary science, especially as devices for ex- 
pressing the mores of the scientific community without exposing the scientist to the 
dangers of self-consciousness. But because they purport to be historical, myths and 
anecdotes are subversive of history. 

7 LAUE, Au[sdtze u. Vortrdge, pp. 5--18. 
s AD. WURTZ, La Thdorie atomique (Sth ed.; Paris, 1889), p. 226. Yet only after 

1860 (CHR. WIENER, L. SOHNCI~E) was this notion used explicitly as a postulate for 
the deduction of the possible crystal forms. 

JOHN G. BURKE, Origins o/ the Science ol Crystals (Berkeley and Los Angeles, 
! 966); P. GROTH, Entwicklungsgeschichte der mineralogischen Wissenscha]ten (Berlin: 
Springer, t926). 
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and had been assumed by CAUCaY circa 1830 in calculations which laid the 
foundations of the theory of elasticity. 1° The theory of space lattices was developed 
by HESSEL (t830), FRANKENHEIM (183~), and BRAVAIS (t8~0), amplified by 
SOHNCKE in the 1870's and t880's, and completed by SCHOENFLIES and FEDOROW 
circa t 890 with the compilation of a complete list of the possible space groups. 11 

What  did physicists know of these theories in the first years of the twentieth 
century, and how did they regard the idea underlying them, namely that in 
crystals the constituent molecules or atoms were arranged in a space lattice or 
lattices ? LAUE answered in 1920 that :  'No further physical consequences what- 
soever had come out of this idea, and so as a dubious hypothesis it eked out an 
existence rather unknown to the physicists. '1~ But Munich, LAUE maintained, 
was different. Because SOHNCKE had worked there - -  and many of his models 
of lattices were still lying around - -  and because these theories were strongly 
advocated by PAUL GROTH, the professor of crystallography, the Munich physicists 
were acquainted with and adhered to this 'dubious hypothesis'  of a space lattice 
in crystals. And acceptance of this hypothesis being a necessary condition for 
the proposal that  crystals might diffract X-rays, the Munich intellectual milieu 
was extraordinarily, if not uniquely, favorable to the conception of such an 
experiment. 

In t920 when LAUE put this thesis forward memories of the situation eight 
or ten years earlier were still sufficiently distinct that  it could be recognized for 
what it was - -  a wholly fictional rationalization by a man who regarded himself 
as lacking originality, la PLANCK felt that  his favorite pupil did himself an in- 
justice, and a year later, in welcoming him to membership in the Prussian Acad- 
emy of Sciences, attributed LAUE'S bright idea to ' the  urgent demand of your 
scientific conscience to seek to clear up the conflict which existed at that  time 
between the conception of the regular atomistic structure of crystals and the 
widespread assumption of the absence of any diffraction and interference of 
X-rays. '14 A year later still, when celebrating the tenth anniversary of the dis- 
covery with an account of its history, FRIEDRICH made no mention of LAUE'S 
thesis regarding the 'dubious hypothesis '  of space lattices, but simply stressed 

lo L. B. SEEBER, "Versuch einer Erkl~rung des inneren Baues der festen KSrper," 
Ann.  d. Phys.  76, 229--248, 349--372 (1824); ISAAC TODHUNTER & KARL PEARSON, 
A History o/ the Theory o~ Elasticity and o/ the Strength o/ Materials /rum Galilei to 
the Present Time, 2 vols. in 3 (Cambridge University Press, 1886--1893) ; C. H. M/3LLER 

A. TIMPE, "Die Grundgleichungen der mathematischen ElastizitAtstheorie", En- 
cyklopddie der mathematischen Wissenscha]ten, vol. 4, pt. 4, pp. 1--54 (1906); A. E. H. 
LovE, A Treatise on the Mathematical Theory o/Elastici ty (4 th ed. ; Oxford University 
Press, t 927), "Historical Introduction." (LovE's discussion of the issues considered in 
this paper is identical with that in the 2 nd edition, Cambridge, 1906, excepting that 
on p. t 4 a reference to sub-atomic particles is substituted for a reference to the aether.) 

11 LEONHARD SOHNCKE, Entwickelung einer Theorie der Krystallstruktur (Leipzig, 
1879), "Historische Einleitung" ; J . J .  :BuRcKIIARDT, " Z u r  Geschichte der Ent- 
deckung der 230 Raumgruppen", Archive /or History o/ Exact Sciences 4, 235--246 
(Nr. 3, 4 Oct. 1967). 

12 Au/sdtze u. Vortrdge, pp. 9/10. 
13 LAUE, " A n t r i t t s r e d e  beim Eintritt in die PreuB. Akad. d. Wiss.", Sitzungsber. 

(1921), pp. 479--482, reprinted in Aufsdtze u. Votrdge, pp. 21--24. 
14 PLANCK, "Erwiderung des Sekret~rs", loc. cit. 
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tha t  because of GROTH, and because of R6NTGEN'S interest in crystal physics, 
' t he  Munich physicists had a penetrating knowledge of this area of 
research.' 15 

By the twentieth anniversary, however, memories of the period had become 
quite plastic, and EWALD'S retrospective account on that  occasion reasserts LAUE'S 
thesis of the dubious hypothesis unknown or discredited outside Munich. 'Fo r  
the  lattice theory was discredited by  the difficulties which resulted from the 
CAUCHY relations; these difficulties were not counterbalanced by  any inter- 
pretation which made serious use of the lattice structure and would have allowed, 
conversely, quanti tat ive conclusions about the lattice. 'is By the 25 th anniversary 
the BRAGGS had joined the chorus: the conception that  crystals consist of atoms 
arranged in a space lattice 'has  now become widely familiar, but  at that  t ime 
crystallography was so much a science apart,  and played so little part  in physics 
and chemistry, that  the idea of a "crystal  pa t t e rn"  had never presented itself 
to the majori ty of scientists. '17 

LAUE gave the sharpest formulation of this thesis in 1943 in a tribute to 
PAUL GROTH: ' through his instructional activities he kept alive in Munich the ... 
tradition of the space lattice hypothesis, which scarcely still existed elsewhere in 
Germany, and so created one of the preconditions without which the discovery 
of the interference of X-rays would have been purely a mat ter  of luck, and its 
interpretation would have been entirely impossible. '18 In t953 LAUE drew the 
logical inference, asserting that  although many  researchers had irradiated crystals 
with X-rays before FRIEDRICH and KNIPPING, they didn' t  observe interference 
'because in ignorance of this hypothesis [i.e., the space lattice hypothesis~ they 
never  had sought for any sort of radiation beside the incident.' 19 Thus, presumably, 
the idea of X-ray  diffraction would have immediately occurred to anyone who 
was acquainted with the space lattice hypothesis. 

This myth  - -  for that  is what it is - -  at tained its fullest elaboration, replete 
with quite fictitious details, in EWALD'S retrospective accounts on the occasion 
of the ~0 th anniversary of the discovery of X-ray  diffraction. Now, rather than 
simply being without physical consequences and unknown, the space lattice hypo- 
thesis is said to have been experimentally refuted. The relations between the 
elastic constants which CAUCHY had deduced, ca. t830, for a lattice of identical 
point centers of force "were not confirmed by  experiment, and the failure dis- 
credited the entire concept of internal regularity of crystals." 2o "Thus  it came 
about  that  the concept of internal regularity and periodicity as a characteristic 
for crystalline matter ,  after having emerged in a very promising way, lay dormant 
for more than seventy years as a brilliant, but unfortunately not acceptable 
speculation which neither physicists nor crystallographers dared to use serious- 
]y.,, 31 Only after X-ray  diffraction had demonstrated the existence of a space 

15 FRIEDRICH, Naturw. 10, 365 (1922). 
is EWALD, Naturw. 20, 528/9 (1932). 
17 W. H. & W. L. BRAGG, Current Science (t937), suppl., p. 9. 
18 LAUE, ZS. f. Kristallographie (A) 105, 8t (1943); Vortrdge u. Au/sdtze, p. 186. 
19 LAUE, Naturw. Rundschau 1, 113. 
s0 EWALD, Nature 195, 320 (t962). 
31 EWALD, Fi/ty Years o[ X - R a y  DiHraction (1962), p. 24. 
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lattice, EWALD continued, was CAUCHY'S deduction re-examined by  MAX BORN 
and the fallacy found. 

In stressing this allegedly unique feature of the Munich environment as a 
precondition for his idea, LAOE implied - -  indeed almost stated - -  that  he himself 
had no exposure to, and no knowledge of, the space lattice hypothesis before 
he came to Munich as a Privatdozent in 1909. This point has been especially 
stressed and elaborated by  EWALD, who claims the honor of having informed 
LAUE in the winter of 19 t l / t 2  of the assumption made in Munich about the 
structure of crystals. And, of course, as soon as LAUE learned of this assumption, 
the idea of X-ray  diffraction by  these space lattices occurred to him. ~2 P. S. EP- 
STEIN, then one of SOMMERFELD'S students, has repeated this story, but  is suf- 
ficiently critical to be puzzled that  LAUE could have worked in this milieu for 
two and a half years without becoming aware of the space lattice hypothesis. 
There was a monthly  colloquium, founded by  SOHNCKE, which met  in SOMMER- 
FELD'S institute and was at tended by  people from various departments. LAOE, 
EPSTEIN recalled, "was a member  of the SOHNCKE colloquium for years, but he 
somehow missed who SOHNCKE was. I got the book of SOHNCKE and learned the 
SOI~NCKE theory of crystals. But  LAUE didn' t  know it and didn' t  know that  
crystals were lattices." 83 If experience is any guide, we may  with some con- 
fidence expect that  this logical gap will be filled by  further elaborations of the 
myth.  

2. The Space Lattice No Hypothesis 

In the period prior to the discovery of the diffraction of X-rays by  crystals 
the existence of the space lattice was neither unknown to the physicist, nor 
indeed regarded by  him as a hypothesis; it was an assumption which, despite 
the lack of any direct evidence, was made universally and implicitly, and in 
t 9 t l  was regarded as far more secure than, say, the laws of mechanics. In sup- 
porting this position we approach the period immediately prior to the discovery 
through discussions, first, of the theory of elasticity (which, according to EWALD, 
refuted the space lattice hypothesis) and, second, of crystallography (which, ac- 
cording to LAUE, had forgotten the space lattice hypothesis). 

In the period t820-- t830  the theory of the elasticity of solids was tackled 
from the molecular viewpoint first by  NAVIER, then b y  POISSON and CAUCHY. 
POISSON and CAUCHY represented a crystal by  an arbitrarily large number of 
identical molecules, placed at the Vertices of a space lattice, and exerting central 
forces upon each other. *~ The stress exerted on an element of an elastic solid 
has six components: three normal stresses, F~, ~ ,  F~, and three shearing stresses 
F~y, F~,, Fr~. Likewise there are six strains. Thus in place of HOOKE'S law, F oc x, 
one puts the most general linear relation between the six stresses and six strains 
F =  Cx, where le and x are vectors with six components and C is a 6 ×6  matr ix  
of elastic constants, cij. The molecular space lattice theories of POlSSON and 
CAUCI~¥ did not allow more than fifteen of these thirty-six elastic constants to 

2~ EWALD, Naturw. 20, 529 (1932); Fi/ty Years (1962), p. 4t. 
~3 p. S. EPSTEIN, interview by Som'ces for History of Quantum Physics, 25 May 

1962, A. M., p. 9. 
,4 See Footnote t O. 
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be independent. In particular, for isotropic solids there was only one independent 
constant, leading, for example, to the prediction that  for a rod subject to tensile 
stress the ratio of the relative decrease in its diameter to the relative increase 
in its length (" Poisson's rat io")  is equal to }. On the other hand, when GREEN, 
STOKES, and WM. THOMSON developed the theory of elasticity on a continuum 
basis, without reference to the underlying structure of mat te r  and the hidden 
connections of the molecular approach, they found that,  in general, twenty-one 
of the elastic constants were independent. ~5 In particular, for isotropic bodies 
there were two independent constants, so that  POlSSON'S ratio could have any 
value. 

During the latter t 9  th century there was a running argument ~s between the 
supporters of the "rariconstant" theory (t 5, t) and the proponents of the "mult i -  
constant"  theory (2t, 2) over the empirical validity of the six "Cauchy rela- 
tions ''27 reducing the number of independent constants from twenty-one to 
fifteen. The counter examples brought forward by  the British multiconstantists 
were resisted by  the continental rariconstantists on the grounds that  the samples 
or substances were not truly isotropic or not truly elastic, etc. The issue was 
decided definitely in favor of the multiconstant theory after W. VomT began 
to publish his work on the elastic constants of crystals in t887. 

Thus far we have been able to follow EWALD. But we cannot accept his con- 
clusion tha t  the experimental evidence accumulating against the CAUCHY relations 
from the middle of the t 9 th century "discredited the model from which the rela- 
tions sprang, namely that  in the natural  state of a crystal its molecules are 
arrayed in a three-dimensional lattice." es On the contrary, we doubt it would 
be possible to find a single physicist, whether rariconstantist or multiconstantist,  
who believed that  the t ruth - -  or indeed even the utility - -  of the space lattice 
hypothesis was at issue in this dispute. From CAUCHY to VOIGT, it was taken 
for granted tha t  the molecules of a crystal were arranged in a space lattice, 
and all discussion dealt with possible modifications of the ]urther assumptions 
should it turn out that  the rariconstant theory did not fit the experiments. 

In t 851, after WERTHEIM'S measurements raised serious doubts that  PolssoN's 
ratio was always equal to ~, CAIJcH¥ himself pointed out that  one would no 
longer expect the relations in question to hold if one supposed not that  the mole- 
cules are point centers of force, but 'on  the contrary, each molecule is composed 
of several atoms. '  e9 Two years earlier, CLAUSIUS, after a highly critical review 
of the POISSON-CAucHY theory, came again to the result that  the molecular 
theory yields only one elastic constant for isotropic bodies. As experiment does 
not confirm these equations, what must  be sacrificed ? - -  merely the assumption 
that  the external forces do nothing more than displace the molecules from their 

2 5  MOLLER-TIMPE, Encykl. d. math. Wiss. 4, 4, pp. 38--41 ; LovE, Math. Theory of 
Elasticity (1927), pp. 13--t4; EWALD, Fifty Years (t962), pp. 22--23. Actually CAIJCH'Z 
had already found this result. 

26 TODHUNTER & PEARSON, Hist. of the Theory o/ Elasticity, Vol. ! (t 886), par. 
921 - - 9 3 4 .  

~7 The name is evidently due to LovE: See Math. Theory of Elasticity (t 927), p. 14. 
2s EWALD, Fifty Years ( t926),  p. 24. 
29 Quoted by TODHUNTER & PEARSON, Hist. Th. Elast., Vol. 2, par. 787. 



46 P. FORMAN: 

equilibrium positions, g° Again, B. DE SAINT-VENANT, 'who remained always the 
most consistent representative of the rariconstant theory,' 21 was perfectly clear 
that  it was possible, and that it might prove necessary, to modify the assumptions 
about the molecular forces in order to obtain more independent elastic constants 
for crystals. 

When we turn to that arch multiconstantist, Lord KELVIN, we are scarcely 
surprised to find that he took it for granted that in crystals the molecules were 
arranged in a space lattice. 32 In t890 KELVIN showed that with a very simple 
modification of CAUCHY'S assumptions the molecular space lattice yielded the 
full complement of 2t constants - -  it was merely necessary to suppose the crystal 
consisted of two interpenetrating space lattices whose vertices were occupied by 
two different kinds of point centers of forceY Finally there is VOlGT himself, 
who, although a multiconstantist, stood at the opposite methodologic pole from 
KELVIN. We will return to VOIGT qua phenomenologist; here we merely note 
that the man who provided conclusive evidence of the inadequacy of the raft- 
constant theory assumed as a matter of course that crystals were molecular space 
lattices. 84 VOIGT himself showed in t887/9 that the molecular space lattice would 
yield twenty-one independent constants if one merely assumed the molecules to 
be dipoles, and moreover that the necessity of two constants for isotropic bodies 
followed from the assumption that they were composed of microscopic crystal- 
lites. 85 Thus EWALD'S contention that developments in the theory of elasticity 
led to the rejection of the space lattice "hypo thes i s "  is evidently a pos t /ac tum 

fabrication. 86 Rather, those who worked in this field in the t9 th century - -  and 
they were, by  and large, physicists - -  accepted this "hypothesis," with which 
they were thoroughly familiar, implicitly. 

Turning now to the science of crystallography, we must first concede that  
science and physics were far less fully integrated before than after the discovery 
of X-ray diffraction. As late as t 904 even PAUL GROTE, very progressive advocate 
of the structure theories and of the application of physical and chemical methods 
in crystallography, could speak of " t h e  molecular hypothesis." With this phrase 
GROTH referred not to the molecular space lattice - -  which for him was no liypo- 

S0 R. CLAUSIUS, " '  fiber die Ver~inderungen, welche in den bisher gebr/iuchlichen 
Forlneln ffir das Gleichgewicht und die Bewegung elastischer fester K6rper durch 
neuere Beobachtungen nothwendig geworden sind", Annalen d. Physik 76, 46--67 
(1849); TODHUNTER • PEARSON, VOI. t ,  par. 1399--1401. 

31 Mf3LLER-TIMPE, Encykl. d. math. Wiss. 4, 4, pp. 38/9. 
32 E.g., "The Size of Atoms" (Feb. t883) in THOMSON, Popular Essays and Ad- 

dresses vol. t (London, 1889), p. 185; or "On the Molecular Tactics of a Crystal'" 
(May 1893) in KELVIN, Baltimore Lectures on Molecular Dynamics ... (London, 1904), 
pp. 6o2ff. 

33 Ibid., pp. 643--66t ; M/3LLER-TIMPE, Encykl. d. math. Wiss. 4, 4, p. 41. 
34 W. VOZGT, "~ber  die Beziehung zwischen den beiden Elasticit/itskonstanten 

isotroper K6rper", Ann.  d. Phys. 38, 573 (1889). 
35 Ibid. ; MOLLER-TIMI"E, p. 40; W. VOIGT, "Theoretische Studien fiber die Elastici- 

t/~tsverh/iltnisse der Krystalle," Kgl. Gesellsch. der Wiss. zu Gi~ttingen, Abhandl. 34 
(1887), 100 pp. 

86 Thus O. M/2GGE, "Zur Prfifung der Strukturtheorien an der Erfahrung ", Encykl. 
d. math. Wiss. 5, 1, pp. 478--492 (1905), reviewing the experimental evidence for and 
against the Raumgitter theory, SOHNEKE'S theory, etc., never even mentions the 
"Cauchy relations". 



X-Ray Diffraction by Crystals 47 

thesis - -  bu t  to the physical doctrine tha t  the molecules he placed at the vertices 
of the space lattice were actual ly in continual thermal  m o t i o n Y  Was it then 
perhaps the case tha t  with the exception of GROTH the crystallographers of the 
turn  of the century  were so little concerned with physical hypotheses about  the 
microscopic s tructure of crystals that ,  as LAUE put  it, the space lattice theory  
" w a s  hardly  ment ioned a n y m o r e " ?  38 This view has indeed been put  forward 
in historical works. 39 The facts, however, are otherwise. Although in the mid- t9  th 
century  textbooks of mineralogy and crystal lography often contained no dis- 
cussion of the molecular s t ructure of mat te r  and the microscopic s tructure of 
crystals, of the textbooks published after 1890 only 8 of the 23 examined failed 
to state tha t  the underlying s tructure of crystals was a molecular space lattice. 4° 
Thus, a l though the 4 th edition of the Manual  o/ Mineralogy and Petrography 
(N.Y., t889) by  76 year  old JAMES DWlGI~T DANA remains silent on this point, 
A Textbook o[ Mineralogy (2 nd edition; New York, 1898) published by  his son, 
EDWARD S. DANA, opens with a "Defini t ion of a Mineral" as including " a  certain 
characteristic molecular s tructure which is exhibited in its crystalline form and 
other physical proper t ies"  (p. t). Under  the heading "Molecular Networks"  the 

aT GROTH, "Crystal Structure and its Relation to Chemical Constitution", B .A.  
Repts. (Cambridge, t904), pp. 505--509. 

38 LAUE, "Mein physikalischer Werdegang" (1944), as trans, in EWALD, Fifty 
Years (1962), p. 293. 

39 H. D. DEAS, "Crystallography and crystallographers in England in the early 
nineteenth century: A preliminary survey", Centaurus 6, 129--t  48 (t 959). 

4o Textbooks of mineralogy and crystallography published after t890 (a very 
helpful list of t 9 th century textbooks is given by MAX BAUER, Lehrbuch der Mineralogie 
(Stuttgart, 1904), pp. 3- - t2) :  

1 ) Those in which the space lattice theory is presented : W. S. BA.YLEY, Elementary 
Crystallography (N.Y., 1910) ; J. BECKENKAMP, Statische und kinetische I4ristalltheorien. 
Erster Tell (Berlin, t9t3);  E. S. DANA, A Text-Book o[ Mineralogy (2rid ed.; N.Y., 
1898); C. DOELTER, Physikalisch-chemische Mineralogie (Leipzig, 1905); A. FOCK, An 
Introduction to Chemical Crystallography, trans. W. J. PoPE (Oxford, t 895) ; P. GROTH, 
Physikalische Krystallographie (4 th ed.; Leipzig, 1905); F. KLOCKMANN, Lehrbuch der 
Mineralogie (5 th and 6 th ed.; Stuttgart, 1912); O. LEHMA~TX, Molekularphysik mit 
besonderer Beri~cksichtigung mikroskopischer Untersuchungen (Leipzig, 1888--9); TH. 
LIEBISCH, "Das  krystallographische Grundgesetz", Encykl. d. math. Wiss. 5, t, 
pp. 395--436 (t905); A. I-I. PHILLIPS, Mineralogy (N.Y., 1912); F. RINNE, "Allgemeine 
Kristallographie und Mineralogie", Kultur der Gegenwart, Teil 3, Abt. 3, Bd. 2, Chemie 
(Leipzig and Berlin, 1913); E. SOMMERFELDT, Geometrische Kristallographie (Leipzig, 
t 906); E. SOMMERFELDT, Die Krystallgruppen, nebst ihren Beziehungen zu den Raum- 
gittern (Dresden, 191t); C. SORET, Eldments de Gristallographie Physique (Geneva, 
1893); G. TSCHERMAK, Lehrbuch der Mineralogie (6 th ed; Vienna, 1905); W. VOIGT, 
Lehrbuch der Kristallphysik (Leipzig, t910); G. H. WILLIAMS, Elements o[ Crystallo- 
graphy (N.Y., 1890). 

2) Texts in which the space lattice theory is not presented: M. BAUER, Lehrbuch 
der Mineralogie (2 ad ed. ; Stuttgart, t 904); W. BRUHNS, Elemente der Kristallographie 
(Vienna, 1902); W . J .  LEwis, A Treatise on Crystallography (Cambridge, 1899); 
TI~. LIEBISCH, Physikalische Krystallographie (Leipzig, 1891) ; T~I. LIEBISCI-I, Grundriss 
der physikalischen Kristallographie (Leipzig, 1896) ; W. VOIGT, Die/undamentalen phy- 
sikalischen Eigenscha/ten der Krystalle (Leipzig, 1898). 

Two of the texts in 1 ) above, namely TSCHERMAK, Lehrbueh ... .  and SOMMERFELDT'S 
introductory Geometrische Kristallographie - -  but not his advanced Krystallgruppen - -  
present the space lattice theory without advocating it, emphasizing that  their science 
does not depend upon an atomistic viewpoint and structure theories. 
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space lattice theory  is described and asserted to be what  is "be l i eved"  (pp. 18 
to 2t). 41 

In  this connection we m a y  note one further  point  often stressed in retro- 
spective literature. As Dame KATHLEEN LONSDALE put  it, the directional prop- 
erties of crystals "were  believed to indicate tha t  something in crystals mus t  be 
regularly arranged in space. I t  was not  known whether  the grouping or unit  . . .  
was an a tom or a molecule, a par t  of a molecule or several molecules." 42 Although 
it was most  reasonable to emphasize this uncer ta in ty  after X- ray  analysis showed 
tha t  the unit  cell of the space lattice was simply a box which could indeed be 
filled by  an atom, a molecule, or several molecules, in fact neither crystallo- 
graphers nor  physicists allowed themselves to be upset by  this uncer ta in ty ;  
indeed they  generally overlooked it. As A. E. H. TUTTON explained in Crystalline 
Structure and Chemical Composition (London, t 9t 0), p. 9, " i t  is the space lattice 
which determines the crystal  system and represents the type  of edifice built up  
by  the chemical molecules; for the points take n analogously in the molecules, 
one to represent each, are those which build up the space latt ice." Thus the 
picture generally employed was of a single space lattice whose vertices were 
occupied by  the chemical molecules. I t  was, however, only mildly surprising 
when W. L. BRAGG'S analyses of the alkali halides showed that ,  in the words 
of the elder ]3RILLOUIN, ' t he  diffracting atoms are not  concentrated in a molecule 
of very  small dimensions, separated from the neighboring molecule by  a great  
distance, following the favorite hypothesis  of the mathemat ica l  physicists. '43 
The structure which X- ray  diffraction revealed for NaC1 - -  two interpenetrat ing 
face centered cubic lattices of sodium and clorine a toms - -  had, in fact, already 
been assumed by  MADELUNG and b y  BORN and K£RMAN in their calculations of 
vibrat ional  frequencies and specific heats. 44 

But  now, if the molecular space lattice was, among crystallographers at  the 
tu rn  of the century,  a common doctrine commonly  expressed, is it perhaps none- 
theless the case that ,  as the ]3RAGGS said, "c rys ta l lography  was so much  a 
science a p a r t "  tha t  the physicists never came in contact  with it ? I t  is certain, 
however,  tha t  in Germany  at least the major i ty  of physics s tudents  also studied 
some crystal lography.  This was in large par t  due to the regulations for the ex- 
aminat ion to qualify as a Gymnas ium teacher in Prussia. Candidates whose 
principal field was mathemat ics  or physics had also to choose a secondary field 

41 The failure to discuss the internal strucfure of crystals in a propedeutic work 
is not, of course, to be regarded as demonstrative of a lack of interest in these questions 
on the author 's part, and even less as evidence of lack of belief in atoms, space lattices, 
etc. To take but  one example, JAMXS DWIGHT DANA, despite the silence of his text, 
was much interested in deducing from crystallographic data the forms and properties 
of " the  ultimate particles of bodies." "On  the formation of compound or twin 
crystals," American Journal o/ Science 30, 275--300 (1836); "On  certain laws of 
cohesive attraction," ibid. 4, 364--385 (1847). 

42 If. LONSDALE, Crystals and X - R a y s  (N.Y., t949), pp. 6/7. 
43 M. BRILLOUIN at the second Solvay Congress, La structure de la mati~re. Rapports 

et discussions du conseil de physique tenu ~ Bruxelles du 97 au 81 octobre 1918 (Paris, 
192!), p. 228; likewise W. lXTERNST, p. 139. 

44 E. MADELUNG "Molekulare Eigenschwinguugen", Physikalische Zeits. 11, 898- -  
905 (19t 0) ; M. BORN & T~I. v. KXRMX~r, "l~Iber Schwingungen in Raumgit tern",  Phys.  
Z S .  13, 297--3o9 (19t2). 
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from among: t) chemistry and mineralogy; 2) botany and zoology; 3) geography; 
4) philosophical preliminaries. 45 (The regulations in the other German States 
were probably almost identical as they tended to follow PRussiA's lead in such 
matters.) There seems little doubt that almost all physics students would select 
chemistry and mineralogy. Because Gymnasium teaching was at this time the 
only well defined and reasonably secure career path for one trained in physics, 
the great majority of students prepared for and took this examination, even if 
they harbored hopes of a university career. LAUE had himself begun to follow 
lectures on mineralogy during his first semesters at the university (t899). After 
receiving his doctorate with PLANCK (t903) he continued his studies at G6ttingen, 
where he took the Lehramtsexamen, choosing chemistry and mineralogy as secondary 
field.as Outside Germany the situation is less clear and certainly less uniform - -  at 
Leiden crystallography was required, at Amsterdam it evidently was not 47 __ but in 
general it appears that an exposure to an elementary text on crystallography, and 
to the molecular space lattice structure of crystals espoused therein, was an ex- 
perience shared by the majority of physicists trained at the turn of the century, as 

Wheat then was the conceptual situation in physics circa t9 t t  ? Contrary to 
the LAUE-]~WALD thesis, but as the foregoing discussion would lead us to antici- 
pate, the existence of the space lattice was taken by the physicists as a matter 
of course; almost no one even thought to label it as an assumption. And yet, 
curiously, EWALD'S myth of the discredited space lattice hypothesis appears to 
have its origins in the writings of W. VOIGT from this period. VOIGT, who never 
had any doubts about the space lattice theory, also had strong phenomenological 
predispositions. His Lehrbuch der Kristallphysik (1910) is a classical example of 
the phenomenological approach, which limits the physicist to the construction of 
mathematical relations between macroscopic parameters and avoids ' a  special 
conception about the mechanism of the process. '49 Here VOlGT, sharpening an 

45 Direktion des math.-phys. Seminars, Ratschldge und Erlduterungen [i~r die Stu- 
dierenden der Mathematik und Physik an der Universifdt G6~tingen (Neue Auflage; 
Leipzig, 1913), P. 28. 

46 LAIJE, "Mein physikalischer Werdegang", Au[sdtze u. Vortrdge, p. xix; Fi/ty 
Years, p. 289. 

42 G. UHLENBECK in interview with P.P.  ~I~WALD by Sources for History of 
Quantum Physics, 29 March 1962, p. tl.  J. M. BIJVOET in Fi/ty Years (1962), p. 529. 

4s A further question well worth investigating is the extent to which the text- 
books of experimental physics of this period (1890---19t0) discussed the microscopic 
constitution of solids, and the space lattice structure of crystals in particular. A pre- 
liminary survey indicates wide variations; nonetheless, the fact that OTTO LEHMAI~I~, 
ed., Dr. Joh. Mi~llers Grundriss der 2~hysik (14 th ed.; Braunschweig, 1896), calls for 
demonstration of "regelm~ssige Punktsysteme" in connection with the paragraph (40) 
on "Krystallisierte und amorphe K6rper" suggests that collections of physical 
apparatus ordinarily contained models of point systems. 

49 VOIGT, Lehrb. d. Kristallphys. (Leipzig, t910), p. 110. On the other hand, VOIGT, 
"Ph&nomenologische und atomistische Betrachtungsweise", Kultur der Gegenwart, 
Teil 3, Abteil. 3, Bd. 1, Physik (Leipzig and Berlin, 1915), pp. 714--73t, implicitly 
assumed that the atomistic description, if attainable, was both preferable and truer. 
It is also interesting to note the way in which VOIGT refers in this article (p. 72t) 
to the discovery of the diffraction of X-rays by crystals: LAUE had the simple but 
nonetheless genial idea "zu versuchen, ob bei der Durchstrahlung yon Kristallen mit 
l~6ntgenstrahlen die nach unserer Vorstellung ~ber Kristallstruktur zu erwartenden 
(sternf6rmigen) Interferenzerscheinungen zustandek~men." EEmphasis added.] 

4 Arch.  His t .  E x a c t  Sci.,  Vol. 6 
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aperqu he had  presented  a t  the  Congres international de physique at  Par is  in 
1900, 5o po in ted  to the  ea r ly  t 9  th cen tu ry  calculat ions  of the  elast ic  proper t ies  of 
solids on the  basis of the  molecular  space la t t i ce  hypothesis .  ' T h e  resul t  was 
shown to s t and  in con t rad ic t ion  to experience,  and  this  cont rad ic t ion  was a 
pr inc ipa l  reason for the  d iscredi t ing  of the  molecular  t h e o r y '  51 __ not  merely ,  
as EWALD has it, the  in te rna l  r egu la r i ty  of crystals .  Bu t  the  resusc i ta t ion  of the  
molecular  t heo ry  had,  according to  VOIGT, a l r eady  occurred a genera t ion  earlier,  
for when he found the  proper  assumpt ions  abou t  the  molecules and crysta l l i tes ,  
' t h a t  p rev ious ly  en igmat ic  con t rad ic t ion  d i sappeared  en t i re ly  of i tself . '  VOlGT 
just i f ies  devo t ing  a mere  eleven pages to  the  s t ruc ture  theories  of BRAVAIS, 
SOHNCKE, and  SCHOENFLIES b y  po in t ing  out  t h a t  these theories have  p red ic ted  
a lmos t  nothing,  and  have  only  served to expla in  the  most  e l e me n ta ry  p roper t i e s  
of c rys ta ls  - -  e.g., the  law of r a t iona l  indices and  the fo rmat ion  of c leavage planes.  
' P o s t u l a t e s  for the  deduc t ion  of the  laws of phys ica l  phenomena  on the  basis  
of a special  s t ruc tu ra l  hypothes i s  are a lmost  en t i re ly  lacking,  and  w h a t  has been 
ava i lab le  unt i l  now has  l i t t le  more  u t i l i t y  t han  the s y m m e t r y  re la t ions  de r ived  
f rom the  ex te rna l  form of the  crys ta ls . '  51 But  VOIGT'S use of the  a rgume n ta t i on  
of the  la te  19 th cen tu ry  phenomenologis t  is, again,  pure ly  rhetor ical .  VOIGT did  
no t  ha rbo r  the  least  doub t  t h a t  the  molecular  space la t t i ce  represen ted  the  under-  

50 VOlGT, "L '6 ta t  actuel de nos connaissances sur l'61asticit6 des c r i s taux"  Congr~s 
International de Physique, Paris, 1900, Rapports, Vol. 1, pp. 277--347; on pp. 287--289. 

51 Lehrb. d. Kristallphys. (1910), pp. 8/9. Lovz,  Theory o] Elasticity (1906 and 
1927), p. 13, s ta ted tha t  " t h e  rar i-constant  equations rest upon a part icular  hypo- 
thesis concerning the consti tution of matter ,  while the adoption of rnulticonstancy 
has been held to imply denial of this hypothesis ."  But  " th i s  hypothesis"  is neither 
the space lattice, nor the molecular hypothesis, but  " t he  hypothesis of mater ial  
points and central forces," i.e., extensionless, inalterable, monopole atoms. This is 
indeed jus t  the position which VOlGT himself held in 1887: "Denn  nicht die molekulare 
Vorstellung selbst ist dutch die erw~ihnten Beobachtungsresultate [invalidity of the 
CAUCt~Y relations~ widerlegt, sondern nut  eine willkiirlich specielle Annahme fiber die 
Wirkungsweise der Molekiile, die schon an sich unwahrscheinlich ist ." Kgl. Ges. d. 
Wiss. zu G6ttingen, Abhl. 34, 4. 

52 Op. cir., pp. t t0 /1 t l .  LAUE, Geschichte der Physik  (2 nd ed.; Bonn, 1947), p. 119 
(4 th ed., 1958; reprinted, Frankfur t  and Berlin, 1966), p. 133, asserted tha t  ' A t  first 
these investigations [of BRAVAIS, SOHNCKE, etc.~ exerted no influence upon physics 
because no physical  phenomena compelled the assumption of the space lat t ice hypo- 
thesis. Among the few physicists who concerned themselves at  all with the s tudy of 
crystals many  [manche~ adopted the opposing view tha t  in crystals, as in other forms 
of mat ter ,  the centers of gravi ty  of the molecules are dis t r ibuted randomly and tha t  
the anisotropy is produced solely by  the parallel  al ignment of preferred directions 
[die Parallelstellung yon Vorzugsrichtungen~.' The circumstance to which this myth  
refers is evident ly  the following. The phenomenon of " l iquid crys ta ls" ,  widely studied 
after t 890, was often a t t r ibuted  to such a parallel  al ignment of large organic molecules. 
OTTO LEHMANN, the most energetic proponent  of the view tha t  " l iquid crys ta ls"  
really were crystals (crystallographers would have nothing to do with them), went 
so far as to mainta in  tha t  what  was essential to crystals was the anisotropy of the 
molecules, which were oriented by  a special "R ich t k ra f t " ,  etc. Even LEHMANN, how- 
ever, readily conceded tha t  in ordinary crystals the molecules were ar rayed in a space 
lattice. LEHMANN, .Fl~ssige Kristalle sowie Plastizitdt yon Kristallen im A llgemeinen... 
(Leipzig, 1904), p. 9: The space lat t ice theory " i s t  heute die herrschende geworden. 
Sie ist  zu Grunde gelegt bei Behandlung der kristallographischen Erscheinungen ill 
allen Lehrbfichern der Physik, Kristal lographie und physikalischen Chemie und vet-  
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ly ing  real i ty .  Al though  re la t ive ly  bar ren  up  unt i l  then,  i t  would, VOIGT ant ic i -  
pa ted ,  become most  f rui t ful  in the  future.  Whi le  spec t roscopy  was ' a " p a t h o l o g y "  
of the  molecules ' ,  c rys ta l  physics,  which deal t  w i t h '  the  normal ,  he a l t hy  molecules '  
in the  per fec t ly  regular  env i ronment  provided  b y  the space la t t ice ,  would  make  
i t  ' possible to a t t a in  ent rance  into the  u l t ima te  problems  of physics,  the  quest ions 
regard ing  the processes in the  molecules. '  52 

VOlGT was 60 in 1910. The younger  genera t ion  of physic is ts  felt  no th ing  of 
his phenomenologica l  ambivalencies .  Their  confidence in the  space la t t i ce  can 
be seen most  c lear ly  in the  discussions of the  eigenfrequencies and  specific hea t s  
of solids, discussions which began  ear ly  in the  cen tu ry  and became pa r t i cu l a r ly  
l ive ly  be tween  t910 and 19t 2. The papers  of EINSTEIN, MADELUNG, LINDEMANN, 
HABER, DEBYE, BORN and  K£RMA, N 54 show ve ry  c lear ly  t h a t  the  a tomic  or 
molecular  space la t t i ce  was not  a hypothesis ,  not  a theory,  bu t  an impl ic i t  as- 
sumpt ion  - -  impl ic i t  because no a l t e rna t ive  was conceivable.  As BORN, looking 
back  on his work wi th  YON KARMA, N, qui te  accura te ly  recal ls :  ' W e  r ega rded  the  
exis tence of a tomic  la t t ices  as self evident .  '55 And  when, on the  a s sumpt ion  of 
a space la t t ice ,  EINSTEIN'S rough calculat ion of the  t he rma l  c o n d u c t i v i t y  of 
crys ta ls  y ie lded  the wrong order  of magn i tude  and t e m p e r a t u r e  dependence ,  
there  was no though t  of call ing the  space la t t ice  hypothes is  in quest ion.  There  
was only one poss ib i l i ty :  ' W e  mus t  conclude from this t h a t  mechanics  is no t  
capable  of expla in ing  the  t he rma l  conduc t iv i ty  of non-conductors . '  56 I t  is thus  
a m p l y  ev ident  t ha t  the  Munich physicis ts  were in no w a y  unique  in the i r  belief  
in space lat t ices,  and  thus  t ha t  belief in the  space la t t ice  cannot  have  been  a 
sufficient  condi t ion for conceiving of the  diffract ion of X- rays  b y  crystals .  

mag scheinbar yon allen Tatsachen in einfachster Weise Rechenschaft zu geben." 
Here a footnote cites G. TAMMANN, Kristallisieren und Schmelzen (Braunschweig, 1903), 
who construes LEHMANN'S views as an a t tack  on the space lat t ice theory. LEI-IMANN 
replies: "Der  Verfasser scheint der  Meinung zu sein, dab ich die Raumgit ter theorie  
f iberhaupt beseitigen wolle. Daran habe ich natfirlich hie gedacht ."  

53 VOIGT, Lehrb. d. Kristallphys., p. 5. For  an excellent discussion of this atomism - -  
phenomenalism 'schizophrenia '  of the late nineteenth century physicists, see the first 
chapter  of J. L. HEILBRON, A History o/ the Problem of Atomic Structure [rom the 
Discovery o/the Electron to the Beginnings o/Quantum Mechanics (Ph. D. dissertation, 
Universi ty of California, Berkeley, 1964; Ann Arbor : Universi ty Microfilms, 1965). 

5a A. EINSTEIN, "Eine  Beziehung zwischen dem elastischen Verhalten und der 
spezifischen W~trme bei festen K6rpern mit  einatomigem Molekfil", Ann. d. Phys. 
34, t 70--174 (30 Dec. t910) ; F. A. LINDE~ANN, "Uber  die Berechnung molekularer 
Eigenfrequenzen",  Physikal. ZS.  11, 609--612 (t 5 Ju ly  1910) ; F. HABER, " IJber  den 
festen K6rper . . ." ,  Verhandl. der Deutsch. Phys. Ges. 13, 11t7--1136 (30 Dec. 1911), 
p. 1 t 28; P. DEBYE, "'Zur Theorie der spezifischen W~rnlen",  Ann. d. Phys. 39, 789--  
839 (1912), p. 791 ; papers cited in note 44. 

55 BORN, "Rt ickbl ick auI meine Arbeiten tiber Dynamik  der Kris ta l lg i t ter"  (intro- 
ductory  lecture at  the Internat ional  Conference on Latt ice Dynamics, Copenhagen, 
5 Aug. t963), Physik im Wandel meiner Zeit (4 th ed.; Braunschweig, t966), p. 280. 
C[. BORN, "Er innerungen all Max yon Laues Entdeckung der Beugung yon R6ntgen- 
strahlen durch Kris ta l le" ,  Z S . / .  Kristallographie 112, 1--3 (1959). BORN there recalls 
how the discovery "au f  mich und vermutlich auf andere theoretische Physiker  gewirkt 
h a t "  ; namely, he and v. KARM*N ' waren voI1 der Gittertheorie der Kristalle so durch- 
drungen, dab unsere gemeinsame Reaktion auf die Kunde ihrer Best~Ltigung sich etwa 
mit  den Worten "Na,  a lso"  beschreiben I/~sst.' 

56 A. EINSTEIN, "Elementare  Betrachtungen fiber die thermische Molekularbewe- 
gung in festen K6rpern" ,  Ann. d. Phys. 35, 679--694 (25 Ju ly  t91t) ,  p. 692. 

4* 
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3. The ' W a v e '  Theory No Necessary Condition 

There  remains ,  then,  the  second half  of the  LAuE-EWALD answer  to the  
quest ion " w h y  Munich ? ",  n a m e l y  t h a t  Munich - -  in pa r t i cu l a r  i ts  In s t i t u t e  of 
Theore t ica l  Physics  under  ARNOLD SOMMERFELD - -  was an ac t ive  center  of research 
on optics  of all wavelengths ,  where the  view tha t  X- rays  are s imply  classical 
e lec t romagnet ic  r ad ia t ion  was s t rong ly  advoca ted .  ~7 (In wha t  sense this  was a 
' w a v e '  t heo ry  of X- r ays  we will consider  in Sect ion III.) I t  was SOMMERFELD 
who took  on the  t a sk  of defending  this  view agains t  JOHANNES STARK'S l ight  
q u a n t a  (" Lichtzel len ").ss SOMMERFELD was unwil l ing to  concede t h a t  any of the  
proper t ies  of X - r a y s  were inexpl icable  on the  basis  of the  MAXWELL-LORENTZ 
theory .  5~ E a r l y  in t 9t  t he showed t h a t  if an electron moving  at  nea r ly  the  speed 
of l ight  is b rough t  to res t  in a d i s tance  of a tomic  dimensions,  then  on this t h e o r y  
nea r ly  all the  Bremsstrahlung is e m i t t e d  into  a na r row region be tween  two con- 
centr ic  cones opening  circa 8 ° a round  the  di rect ion of mot ion  of the  electron.  
Thus,  SOMMERFELD main ta ined ,  the  r ad ia t ion  has ' a b s o l u t e l y  the  charac te r  of 
a projec t i le  and  in i ts  energy local iza t ion is no longer app rec i ab ly  different  from 
a corpuscular  r ad ia t ion  or f rom the  hypo the t i c a l  l ight  quan tum.  '6° This  being 
the  case, the  demons t r a t i on  of the  di f f ract ion of X- r ays  would,  SOMMERFELD 
declared ,  ' c o n s t i t u t e  a sor t  of caps tone  to the  t heo ry  and  def in i t ive ly  exclude 
eve ry  corpuscular  t heo ry  of X-rays .  '61 And,  indeed,  ear ly  in t 9 t  2 SOMMERFELD 
though t  he had  found s t rong evidence of di f f ract ion in the  pho tome t r i c  profiles 
of the  diffuse b roaden ing  of the  image  of a wedge-shaped  slit. 6~ Thus  unques t ion-  
ab ly  the  ' w a v e '  t heo ry  of X- r ays  was a ve ry  p rominen t  componen t  of the  Munich 
in te l lec tua l  env i ronment ,  and  ear ly  in t 9t  2 the  quest ion of how one might  ob ta in  
an unambiguous  demons t r a t i on  of the  di f f ract ion of X- r ays  was an especia l ly  
n a t u r a l  one to  ponder  in Munich. sa 

5~ LAUE, Nobel lecture, Au[sdtze u. Vortrdge (1962), pp. 6- -9 ;  EWALD, Fi]ty Years 
(t962), pp. t4- -16 ,  32--34. 

58 A. HERMANN, "Albe r t  Einstein und Johannes S ta rk" ,  Sudho//s Archly 50, 
267--285 (Sept. 1966); "Die  frfihe Diskussion zwischen Stark  und Sommerfeld fiber 
die Quantenhypothese (1)," Centaurus 12, 38--59 (1968). J. STARK, "f3ber R6ntgen- 
strahlen und die atomistische Konst i tut ion der St rahlung",  Phys. ZS.  10, 579--586 
(1 Sept. 1909). A. SOMMERFELD, " i Jbe r  die S t ruktur  der ;~-Strahlen", Bayerische A kad. 
d. Wiss. zu MC~nchen, Sitzungsber. math.@hys. KI. (19tl),  pp. t - -60 ,  read 7 Jan. 191t. 

69 This is an overstatement.  By 1911 SOMMERFELD'S view was tha t  the MAXWELL- 
LORENTZ Theory gave a true picture of the electromagnetic radiat ion field and also 
of the production and absorption of radiat ion by  charged particles, both inside and 
outside atoms. The ' du r a t i on '  of these processes of emission and absorption, or the 
to ta l  energy transferred in one such process, was, however, determined by  PLANCK'S 
constant,  h. 

60 SOMM~m~ELD, Bayerische Akad., Sitzungsber. (191t), p. 4. 
61 SOMMERFELD, " IJber  die Beugung der R6ntgenstrahlen" ,  Ann.  d. Phys.  38, 

473--506 (t8 June 1912), received I March 1912; on p. 473. 
6~ Ibid. 
68 One should add, however, t ha t  although SOMMERFELD and I~ONTGEN were 

working on X-rays ill this period, they  did not  give X-ray  problems to their  students.  
In  the five years 1909--1913 only WALTER FRIEDRICH completed a doctoral  dis- 
sertat ion on X-rays (Jahresverzeichnis der an den deutschen Hochschulen erschienenen 
Schri/ten, 25--29). As measured by  the number of workers and papers, Cambridge 
was a far more active center of X-ray  research than Munich. 
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I t  seems, of course, self-evident that  adherence to the 'wave '  theory was a 
necessary condition for conceiving of the interference of X-rays scattered by the 
atoms of a crystal. But was adherence to this view of X-rays a necessary con- 
dition for the discovery, that is, for performing the experiment and observing the 
effects which we now interpret as due to the interference of X-ray waves ? 

In April 19t2, simultaneous with the first experiments at Munich on dif- 
fraction of X-rays, JOHANNES STARK and G. WENDT reported on a series of 
experiments at Aachen in which a crystal plate about t mm thick was exposed 
for a few hours to a narrow beam of canal rays (3 × t0 ~ t  5 × 103 electron Volt). 64 
The original idea behind these experiments was that the ion (canal ray) would 
collide head-on with a molecule in the face of the crystal and that this " S t o s s "  
would be propagated down a row of the molecular space lattice, producing a 
roughening or deformation of the back face I mm distant from the point of 
impact. 65 (The authors took the space lattice arrangement of the molecules in a 
crystal as a matter of course; glass, as amorphous and thus lacking any regular 
arrangement, was used as a control) .  66 In the course of their work, however, 
they became convinced that this process was out of the question, ~7 and came 
instead to the conclusion that ' the mechanical action which hydrogen canal rays 
produce at a depth in solid bodies can be explained naturally by the penetration 
of the rays between the intermotecular valence fields beneath the surface layer. '6s 
That is, the hydrogen ions pass between the rows of atoms to some considerable 
depth in the crystal. 6" 'Whether in fact hydrogen canal rays are, as it appears, 
able to penetrate into a crystal lattice more easily and more deeply parallel to 
cleavage planes than perpendicular to them must be the subject of special detailed 
investigations. This task represents a part of a more general problem, namely 
the problem of the investigation of crystal structure by means of canal-, a-, and 
cathode-rays.' 7o 

A few days after the appearance of LAUE, •RIEDRICH, and KNIPPING'S paper 
STARK submitted for publication a 'Remark on the Scattering and Absorption 
of /5-Rays and X-Rays in Crystals. '71 ' I n  continuation' of the experiments 
described above, said STARK, ' I wanted to investigate the phenomena which arise 
when a thin bundle of/5- and X-rays passes through crystal plates. Since I am pres- 
ently hindered from doing so, I communicate the considerations according to which 

64 J.  STARK & G. WENDT, "~)ber das Eindringen von Kanalstrahlen in feste 
K6rper", Ann. d. Phys. 38, 921--940 (i 3 Aug. t 912), dated 13 April, received 25 April; 
"Pflanzt sich tier Stol3 von Kanalstrahlen in einem festen K6rper fort ?" Ibid., 
pp. 941--957, dated 20 April, received 25 April. 

a~ Ann. d. Phys. 38: 942/3. 
66 Ibid., p. 946. 
67 Ibid., p. 957. 
68 Ibid., p. 939. 
66 Just how deeply STARK & WENDT do not say. They seem, however, to accept 

the results of Goldsmith, cited ibid. p. 926, which imply about 104 intermolecular 
distances. 

70 Ibid., p. 939. C/. the "channeling" technique described by L. ERIClCSSON, J. A. 
DAVIES & J. W. MAYER in Science 163, 627--633 (14 Feb. t969). 

71 j. STARK, "Bemerkung fiber Zerstreuung und Absorption von /5-Strahlen und 
R6ntgenstrahlen in Kristallen", Phys. ZS. 13, 973--977 (15 Oct. 1912), dated 26 Aug. 
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exper imen t s  of this  sort  could be performed.  '7~ W h a t  follows is a l eng thy  de- 
scr ip t ion  of how one might  expec t  the  f l - ray and  the  X - r a y  L i c h t z e l l e  (whose 
d i ame te r  is the  ,~ ob ta ined  from 2 = c/,v : c h / E )  to pass down the ' s h a f t s '  be tween  
the  rows of molecules of the  c rys ta l  la t t ice .  Then STARK gives e labora te  direct ions 
for se t t ing  up  an expe r imen t  - -  an expe r imen t  which tu rns  out,  of course, to be 
ident ica l  wi th  t h a t  of FRIEDRICH and  KNIPPING. ' I t  is r emarkab le , '  STARK f inal ly  
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Fig. 2. The "d i f f rac t ion"  of X-rays according to J. STARK 

comes to observe,  ' t h a t  I t hough t  th is  t h rough  on the  basis of the  L i c h t z e l l e  

hypothes i s  even before I had  become acqua in t ed  with  the  observat ions  which 
W.  FRIEDRICH and  P. KI,IIPPING, a t  the  suggest ion of M. LAUE, m a d e  on the 
sca t te r ing  of X- r ays  in c rys ta l  p la tes ,  and  which these au thors  in te rp re t  as an 
in terference of X-rays .  '7~ 

This  is b u t  a mi ld  example  of the  sort  of behav io r  which caused STARK to 
be regarded  as an abso lu te ly  impossible  man.  Bu t  af ter  d iscount ing  STARK'S 
penchan t  for deducing  recent  discoveries  from his own pecul ia r  models,  there  
remains  a d is t inc t  poss ib i l i ty  t h a t  had  STARK not  been ' h i n d e r e d ' ,  X - r a y  " d i f -  

f r ac t i on"  would  have  been discovered v i r t ua l l y  s imul taneous ly  in Aachen  under  
the  guidance  of the  corpuscular  theory .  A t  the  ve ry  least ,  i t  is ev ident  t ha t  ad-  
herence  to  the  ' w a v e '  t heo ry  of X- r ays  was not  a necessary  condi t ion  for the  
discovery.  

72 Ib id . ,  p. 974. 
73 Ib id . ,  p. 975- W. L. BRAGG also pointed out  to his father, who was the principal 

English-language advocate of a corpuscular in terpreta t ion of X-rays, t ha t  when the 
X-ray  beam is incident  upon a cubic crystal  in the (t00) direction the LAl;n-diagram 
could be construed by  observing tha t  "a l l  the directions of the secondary pencils in 
this position of the crystal  are ' avenues '  between the crystal  a toms" .  W. H. ]3RAGG, 
" X - r a y s  and crys ta ls" ,  N a t u r e  90, 219 (24 Oct. 1912), da ted  18 Oct. 



X-Ray  Diffraction by  Crystals 55 

III. An Unpromising Proposal 

Thus far we have  g ran ted  t h a t  a possible rou te  to the  d iscovery  of di f f ract ion 
b y  crys ta ls  was a consis tent  appl ica t ion  of the  view tha t  X- r ays  are classical 
e lec t romagnet ic  r ad ia t ion ;  we mere ly  denied t ha t  this  was the  only possible route.  
But  when we f ind t h a t  SOMMERFELD, the chief p roponen t  of this  view, regarded  
LACE'S proposa l  as so unpromis ing  t ha t  he refused to i n t e r rup t  the  exper imen ta l  
p rog ram he had  p lanned  for FRIEDRICI~, 74 we are obliged to reconsider  our  ini t ia l  
concession. 

LAVE had  a b r igh t  idea  - -  to use a c rys ta l  as a diffract ion g ra t ing  for X-rays .  
Bu t  how would this  idea  have  s tood up  when scrut in ized in the  l ight  of the  
o r thodox  physics  of the  day ,  and  especial ly of the  ' w a v e '  t heo ry  of X-rays ,  b y  
' t h e  recognized mas te rs  of our science '  whom LAVE consul ted ?75 In  fact,  as 
we argue below, not  ve ry  well. Yet  if a SOMMERFELD or a WlEN had  doubts  
abou t  the  feas ib i l i ty  of a p roposed  exper iment ,  sure ly  any  adheren t  of the  ' w a v e '  
t heo ry  of X- r ays  would  i m m e d i a t e l y  assent  to  LAwn's in t e rp re t a t ion  of the  
phenomenon  which exper imen t  then  revealed ? Tha t  was not,  however,  the  case. 
Whi le  BRAGG and  STARK, the  advoca tes  of a rad ica l  corpuscular  view of X-rays ,  
were i m m e d i a t e l y  able to fi t  the  observed phenomenon into  the i r  own theore t ica l  
f ramework,  leading adherents  of the  wave theory  found i t  diff icult  to do so. 
Thus  Lord  RAYLEIGH wrote  BRAGG: " I  am glad  t ha t  you  are giving a t t en t ion  
to Laue  & Co's spots  and  t ha t  you have  an exp lana t ion  w -h f i ts  the  facts. ''~6 
Again  C. G. BARKLA, the  most  vigorous and inflexible Engl i sh- language  advoca te  
of the  ' w a v e '  t heo ry  of X-rays ,  confided to RUTHERFORD: " I  have  had  a copy 
of Laue ' s  pape r  for some l i t t le  t ime  and  cer ta in ly  a m  scept ical  of any  interference 
i n t e rp re t a t i on  of the  results.  A number  of features  do not  po in t  in t ha t  w a y  . . . .  
This  in no w a y  affects m y  absolute  confidence of the  t r u t h  of the  wave t heo ry  
of X-rays .  ''77 

The  c i rcumstance  t ha t  i t  was precisely advoca tes  of the  ' w a v e '  t heo ry  who 
re jec ted  LAUE'S proposal ,  and  who found the  d iscovery  diff icult  to assimilate ,  
suggests,  then,  t h a t  the  ' w a v e '  theory ,  far from being un ique ly  favorab le  to  the  

~4 LAVE, Nobel lecture (1920), Au]sdZze u. Vortrdge, p. 11; FRIEDRICH, Naturwiss. 
10, 365 (1922). The personal relations between SOMMERFELD and LAVE were very 
poor at  this t ime (LAVE to SOMMERFELD, 3 August  1920, in SOMMERFELD'S correspend- 
ence; microfilm of this correspondence is deposited in the Archive for His tory  of 
Quantum Physics). I t  is thus necessary to consider the possibili ty tha t  personal ra ther  
than  intellectual moments led to SOMMERFELD'S refusal. Since, however, there is 
evidence, both direct  and indirect, tha t  to any adherent  of the wave theory of X-rays 
LAUE'S proposal would seem highly dubious, we may  perhaps omit  the personal factor. 

v5 This phrase which LAVE used in his Nobel lecture was intended to refer principal- 
ly to SOMMERFELD, but  no less to W. WIEN. LAVE to P. P. EWALD, 1 May t924, in 
A. SOMMERFELD'S correspondence. 

76 Lord RAYLEIGH to ~VV. H. BRAGG, 31 October 1912, in BRAGG'S papers a t  the 
Royal  Insti tution,  London. 

77 C. C-. BARKLA tO E.  RUTHERFORD, 29 October t912, in RUTHERFORD'S papers a t  
the Cambridge Universi ty Library.  Again, 13ARKLA • G . H .  MARTYN, " A n  X-ray  
fringe system," Nature 90, 647 (13 Feb. 1913) : " W e  thus have what  appears [BARKLA'S 
italics] to be a series of X-ray spectra of different orders . . .  Of the experimental  
results there can be no doubt,  and we cannot a t  present  suggest any probable ex- 
planat ion except the very obvious one of interference." In other words, the " v e r y  
obvious"  interference interpreta t ion is very unsatisfactory. 
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d iscovery,  ac tua l ly  rendered  the  d iscovery  inaccessible to i ts  adherents .  A n d  
this  is, af ter  all, jus t  wha t  we migh t  have  an t i c ipa t ed  from the  wide diffusion 
of the  ' w a v e '  t heo ry  of X- r ays  and  its s t a tus  as the  o r thodox  view. 7s 

1. Thermal Motion 

In  the  ea r ly  re t rospec t ive  accounts  the  precise grounds  upon  which ' t h e  
recognized mas te r s  of our  sc ience '  d o u b t e d  the  rea l i zab i l i ty  of LAUE'S proposa l  
are no t  specif ied;  LAUE, in t920, and  FRIEDRICH, in 1922, were s i lent  on this 
point .  Recen t  recollections,  however ,  a p a r t  f rom a few abs ten t ions ,  have  been 
v i r t ua l l y  unan imous  t h a t  the  single and sole g round  was the  t he rma l  mot ion  of 
the  a toms  of the  crys ta l .  On the  ski t r i p  which SOMMERFELD and  a few of his 
colleagues took  each yea r  dur ing  the  spr ing vaca t ion  (late March or ear ly  April)  
LAUE'S proposa l  was discussed and  dismissed.  '" I t  was a r g u e d " ,  EWALD reports ,  
" t h a t  the  inev i t ab le  t e m p e r a t u r e  mot ion  of the  a toms  would  impa i r  the  r egu la r i t y  
of the  g ra t ing  to  such an ex ten t  t ha t  no p ronounced  di f f ract ion m a x i m a  could 
be expec ted . "  Bo th  EWALD and  FRIEDRICH n a m e d  WILLY WIEN as one of those 
mos t  s t rong ly  convinced t h a t  the  t he rma l  mot ion  would p reven t  the  expe r imen t  
f rom succeeding (and, p resumably ,  responsible  for pe r suad ing  SOMMERFELD of 
this),  while EPSTEIN points  to  DEBYE. 79 

The  a rgument ,  as EWALD recons t ruc ts  it, would  have  been t h a t  if the  a m p l i t u d e  
of the  t he rma l  mot ion  of an a t o m  was comparab le  to the  ' w a v e l e n g t h '  of the  
X- rays ,  then  the  la t t i ce  would  no longer be  regula r  enough to give a d i s t inc t  
d i f f rac t ion  pa t t e rn .  The  ' w a v e l e n g t h '  of the  X- rays  (a concept  discussed in more  
de ta i l  below) emi t t ed  b y  a tube  wi th  a p l a t i n u m  an t i ca thode  ope ra t ed  under  
s t a n d a r d  condi t ions  h a d  been e s t ima ted  b y  bo th  WIEN and  SOMMERFELD as 
abou t  0.5 A. s° W h a t  then  is the  a m p l i t u d e  of the  t he rma l  mot ion  in a c rys ta l  
a t  room t e m p e r a t u r e  ? The  papers  of t910 and  t 9 t l  on the  eigenfrequencies  and  
specific hea ts  of solids, c i ted  earl ier  for the i r  t e s t i m o n y  abou t  the  belief in space 
la t t ices ,  are also r e l evan t  to  this  quest ion.  These papers  t ake  i t  as r ea sonab ly  

7s I t  is also interesting to note tha t  after the announcement of the FRI~DRICH- 
KNIPPING-LAuE phenomenon other physicists thought it worthwhile to try the ex- 
periments which STARK and WENDT had originally suggested: EDGAR MEYER en- 
couraged WALTHER GERLACH to try the 'diffraction' experiment with ~ particles, 
assuring him, as GERLACtt recalls, t ha t  "ke in  Versuch ist  so durum, dab man ihn 
nicht  machen sell." Physikalische Bliitter 19, t01 (1963). This a t t i tude  again argues 
tha t  the newly discovered phenomenon was not  perceived as a straightforward de- 
duction from the wave theory,  bu t  ra ther  par took of the character  of an unforseen 
discovery, like tha t  of X-rays themselves, with its characteristic effect of l iberating 
the scientific imagination. 

7~ EWALD, Fifty Years (t962), p. 42. EWALD, who was not  himself in Munich at  
the time, a t t r ibutes  the thermal  motion story to LAUE and FRIEDRICH. (Interview 
with EWALD by  Sources for His tory  of Quantum Physics, 8 May 1962, p. 5.) Recently 
FRIEDRICI-I (interview by S. H. Q. P., 15 May t 963, pp. 2, 5, l 0) has indeed advanced 
it, as has P. S. EPSTEIN (interview by S. H. Q. P., 25 May t962 AM, p. t2). LAUE 
does not  mention thermal  motion as an obstacle to the experiment  in any of his 
published retrospective accounts; neither did DEBYE in his interviews with S. H. Q. P. 
or with KERR and WILLIAMS make any mention of the thermal  motion in this con- 
nection. 

s0 Discussed in the papers cited in notes 60 and 61. 
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well established tha t  the narrow absorption and emission bands  which m a n y  
crystals show in the infrared ( "Res t s t rah len" )  are the frequencies with which 
the individual  atoms or molecules of the crystal  v ibra te  with respect to one 
another,  sl EWALD therefore quite jus t ly  suggests: 

An evaluation of the thermal deformation of the crystal lattice could have been 
made by comparing the known average thermal energy of an oscillator at room 
temperature to tha t  of an oscillator of amplitude A and frequency corresponding to 
a "Rests t rahl"  wavelength of, say, 50 microns as for rock salt or KC1. Assuming the 
mass of the oscillator to equal that  of the chlorine atom, an amplitude A of about 
0.75 ~- is obtained. This is larger than the X-ray wavelength as given by WlEN (0.6 X), 
or SOMMERFELD (0.4 A), and thus the regular phase relations between the individual 
scattered wavelets, which are essential for the formation of a diffracted beam,would 
be destroyed. 82 

But  let us t ry  to reconstruct  EWALD'S calculation. At high temperature ,  
h~o<<kT, the average energy of a l inear harmonic  oscillator is kT. Here h is 
PLANCK'S constant ,  co the angular  frequency of the oscillator, k "BOLTZMANN'S" 
constant ,  and T the absolute temperature .  When  the oscillator is at its m a x i m u m  

1 ampli tude,  A . . . .  this average energy is all potential ,  namely  ~ A . . . .  where ~., 
the "force cons tan t , "  is equal  to me) ~, m the mass of the oscillator. Thus  the 
average m a x i m u m  ampl i tude  is given by :  

moo Amax "~ax . k T  
' = ~ v ~  - V ~ c  - '  

50×10-~cm 1/1.4 × 10-1o erg/°K × 2.9 × 102 °K 
Araax= 1.41X3.14×3Xl01°cm/sec I /  t ~ - ~ ~ - ~ X ~  

= t .0  × t0  -9 cm. 

Thus  A m ~ x : 0 . t 0 ) ~ ,  not  EWALD'S 0.75 A. If, moreover we consider not  the 

m a x i m u m  ampl i tude  bu t  the root mean  square ampli tude,  V ~ = Amax/I/2, we 
find 0.07t •.8a Thus  the m a x i m u m  disordering of the lattice by  the thermal  
mot ion is only about  15 per cent of the X - r a y '  wavelength ' ,  and such a calculation,  

sl Papers cited in notes 44, 54 and 56. This interpretation is due to P. DRUDE, 
"Optische Eigenschaften und Elektronentheorie", Ann. d. Phys. 14, 677--725, 936--  
96t (1904), p. 682. 

s2 EWALD, Fi/ty Years o/ X-Ray Diffraction, pp. 42/43. 
s3 Our assumption of a linear harmonic oscillator can be justified both historically 

and physically. I t  was made, for example, by F. A. LINDEMANN, "il)ber die Berechnung 
molekularer Eigenfrequenzen," Physikalische Zeitschri]t 11, 609--6t2 (15 July 191o), 

1 - 2  who wrote precisely our relation k T=~Amax, and then solved the equation for ~0. 
Physically, it is justified by the fact that  only those displacements in the direction 
of the normal to the reflecting plane impair the constructive interference of the 
reflected wave trains. In  truth, the root-mean square displacement in ally given 
direction of the clorine atoms in NaC1 at room temperature, as determined from the 
temperature dependence of the interference maxima, is 0.13 -~. (R. W. JAMES, The 
Optical Principles o[ the DiJ[raction o/ X-Rays (London, 1962), pp. 236--239, and 
also pp. 20--25, t 93--20t .) Tile principal reason that  the above relation underestimates 
the amplitude of the thermal motion is that, like the first post-discovery calculations 
of the effect of the thermal motion on the interference maxima, it  treats the atoms 
as elastically bound to fixed equilibrium positions, rather than to their neighbors, 
thus neglecting the cumulative displacements produced by lattice vibrations whose 
wavelengths are long compared to the interatomic distance. 
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if it was actually performed, ought to have been encouraging rather than dis- 
couraging. 

There were at least two other methods of computing the amplitude of the 
thermal motion in solids which were implicit in the contemporary discussion of 
eigenfrequencies, namely inferring the force constant of the atomic oscillator 
from the compressibility of the crystal (MADELUNG, SUTHERLAND), or from its 
melting point (LI~DEMANN, A. STEIN). The first of these methods would probably 
have given somewhat larger values for the amplitude. The physical postulate of 
the second, and far more popular, t h e o r y - -  that at the melting point the amplitude 
of the thermal vibrations is equal to half the distance between the "surfaces" 
of the molecules - -  could lead to definite values for these amplitudes only when 
supplemented by values for molecular or ionic radii. The values then employed 
would have led, again, to Am~x~0.1 A at room temperature, s4 

But did LAUE or SOMMERFELD feel any need for reassurance - -  and some 
such computation would, evidently, have provided it - -  that the amplitude of 
the thermal vibrations was considerably less than the ' wavelength' of the X-rays ? 
Probably not. In the two years prior to LAUE'S proposal a very lively interest 
had arisen in the properties and consequences of the thermal motion in solids. 
Yet, curiously, throughout these discussions of eigenfrequencies, heat content, 
melting temperature, and electrical resistivity s5 no consideration was given to 
the actual numerical values of the amplitudes which entered repeatedly in the 
calculations. The reason for this is, however, not far to seek. The actual values 
of the amplitudes were of no interest precisely because the assumption upon 
which all these calculations rested was that these amplitudes were negligibly 
small in comparison with the interatomic distance - -  for only on that assumption 
could the thermal vibrations be regarded as harmonic, no matter what the actual 
form of the lattice potential. The first explicit numerical estimate of the amplitude 
of the thermal motion was, apparently, that  which GRONEISEN included in a 
paper submitted for publication a month after the announcement of LAUE, 
FRIEDRICH, and KNIPPING'S discovery, s~ 

And yet,  more curiously still, the warrant for this myth  of the thermal motion 
derives directly from LAUE'S first paper on X-ray diffraction. Indeed EWALD'S 
assertion that the thermal motion "displaces the molecules over considerable 

s4 F. A. L1NDEMANN, "lJber Beziehungen zwischen chemischer AffinitAt und Elek- 
tronenfrequenzen", Verhl. d. Dtsch. Phys. Ges. 13, 1107--1116 (30 Dec. 1911). LINDE- 
MANN gives (atomic diameter)/(interatomic distance)=80--90%, from which, using 
LINDEMANN'S assumptions, one would have been able to infer that at the melting 
point A-max=S--10% of the interatomic distance, or 2--4% ~0.1 A at room tem- 
perature. An estimate of the amplitude of the thermal vibrations on the basis of the 
compressibility of NaC1 would have given about 0.3 A: P. DEBYE, Verhl. d. Dtsch. 
Phys. Ges. 15, 874 (15 Sept. 1913). 

05 F. A. LINDEMANN, "Untersuchnngen fiber die spezifische W~rme bet tiefen 
Temperaturen. IV.", Preuss. Akad. d. Wiss., Berlin, Sitzungsber. (6 Mar. 1911), 
pp. 316--321. 

s6 E. GRf3NEISEN, "Theorie des festen Zustandes einatomiger Elemente", Ann. d. 
Phys. 39, 257--306 (24 Sept. 1912), received t4 July t912; on pp. 296--298. Actually, 
F.A. LINDEMANN, (Yber das Dulong-Petitsche Gesetz (Doctoral Dissertation; Berlin, 
July 1911 ), p. 49, had mentioned in passing that the atoms of a metal "bet gewShn- 
licher Temperatur, nur ganz kleine Oszillationen vollffihren." 
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fract ions of the  la t t ice  cons tan t  a and  therefore  in some cases over  several  wave-  
lengths  ''sT is b u t  a pa raphrase  of LAUE'S s t a t e m e n t :  

Die W~rmebewegung bei dell Molekiilen verri ickt  diese n~mlich schon bei Zimmer- 
tempera tur  um einen erheblichen Bruchteil  tier Git terkonstanten und infolgedessen 
um ein Vielfaches der Wellenl/~nge, ein Umstand, der  durchaus der Beriicksichtigung 
bedarf, ss 

Does this  then  topp le  our  a rgument  and es tabl ish  the  content ion  of EwALI) et al. 
t h a t  a cons idera t ion  of the  t he rma l  mot ion  formed the grounds  for SOMME~rELD'S 
refusal  to suppo r t  the  p roposed  exper iment  ? On the cont ra ry ,  i t  enables  us to 
s ta te  our  posi t ion even more sha rp ly :  the  ve ry  fact  t ha t  this  es t imate  of the  
amp l i t ude  of the  t he rma l  mot ion  was in error  b y  an order  of magn i tude  argues 
t h a t  the  amp l i t ude  quest ion could scarcely  have  been the  crux  of the  discussions 
of the  feas ib i l i ty  of the  exper iment .  F o r  if i t  had,  the  error, wha tever  i ts  source, 
would  soon have  been recognized,  especial ly because  i t  r ad ica l ly  con t rad ic t ed  a 
t ac i t  a s sumpt ion  of the  c o n t e m p o r a r y  t heo ry  of solids. We  mus t  therefore  r a the r  
suppose t h a t  this  e s t ima te  - -  and  LAUE gives no ind ica t ion  how he came to i t  - -  
was an a f t e r though t  whose fallacious charac te r  LAUE'S contemporar ies  immedia te -  
ly  recognized, s°, 9o 

9. Inter/erence o /Radia t ions  in  the Pr imary  Beam? 

The stress which recent  re t rospec t ive  accounts  have  l ayed  upon the  t he rma l  
mot ion  in the  c rys ta l  is not  mere ly  mis taken ;  i t  is also misleading.  I t  leads one 
to  sk ip  over  the  logical ly and phys ica l ly  pr ior  quest ion whe ther  LAUE and  his 
contemporar ies ,  who adhered  to the  ' w a v e '  t heo ry  of X- rays ,  had  reason to feel 
confident  t h a t  in the  absence of t i le the rmal  mot ion  the  exper imen t  would  succeed. 
Al though  i t  is often assumed,  and  somet imes  asserted,  t ha t  t i le  t heo ry  of the  
di f f ract ion of X- rays  b y  a molecular  space la t t ice  had  been worked  out  in advance  
of the  expe r imen ta l  demons t ra t ion ,  i t  is a lmost  cer ta in  t ha t  this  was not the  case. 91 

87 ]~WALD, Fi/ ty  years, p. 51. 
ss LAUE, 0p. Cir. (note 1), p. 309. 
s9 R. W. POI~L, Die Physik der Rdntgenstrahlen (Braunschweig, 1912), ill a "Nach-  

t r a g "  on LAUE, FRIEDRICH, and KNIPPING'S discovery, wri t ten sometime between 
June and August  1912, s tated tha t  "Der  Abstand tier Molekiilzentra schwankt infolge 
der W/~rmeschwingungen bei Zimmertemperatur  nur um einige Proz." (p. 150). This 
remark, in passing, ill a footnote, was sufficient, in POHL'S view, to indicate tha t  the 
serviceabili ty of the "Kris ta l l raumgi t te rs  als ]3eugungsgitter" was not  impaired by  
the thermal  motion. 

90 The influence of the thermal  motion on the diffraction pa t te rn  was calculated 
by  P. DEBYE, "~ber  den Einfluss der W/irmebewegung auf die Interferenzerschei- 
nungen bei R6ntgenstrahlen",  Verhl. d. Dlsch. Phys. Ges. 15, 678--689 (t5 August  
19t 3), dated 26 July  t 913 ; " l~ber  die Intensit~tsverteilung in dell mit  R6ntgenstrahlen 
erzeugten Interferenzbildern",  ibid., pp. 738--752 (30 August  1913), dated 29 July. 
H. G. J. MOSELEY & C. G. DARWIN, "The  reflection of X-rays ,"  Phil. Mag. 26, 2 t 0 - -  
232 (July 1913), p. 222, had given a simple qual i tat ive argument  tha t  the thermal  
motion will only reduce the intensi ty of the diffraction maxima, and those of higher 
orders more than lower. JOH~ L. HEILBRON, "The  Work of H. G.J .  Moseley", Isis 
5 %  336--364 (1966), also gives background and references relevant  to the following 
sections. 

01 In his Nobel lecture (1920; Vortrdge u. Au/sdtze, p. 11), LAUE said that ,  "Die  
Theorie war ja  eigentlich durch 13bertragung yore gew6hnlichen und vom Kreuzgit ter  
her schon vorher fer t ig",  but  as several (yet not  all) stages ill the experimental  de- 
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A n d  the  fact  t h a t  LAUE had  no t  deve loped  a t heo ry  unt i l  af ter  a successful ex- 
pe r imen t  had  been pe r fo rmed  argues tha t ,  t he rma l  mot ion  aside, n o b o d y  rea l ly  
knew wha t  one ought  to see or w h y  one ought  to  see anyth ing .  I t  is, therefore,  
necessary  to  consider  more  closely the  views abou t  X- r ays  accep ted  in Munich, 
and  the  expec ta t ions  abou t  the  in te rac t ion  of X- r ays  wi th  the  molecular  space 
l a t t i ce  to which these views would  p r e s u m a b l y  have  given rise. 

We  have  spoken  of the  ' w a v e '  t heo ry  of X- r ays  as t h a t  which was a d v o c a t e d  
in Munich (and accep ted  a lmost  everywhere  else). The t e rm used a t  the  t ime,  
however ,  was the  ae ther  pulse, or impulse,  theory ,  and  this  t e rm expresses more  
accu ra t e ly  the  sor t  of e lec t romagnet ic  r ad ia t ion  X- rays  were bel ieved to be. In  
the  X - r a y  tube,  dr iven  b y  an induc t ion  coil genera t ing  a m a x i m u m  po ten t i a l  
of abou t  40,000 volt ,  a high ve loc i ty  ca thode  r a y  is s topped  sudden ly  b y  impac t  
wi th  a p l a t i n u m  a tom in the  an t i ca thode  and  emits  an a p p r o x i m a t e l y  square  
pulse of r ad ia t ion  whose wid th  is of the  same order  of magn i tude  as the  rad ius  
of an a tom (Fig. 3). This  view of X- r ays  as Bremsstrahlung had  been pu t  forward  

I 1 I , I I 
- 2  -x o ~ 2 6 ~,'2 s , '2  3 / 2  4 / 2  

TIME, 1()IgsEc DISTANCE, ~, 
Fig. 3. X-ray  as square pulse 

i m m e d i a t e l y  af te r  RONTGEN'S discovery,  and  had  been deve loped  especial ly  b y  
SOMMERFELD. 

On the  o ther  hand ,  a f te r  t907 the p ic ture  was compl ica ted  b y  the  d iscovery  
t h a t  each h e a v y  e lement  could emi t  one or more character is t ic ,  h ighly  homogene-  
ous X- rad ia t ions ,  and  t h a t  an X - r a y  tube  emi t t e d  a subs tan t i a l  amoun t  of the  
charac te r i s t i c  r ad ia t ion  of the  ma te r i a l  of the  an t ica thode .  9~ (Although i t  was 

~nonstration were described before this assertion, the "schon vorher"  is ambiguous. 
In  1922 FRIEDRICH (Naturwiss. 10, 366) evidently wished to make this point  perfectly 
clear: " W e n n  auch die Theorie der  Interferenzerscheinung im Prinzip schon fertig 
war, so war sie doch yon Laue noch nicht genauer durchgearbeitet ;  vor allen Dingen 
war die Form der Erscheinung noch nicht bekannt" .  Yet  even FRIEDRICH goes tOO 
far, if only because, as we develop below, the phenomenon sought in the initial ex- 
periments was not  t ha t  described by  the theory to which he and LAITE refer, i.e. i t  
was not  diffraction of the incident beam by a three-dimensional grating. In  his auto- 
biographical sketch (1944; Vortrdge u. Aufsdtze, p. xxv) LAOE is quite explicit  tha t  
only after seeing the first successful photograph " k a m  mir der  Gedanke fiir die mathe-  
matische Theorie der  Erscheinung".  For  completeness we mention tha t  DEBYE, who 
had left Munich in 191 I, recalled (interview by KERR and WILLIAMS, 22 Dec. t965, 
p. 3t) tha t  LAUE had worked out  the diffraction by  a three-dimensional grat ing as 
an exercise and had mentioned, casually, to FRIEDRICH tha t  some day  he might  look 
for this phenomenon. There is no reason to give this s tory the least credence. 

9s p. FORMAN, "Charles G. Bark la" ,  Dictionary o/ Scientific Biography, vol. 1 
(New York:  Scribners, in press); J. STARK, Prinzipien der Atomdynamik II .  Tell 
(Leipzig, 1911), pp. 238--258; R. W, POHL, Die Physih der R6ntgenstrahlen (Braun- 
schweig, 1912). 
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generally taken for granted that homogeneity was equivalent to monochromati- 
city, R. W. POHL in a monograph on the Phys ik  der R~ntgenstrahlen published 
in t 912 could ignore that assumption and treat these homogeneous radiations as 
simply pulses of equal width.)93 

To which constituent of the X-ray beam could LAUE have looked for a dif- 
fraction phenomenon ? At first glance the characteristic radiation of the anti- 
cathode (if one assumed it to be periodic and not just uniform pulses) would 
probably seem most promising. But SOMMERFELD had just completed his com- 
parison of the photometric intensity profiles of WALTHER and POHL'S photographs 
with the calculated diffraction pattern of a wedge-shaped slit. The calculations, 
which originally stemmed from t900, included only the square Bremsstrahlung 
pulse. 'And, '  SOMMERFELD found, ' the comparison with the measurements has 
produced not a sign of a more periodic component.' 94 SOMMERFELD himself believed 
the characteristic radiation to be monochromatic and thought it the dominant 
constituent of the primary beam; to account for his own result he could only 
suggest that the wavelength of the periodic component may be much greater 
than the width of the pulse, in which case nothing was to be expected near the 
point of the wedge except the diffraction pattern of the pulse. Be that as it may, 
the conclusion to which this result pointed, and which the design of the initial 
experiments shows LAUE and FRtEI)RICH accepted, was that, employing the yet 
narrower interatomic distances in a crystal, one could not look to a periodic 
component of the primary beam for a diffraction phenomenon. 

On the other hand, SOMMERFELD felt he had found strong evidence of dif- 
fraction of the pulses by a slit; could not LAUE therefore have expected the pulses 
also to be diffracted by the space lattice of a crystM ? But the result of the dif- 
fraction of a square pulse by a slit is merely a diffuse broadening of the geometrical 
image without any of the alternating maxima and minima which are characteristic 
for diffraction and the criterion by which it is ordinarily recognized. 95 This diffuse 

98 Ibid., pp. 73/74, 149/15o. 
94 Note 61, p. 483. 
95 The Fourier transform of the square pulse of Fig. 3, g (e)) = f /  (t) eio'tdt, with 

/(t)= O, t<--7:, t > T  I '  is g(o))= A sinm~o : 

Thus all wavelengths greater than 2:rcr  (2 2 ~) occur with 
about equal intensity, while the intensity of wavelengths less 
than 2or  (~0.6 ~) isreduced by a factor greater than 25. 
There is then, effectively, a shortest wavelength component 
in the radiation. If this component is diffracted by a slit of 
width d the first intensity minimum in the diffraction pattern 
appears at an angle 0 such that sin 0 ~ ~/d. But this minimum 
is overlayed by the pattern due to ~+d 4, etc., and as all 
these wavelengths are of equal intensity there are no alter- 
nations of maxima and minima in the pattern. (For SOMMERFELD'S 
derivation of this result see his "Theoretisches iiber die Beu- 
gung der R6ntgenstrahlen," Zeitschri[t /i~r Mathemat~k und 
Physik 46, 11--97 (t901), reprinted in SOMMERFELD'S Ge- 
.sammelZe Schriften (Braunschweig, t968), 4, 240--326, esp. 
pp. 324--326). 

.it 7r 2_Z.~ 
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broadening of the collimated X-ray beam might argue for the 'wave '  theory 
when produced by a narrow slit; it certainly would no longer do so if it arose 
from the passage of the beam through matter. 

The crystal, however, is not a slit. I t  is a grating of some sort. Now a line 
grating, or a crossed grating, will show something characteristic even with a 
pulse. Namely, just as with white light, there will be a central spot due to tile 
transmitted beam, and then off to the sides, separated by a dark gap, the con- 
tinuous spectrum will begin with the shortest wavelengths and spread outward. 
But a crystal is an indefinitely large number of crossed gratings tilted with respect 
to one another (Fig. 4). At first sight it would probably appear to LAUE, SOMMER- 

• • • • ® • • FIRST ORDER 

SPECTRUM FROM 
• • • • • • 'GRATING' NR.: 

O • • • ° " " " ~ 3 

2 
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• • • • ~ • • -'--o-~...~--~--~Z~ / 14 BEAM 
. . . . 

• . . .  \ \ , .  
• • • • • ~ , x  • ~ 3 

. \  
'GRATING' NR.: 2 3 

Fig. 4. Crystal lattice as a collection of tilted gratings. (Drawn for J, min=0.2a) 

FELD, and their colleagues that even with pulses of a single width the result 
would be an indefinitely large number of spectra with angular deviations ranging 
all the way down to zero. Thus the Bremsstrahlung pulses in the primary would 
produce a general diffuse darkening of a photographic plate set up behind the 
crystal - -  a result which, again, would scarcely argue for diffraction. There is 
still less reason to expect a distinctive interference phenomenon if one adds, as 
SOMMERFELD did, that  'The unavoidable variability of the hardness of the X-rays 
during a long exposure causes one to expect not impulses of a single width, but 
rather a continuous series of widths. '9~ The same circumstance also results from 
the fact that an induction coil produces a continuum of accelerating voltages 
during the course of each discharge. In fact, when LAUE finally did work out 
the theory of diffraction by a three-dimensional grating, he found that it justified 
this conclusion in the sense that with a perfectly heterogeneous beam (i.e., one 
in which all wavelengths are represented with equal intensity) ' the  possible inter- 
ference maxima lie densely everywhere, so that the photographic plate must be 
completely blackened. '97 Of course, from the classical point of view the pulse 
does not contain arbitrarily short wavelengths in appreciable intensity, and from 

Note 61, p. 483. 
97 LAUE, ' "  Zns~Ltze (M~i,rz t 91 3)," to  the reprinting in the Ann. d. Phys. 41, 989-- 

1002 (t 913) of"  Eine quantitative Priifung der Theorie fiir die Interferenzerscheinungen 
bei R6ntgenstrahlen", presented to the Bayer. Akad. d. Wiss. on 6 July 1912; 2. Zu- 
satz, p. 1000. 
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the quantum viewpoint it does not contain them at all. Yet a year after the 
discovery LACE was still maintaining, quite mistakenly, that  the result quoted 
was a decisive refutation of every attempt to regard the LAcE-diagram as pro- 
duced by X-radiation with a continuous distribution of wavelengths. This puzzling 
refusal to see what we now recognize to be the very essence of the LAcE-diagram 
is evidence of a strong anterior conviction that a distinctive diffraction effect 
could only be due to a limited number of discrete, monochromatic components 
in the X-radiation. In other words, LACE had ruled out the pulses before he had 
worked out the theory. 

It  appears, therefore, that the views held in Munich (and elsewhere) of the 
nature of X-rays, far from being uniquely favorable to the discovery of their 
diffraction by crystals, actually precluded the observation of diffraction in the 
sense in which we now usually understand the term - -  i.e., the interference of 
radiations scattered out of the primary beam. 

3. Inter]erence o/the Characteristic X-Radiations o/the Atoms of the Crystal? 
The radiations in the primary beam were not, however, the only ones to be 

considered. If the crystal employed contained elements of atomic weight greater 
than about 40 (calcium), then, as one knew from BARKLA'S work, the primary 
beam would excite copious emissions of the characteristic radiations of these 
elements. " In  most cases," BARKLA warned, "unless special precautions are taken, 
the ionizing effect of these radiations from any particular element is much greater 
than that of the scattered X-rays - -  indeed it completely swamps the effect of 
the latter. ''gs Perhaps, then, one should make a virtue of a necessity and look 
for interference effects due to the characteristic radiation emitted by the atoms 
of a crystal ? This is, in fact, what LACE and FRIEDRICH were looking for in 
their initial experiments29 

Neither LAUE nor FRIEDRI¢I-I could have presented SOMMERFELD with any 
argument for the probable success of such an experiment. First of all, there was 
again the problem that these characteristic X-rays had not made themselves 
evident as a monochromatic radiation in the diffraction pattern of a slit. A far 
more serious objection, however, would certainly have arisen. These characteristic 
X-rays were also known as "fluorescent X-rays" - -  with good reason. Their 
lower frequency, their isotropic distribution, their lack of polarization showed 
clearly that they were not emitted through a direct resonance with the radiation 
in the primary beam. Thus there was no reason for assuming any coherence, any 
determinate phase and polarization relations, between the characteristic radiations 
emitted at different points in the crystal. What sort of interference effect could 
one then possibly hope for? 1°° Far from being a mere extension of an optical 

9s C. G. BARKLA, " T h e  spectra of the fluorescent R6ntgen radiations", Phil. Mag. 
22, 396--412 (Sept. 1911), on p. 399. 

99 ,, Da wir anfangs glaubten, es mit einer Fluoreszenzstrahlung zu tun zu haben, 
muBte ein Kristall verwendet werden, der Metall yon betr~tchtlichem Atomgewicht 
als Bestandteil enthielt ..." I~'RIEDRICH, KNIPPING & LACE, "Inter ferenz-Erscheinun-  
gen bei R6ntgenstrahlen", Bayer. Akad. d. Wiss., Sitzungsber. (1912), p. 314. 

100 Following a false alarm in 1923 (WM. DUANE, G. MIE) this exceedingly weak 
effect was found in 1935 by GERHARD BORRMANN, working in WALTHER KOSSEL'S 
laboratory: "R6ntgenlichtquelle in Einkristall", Naturwiss. 23, 591--592 (22 Aug. 
1935). 



64 P. FORMAN : 

exper iment  from a two-dimensional  to a three-dimensional  t ransmission grating, 
this was an exper iment  wi thout  anMogy or precedent.  No wonder  SOMMERFELD 
refused machine  time. 

IV. Exper iment ,  Discovery,  Publ icat ion 

Although LAUE could not  say why the exper iment  should succeed, or indeed 
just  what  "success"  would look like, nei ther  could he br ing himself to discard 
his br ight  idea. For tuna te ly ,  SOMMERFELD'S exper imental  assistant,  WALTER 
FRIEDRICH, the only young physicist  at the un ivers i ty  with a fair measure of 
experience with X-rays,  1°1 declared himself ready to t ry  the experiment ,  and, 
evident ly,  was prepared to do so even wi thout  his chief's blessing. For  one reason 
or another,  however, - -  and  here we follow a let ter  from LAUE to EWALD wri t ten  
twelve years after the event  - -  at the beginning  of April  FRIEDRICH wanted  to 
defer the experiment .  LAUE, impat ien t ,  pu t  pressure upon  FRIEDRICH by  induc ing  
PAUL KNIPPI~C to take up the question. KNIPPING, a doctoral s tuden t  of 
RONTGEN'S, called " t h e  wa t chmake r "  on account  of his skill in in s t rumen ta l  
matters ,  was apparen t ly  just  then prepar ing to do a series of experiments,  in 
R6NTGEN'S inst i tute ,  on the passage of X-rays  through metals. The result  was, 
LAUE recalled, tha t  it then  went  jus t  as in Wallenstein: " W e n n  es denn  doch 
geschehen soll u n d  muB, so mag ich's diesem Pestaluz nicht  g6nnen.  ''~°2 

101 ~¢V. FRIEDRICH, "Intensit / i tsverteilung der X-Strahlen, die von einer Platina- 
antikathode ausgehen", Ann. d. Phys. 39, 377--430 (24 Sept. 1912). This is FRIED- 
RICH'S dissertation, which was accepted in July t 911, and for which the research was 
completed a year earlier still. If one may judge from this paper, FRIEDRICH may 
well have had no first hand experience with fluorescent X-rays; in general, this was 
a field which the German physicists avoided. 

102 This version, offering a rather different perspective on the background of the 
first experiments than that  fostered by FRIEDRICH'S recollections, is intimated in 
LAUE to EWALD, I May 1924 (Sommerfeld Correspondence, Archive for History of 
Quantum Physics). LAUE'S implication tha t  KNIPPING was in a position to a t tempt  
such experiments in R6NTGEN'S insti tute is supported by P. KNIPPI~G, "Durchgang 
yon R6ntgenstrahlen durch Metalle. Bemerkung zur Ver6ffentlichung des Herrn 
Hupka," Phys. Zeitschr. 14, 996--998 (15 Oct. 1913), dated "mitre Juli 19t 3" : " Ich  
bemerke zunAchst, daB ich reich bereits vor mehr als einem Jahre mit  derselben..Materie 
beschAftigt habe." On the other hand, KNIPPING'S doctoral dissertation, Uber den 
Ein[lu~ tier Vorgeschichte auf verschiedene Eigenscha[ten des Bleies (Borna-Leipzig, 
19t3), presented to the Munich Philosophical Faculty on 28 February t913, shows 
that  he had made some independent X-ray diffraction experiments on metal crystals, 
but  gives no indication that  he had begun to work with, or planned to work with 
X-rays before he became involved with LAUE and FRIEDRICH. 

The lines, which LAUE quotes from memory, are spoken by MACDONALD in act 5, 
scene 2 of Wallensteins Tod: "Ja w e n n / E r  fallen muB und soll und's  ist nicht anders,/  
So mag ichs diesem Pestalutz nicht g6nnen." Their sense is tha t  if WALLENSTEIN 
(the experiment) is to be killed (performed) in any case, then MACDONALD (FRIEDRICH) 
would rather do it  himself than see Captain PESTALUTZ (Doktorand KNIPPING) reap 
the reward. KNIPPING'S moniker " the  watchmaker" is reported by DEBYE, interview 
by D. M. KERR, Jr., and L. P. WILLIAMS, 22 Dec. t965, p. 3t. While we have dis- 
missed (Footnote 91) the supposed casualness with which LAUE proposed the experi- 
ment  to FRI~DRICH, we might understand the casualness of the response which DEBYE 
at tr ibuted to FRIEDRICH - -  "Oh, yes, some day I will come to i t "  - -  as refering to 
the circumstance that  at one point FRIEDRICH wanted to defer the experiment. 
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In choosing a crystal FRIEDRICH looked to BARKLA'S recent review article 
for guidance. "The radiations from elements of atomic weights in the neighbor- 
hood of iron, copper, zinc, etc., when subject to a radiation of ordinary penetrating 
power, are the most homogeneous, that  is contain the smallest proportion of 
scattered radiation" ; this proportion being perhaps one per cent. 1°3 " In  a number 
of cases the characteristic radiations from elements were obtained using com- 
pounds containing the elements in combination with light atoms. The only effect 
of these light atoms was then to add a little scattered radiation to the fluorescent 
radiation which it was desired to study. The effect of this was, however, negli- 
gible. ''1°4 The ideal crystal, FRIEDRICH would have been led to conclude, was 
one containing elements of atomic weight in the range 55--65, but in combination 
with light elements so that its density, and thus its absorption of the fluorescent 
X-rays, was low. Fitting very well with these conditions was copper sulfate 
(Cu2SO4" 5 HzO ; specific gravity 2.3), of which well developed crystals were readily 
obtained. 

In the design of the apparatus a guiding principle must certainly have been 
that a distinct diffraction effect would be most likely to occur with a narrow, 
well collimated X-ray beam. Thus all but a small fraction of the radiation from 
the tube had to be blocked, and the exposition times had to be correspondingly 
long. But just what were the beam diameters and exposure times in the initial 
experiments ? In 1922 FRIEDRICH spoke of exposures of several hours (mehrsti~ndig), 
and by t 963 of ten hours.l°5 It  seems certain, however, that  he was transferring 
the conditions of later experiments, with a far finer apparatus, back to the first, 
exploratory, experiments. The sealed note of 4 May (see Fig. t and note 1) gives 
the exposition time as 30 minutes with a beam t .5 mm in diameter - -  substantially 
narrower than that employed in the initial experiments. 1°6 It  is therefore most 
unlikely that the initial experiments themselves involved exposure times greater 
than half an hour. 

Finally, the photographic plate, or plates, had to be set up. On this point, 
the actual positioning of the plates in the first experiment, the accounts are at 
variance and it does not seem possible to settle the question with certainty. 
FRIEDRICI-I was quite explicit in t922 that the photographic plates 'were set up 
parallel to the primary beam. '~°7 And this would indeed have appeared to be 
the optimal arrangement for detecting interference effects due to the characteristic 
radiation of the atoms of the crystal, i / t h a t  characteristic radiation were fairly 
penetrating. In such a case all positions would intercept the characteristic radiation 

103 Note 61, pp. 399/400, 404/405. 
104 Note 61, p. 406. 
1°5 FRIEI)RICI-I, Naturw. 10, 366 (1922); S. H. Q. P. interview, 15 May 1963, 

p. 2. Already in April 1913 Laue, "'Interf6rences de rayons R6ntgen produites par 
les r6seaux cristallins", Archives des sciences physiques et naturelles, Geneva, 35, 391 
(1913), had told the Soci6t6 Suisse de Physique this was the "raison pour laquelle 
ces inter~6rences ont 6chapp6 si longtemps aux observations ", namely "il faut exposer 
de longues heures pour les voir." 

106  FRIEDRICI-I, KNII'I'IXG, LAUE, Bayer. Akad. Sitzungsber. (1912), p. 3t6. 
107 FRIEDRICH, Naturwiss. 10, 366. In his address to the First Congress of the 

Internat. Union of Crystallography ill 1948 (see Footnote 3) LAuE also asserted that 
in the first attempts the plates were placed parallel to the X-ray beam. 

5 Arch. Hist. Exact Sci., Vol. 6 
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equa l ly  well since i t  is isotropic.  Bu t  p lac ing the  p la tes  para l le l  to the  b e a m  
minimizes  the  exposure  to backg round  rad ia t ion  due to :  i) s t r a y  r ad ia t ion  from 
X - r a y  tube,  d i aphrams ,  and  beam absorber ;  ii) r ad ia t ion  sca t t e red  b y  the  crys ta l  
ou t  of the  p r i m a r y  beam ;10s iii) passage of the  p r i m a r y  beam th rough  the  photo-  
graphic  plate .  

A d i f f icu l ty  arises, however,  when we consider  tha t ,  as was well known a t  
the  t ime,  CuK- rad ia t i on  is no t  v e r y  pene t ra t ing .  In  fact,  i t  is reduced  in in t ens i ty  
b y  a fac tor  e -1 in t r ave r s ing  0.1 m m  of a luminum,  and  a lmost  as much  in t r ave r s ing  
the  same th ickness  of copper  sulfa te ;  i t  would  thus  be comple te ly  absorbed  before 
pene t r a t i ng  t m m }  °9 If  th is  fact  was t aken  into  considerat ion,  then  an effect 
could have  been an t i c ipa t ed  on ly  from the  charac te r i s t ic  r ad ia t ion  e mi t t e d  b y  
copper  a toms  wi th in  a few t en ths  of a mi l l imete r  of the  surface a t  the  poin ts  
where  the  p r i m a r y  beam ente red  and  emerged from the  crysta l .  In  th is  case the  
pho tog raph ic  p la te  ought  ce r t a in ly  be p laced  perpendicular to the  p r i m a r y  b e a m  
ei ther  in front  of or  beh ind  the  crystal .  This  is, in fact,  the  w a y  EWALD asser ts  
the  expe r imen t  to have  been set up  - -  " T h e  pho tograph ic  p la te  was p laced  
be tween  the  X - r a y  tube  and  the  c rys ta l  on the  a s sumpt ion  t h a t  the  c rys ta l  would  
act  l ike a ref lect ion g r a t i n g "  - -  a l though  the  reason EWALD gives is scarce ly  
appl icab le  to  t i le  expe r imen t  as then  conceived, n° In  e i ther  case - -  whe ther  the  
p la tes  were p laced  to the  sides of the  c rys ta l  or in front  of i t  - -  the  first  expe r imen t  
could no t  and  d id  no t  succeed. Only  when in a subsequent  a t t e m p t  a p la te  was 
set  up  beh ind  the  c rys ta l  was a d i s t inc t ive  resul t  obta ined.  

Now, of course, there  was grea t  exc i tement .  SOMMERFELD was enthus ias t ic  - -  
too  enthusias t ic ,  LANE thought .  FRIEDRICH'S assigned research p rog ram was 
tossed  aside. The  resources of SOMMERFELD'S ins t i t u t e  were p u t  a t  FRIEDRICI-I 
and  KNIPPING'S disposal ,  and  in less t han  two weeks a new a p p a r a t u s  was con- 
s t ruc ted ,  the  " d e f i n i t i v e "  a p p a r a t u s  i l lus t ra ted  in the i r  f irst  publ icat ion.  On the  
4 th of May  the  discoverers  took  a d v a n t a g e  of the  m o n t h l y  mee t ing  of the  ma the -  
ma t i ca l -phys ica l  class of t i le  B a v a r i a n  A c a d e m y  of Sciences in order  to secure 
the i r  pr ior i ty .  SOMMERFELD depos i ted  for t hem a sealed envelope conta in ing  two 
of the  ear l ies t  pho tog raphs  ob ta ined  wi th  this  new a p p a r a t u s  and  a s t a t e m e n t  of 
the  idea  beh ind  the i r  expe r imen t  (Fig. 1).111 Soon af te r  a thin,  accura te ly  or ien ted  
c rys ta l  p la t e  a r r ived  from the  f i rm Steeg u n d  Reu te r  - -  a p la te  jus t  l ike those  
which STARK had  been  buy ing  from t h a t  f i rm - -  and  t h e y  ob ta ined  the  hand-  
some, symmet r i ca l  p a t t e r n s  d i sp layed  in the i r  f irst  paper .  Now i t  was necessary  
to have  a t h e o r y  of the  phenomenon,  and  LAUE, unable  to  provide  one for this 

10s The "Thomson" scattering distribution, I(0) = (t + cos 2 0) I(~/2),  gives the 
minimum intensi ty ill the plane perpendicular to the pr imary  beam. 

109 I = I 0 e -  z x = I0 e -  (z/Q) % where 0 is the density, and a the surface density, of the 
substance. Using BARKLA'S data,  for CuK, $/0 ill A1 is about  50, so tha t  I ~ I o  e-1 
for a = t / 5 0  gm/cm ~, or x~0.01  cm. 

110 ]~VALD, Fi/ty Years, p. 44. 
111 Protokoll  fiber die Sitzung der mathem.-physik.  Klasse der kgl. Bayerischen 

Akademie der Wissenschaften zu Miinchen vom 4. Mai 19t 2, Ziffer 7): "Fe rne r  fiber- 
gibt  Herr  Sommerfeld ein versiegeltes Kouver t  mi t  2 Films zur Wahrung der Priorit~Lt 
einer wissenschaftlichen Entdeckung."  For  this, and the following, extract  from the 
minutes of the math.-phys,  class I am indebted to Oberregierungsarchivrat  Dr. 
R. FRITZ of the Archly der  Bayerischen Akademie der Wissenschaften. 
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phenomenon,  gave instead a theory of a three dimensional  diffraction grating. ~2 
This first paper, consisting of a 'Theoret ical  P a r t '  by  LAUE, followed by  an 
' Exper imenta l  P a r t '  by  FRIEDI~ICH and  K?¢IPPING, was presented by  SOMMERFELD 
at  the following meet ing of the mathemat ical -physical  class of the Bavar ian  
Academy on 8 June ;  the paper  was accepted, and  it was fur ther  resolved to 
spare no expense in the reproduct ion of the photographs. ~3 A day  or two earlier, 
however, LAuE had already begun publ icat ion of his discovery by  sending col- 
leagues, especially eminen t  colleagues, one of the photographs,  and  a day or two 
later  LAVE set out  on a lecture tour ;  the pr in ted publ ica t ion was, however, 
eleven weeks in appearing. ~ 

V. Retrospect : Mythicization 
The function of myth, briefly, is to strengthen tradition and endow it with a 

greater value and prestige by tracing it back to a higher, better, more supernatural 
reality of initial events. 

Myth is, therefore, an indispensible ingredient of all culture. I t  is, as we have 
seen, constantly regenerated; every historical change creates its mythology, which 
is, however, but  indirectly related to historical fact. 115 

11~ I t  is uncertain at just  what point between 23 April and 8 June LAcE worked 
out his theory of the phenomenon. Although LAVE was to claim many years later 
tha t  it was immediately after he saw the first successful photograph, we ought cer- 
tainly to give greater credence to FRIEDRICH'S statement in the spring of 1913, Physi- 
kalische Zeitschri]t 14, 317 (t5 April t913), that  the interference experiments were 
made on the basis of a "Vermutung"  of LAVE'S, and that  only after these experiments 
resulted in "sehr schSne und iiusserst regelmiissige Interferenzfiguren" did LAvE work 
out a theory: "An  Hand dieser Figuren hat dann Laue eine eingehende Theorie ent- 
wickelt," and ~'RIEDRICH here cites the "Theoretischer Tell" of the first paper as 
well as LACE'S second, quanti tat ive paper. I t  is thus possible, indeed probable, that  
the theory presented in the first paper was not worked out before the middle of May. 
(In a subsequent paper I hope to discuss in some detail the discordance between LACE'S 
physical conception of the phenomenon and his mathematical theory of it.) 

11a Protokoll, 8 Juni  t9t2, A). Vortrag 1).: "Herr  A. Sommerfeld legt eine Arbeit 
vor ' Interferenzerscheinungen Init R6ntgenstrahlen beim Durchgang durch Krystalle '  
von W. Friedrich, P. Knipping und M. Laue. Es gehSren dazu Abbildungen, fiir deren 
Herstellung ein Kostenvoransehlag yon A. KShler im Betrage yon 242--260 M vor- 
liegt. Die Klasse beschliel3t die Aufnahme in die Sitzungsberichte. Die Abbildungen 
sollen mSglichst gut ausgeftihrt werden, aueh wenn dazu ein hSherer Betrag als der 
von KShler veranschlagte notwendig sein sollte. Ffir den Buchhandel sollen t 00 Exem- 
plare gedruckt werden." 

11a W. GERLACH, "Mtinchener Erinnerungen aus der Zeit yon Max yon Laues Ent-  
deckung," Physikalische Bldtter 19, 97--103 (1963), and the congratulatory letters 
from EINSTEIN (t0 June) and ZEEMA~q (16 June) in the Handschriftensammlung of 
the Deutsches Museum, Miinchen. On 6 July LAvE presented, through SOMMEREELD, 
to the Bavarian Academy "Eine  quanti tat ive Prtifung der Theorie ffir die Interferenz- 
Erscheinungen bet RSntgenstrahlen," in which he applied his theory to one of the 
photographs. The first printed publication of the discovery was a separatum com- 
prising these two papers, and distributed in late August. (LAVE to P. GROTH, 25 August 
t912, Bayerische S±aatsbibliothek, Munich.) GERLACH, loc. cir., quotes a letter dated 
2 August 1912 to ]~DGAR MEYER in which LAvE complains: " W a n n  die Abhandlung 
erscheint ? - -  das well3 der Himmel ... Immerhin hoffe ich als Optimist, dal3 die 
Versendung der Sonderdrucke noch im September mSglich sein wird." However, as 
the "noch"  suggests, for "September"  we must  read "'August". 

1~ B. MALINOWSKI, "Myth in Primative Psychology" (1926), pp. 93--148 of 
Magic, Science, and Religion and Other Essays (Garden City, 1954), on p. 146. 

5* 
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In  the  preceeding  sect ions the  t r ad i t iona l  account  of the  conceptua l  obstacles  
to  the  d iscovery  of the  di f f ract ion of X- rays  b y  crys ta ls  has been sub jec ted  to  a 
cr i t ical  examina t ion .  We found t h a t  the  pr incipal  theses of t h a t  account  are gross 
mis represen ta t ions  of the  conceptua l  s i tuat ion.  Moreover,  the  accounts  b y  pa r t i -  
c ipants ,  or onlookers,  of the  immed ia t e  c i rcumstances  of the  d iscovery  were found 
to be genera l ly  unrel iable ,  and  a l though  some progress was made  b y  select ing the  
more  p robab le  of two confl ict ing accounts ,  the  several  accounts  were equal ly  
of ten unan imous  in the i r  miss t a t ements .  Our  inves t iga t ion  thus  serves, a t  the  
ve ry  least ,  to emphas ize  the  reserve wi th  which a n y  "historical" asser t ion b y  a 
sc ient is t  mus t  be handled.  But  i t  is perhaps  possible to go fur ther ,  to  consider  
the  process of myth ic i za t ion  itself in the  hope of f inding guidel ines for in ter -  
p re t ing  those s t a t emen t s  b y  scient is ts  which pu rpo r t  to be historical ,  n6 Moreover,  
f rom the perspec t ive  of the  sociology of science the  my th ,  as an e lement  of the  
cul ture  of the  f r a t e rn i t y  of c rys ta l lographers  or physicis ts ,  has an int r ins ic  in teres t .  
I t  is to  be ana lyzed  no t  for i ts  h is tor ical  in format ion  b u t  for i ts  socio-cul tnral  
funct ion.  The  appropr ia teness ,  indeed the  necessi ty,  of such an analys is  derives 
from the  c i rcumstance  t h a t  t i le  scientis t ,  qua scientist ,  places no va lue  upon  
his tor ica l  fac t ;  h i s to ry  is whol ly  subo rd ina t ed  to the  needs of the  present ,  and  
indeed  on ly  survives  to such ex ten t ,  and  in such form, as serves present  needs. 117 
W e  therefore  begin our  discussion b y  borrowing this  essent ia l ly  an thropologica l  
perspect ive ,  a f te rwards  t ak ing  up  the  p rob lem of specifying the  re la t ion of m y t h  
to h is tor ica l  rea l i ty .  

As we have  a l r eady  emphas ized  in Sect ion I, the  t r ad i t iona l  account  of the  
d iscovery  of the  dif f ract ion of X- rays  b y  crys ta ls  has  genera l ly  been rec i ted  to  
ce lebra te  an i m p o r t a n t  ann ive r sa ry  of t h a t  event  and /o r  before a large ga the r ing  
of the  clan of X - r a y  crys ta l lographers .  This  c i rcumstance ,  and  i ts  ev ident  social  
funct ion of re inforcing a sepa ra te  iden t i ty ,  s t rong ly  suggests  t h a t  the  t r ad i t i ona l  
account  m a y  be regarded  as a " m y t h  of origins,"  comparab le  to those which in 
p r imi t ive  societies recount  the  s to ry  of the  original  ances tor  of a clan or t r ibe.  

The  t r a d i t i o n a l  account  can, of course, be t r aced  back  to  i ts inventor ,  LAUE, 
and  a t  t h a t  po in t  an analys is  of i ts  funct ion mus t  refer to LAUE'S la rge ly  personal  

ns The problem is similar to tha t  facing the historian of pr imat ive societies; this 
la t ter  problem has been analyzed very carefully by  JAN VAXSlNA, Oral Tradition; 
A Study in Historical Methodology, trans. H. M. "WRIGHT (Chicago, 1965); first pub- 
lished in 1961 as De la tradition oral& I am grateful to CHARLES WEINt~R for drawing 
this work to my  attention.  

n~ I t  might  appear  tha t  inasmuch as physicists have a most vivid interest  in 
questions of " p r i o r i t y "  - -  assertions of original authorship of still accepted dis- 
coveries or theories - -  they can scarcely be said to place no value upon historical 
fact. But  even if we put  aside the circumstance tha t  the very notion of pr ior i ty  is 
historiographically and epistemologically untenable (e.g., T. S. KOHN, "The historical 
s tructure of scientific discovery," Science 136, 760--764, June 1962), the point  is 
precisely tha t  the physicist 's  obligation to history begins and ends with questions of 
"p r io r i t y " .  Thus if he does not touch upon questions of original authorship, the 
physicist  is free to represent the history of his field (e.g., the conceptual si tuation at  
a par t icular  time, or even the chronologic order of discoveries) in whatever way he 
finds convenient. That  is, so long as he avoids questions of "priority", his colleagues 
are not obliged - -  indeed, not  even enti t led - -  to criticize his exposition on the 
grounds tha t  the historical facts are s tated incorrectly. A si tuation more conducive 
to myth-making can scarcely be imagined. 
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motives - -  his desire to explain how he, a man of no great originality (for so he 
regarded himself), came to conceive this experiment; his desire to acknowledge 
a debt to the Munich intellectual milieu, as distinct from SOM~ERFELD personally. 
This circumstance does not, however, conflict with our attribution of a social 
function to the traditional account, but merely suggests that  the specific details 
of that  account are to some extent irrelevant to its social function; qua myth  
of origins its utility is largely independent of its content. At the same time, 
qua myth  of origins, the account of the discovery will tend to be elaborated in 
quite predictable ways. Thus the myth  will the better  serve its social function 
the more numerous and difficult are the obstacles to be surmounted by  the mythic  
hero. I t  is in this way that  we may understand the increasingly categorical as- 
sertions of the disreputability of the space lattice theory. So also may  we under- 
stand the assertion that  the first experiments involved exposures of many  hours, 
when it is almost certain that  in fact they did not last thir ty  minutes. 

The physicist, however, demands something more from his myths  than does 
the savage - -  they are to be consonant with what he knows to be good physics, 
and they are to be internally consistent, even if implausible. LAOE'S original 
account satisfied the first criterion, but  at a number of points was deficient in 
logical consistency. In particular, if the Munich milieu, permeated by  the wave 
theory as well as the space lattice theory, was uniquely favorable to conceiving 
the diffraction experiment, wily did SOMMERFELD, and others, refuse LAVE support 
and encouragement ? In order then to eliminate this inconsistency the myth  must 
be further elaborated; a s t ra tum of metamyths  of justification is thus laid over 
the original account. And so we have the thermal motion myth.  

The foregoing observations, especially the recognition that  the myth  itself 
may  stimulate further inventions, offer little hope of a definite and invariable 
relation between the myth  and historical reality. Nonetheless, if myths  are not 
entirely fanciful inventions, i.e. if there is some historical circumstance which is 
re~erred to by the myth  (although, to be sure, misrepresented by  it), then it may  
still perhaps be possible to educe interpretive guidelines which will help us to 
form an idea of that  historical circumstance more accurate than the representation 
contained in the myth.  In any case, a recapitulation of the myths  encountered 
and their probable referents should give us a bet ter  grasp of the process of 
mythicization. 

We consider first the "Cauchy relations" myth,  for although it was a rather  
late addition to the account of the discovery of the diffraction of X-rays by  
crystals, it had already come into existence in another connection before 1912. 
In the mid-19 th century the invalidity of the CAUCHY relations was indeed held 
to argue against inalterable, extensionless, monopole molecules ; in VOIGT'S version 
of the myth  (1900, t9t0) this becomes a refutation of the molecular hypothesis; 
in EWALD'S version it becomes a refutation of the regular internal arrangement 
of the molecules in a crystal. Thus the very points which, historically, no one 
thought to call in question, become in the myth  the points which everyone 
doubted. We may  therefore understand EWALD'S version of the CAUCHY relations 
myth  as referring to (but inverting) the circumstance that  despite the experimental 
evidence against the rari-constant theory, the physicists were not prepared to 
question the assumption of a space lattice. 
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Consider next LAuE's myth  that  among crystallographers the space lattice 
theory was "hardly mentioned anymore."  The myth  just inverts the real situation 
- -  the theory was very widely, almost universally, mentioned, although in certain 
contexts a small minority avoided doing so. Thus we may  understand the myth  
as referring to the circumstance that  before the discovery of the diffraction of 
X-rays by  crystals it was possible for a crystallographer to write an introductory 
treatise without discussing the space lattice theory. Closely connected with the 
"hard ly  mentioned anymore"  myth  is the assertion of LAUE'S ignorance of the 
space lattice hypothesis - -  before arriving in Munich, or before the winter of 
t9 t  t/12, or before . . . .  We are not able to say anything stronger than that  this 
is highly implausible. I t  might be construed as referring to the phenomenologic 
predispositions of the men with whom he studied, especially the professors of 
physics and mineralogy at G6ttingen : W. VOIGT, E. RIECKE, and TI~. LIEBISCH - -  
all three of whom omitted all discussion of the microscopic structure of crystals 
in their introductory texts, but who, needless to say, made ample use of such 
theories in their own researches. 

Next  there is the thermal motion myth,  which has the physicists giving such 
weight to a consideration of the amplitude of the thermal vibrations that  they 
were prepared to reject LAUE'S proposal on these grounds. Here, again, as we 
have seen, the situation is approximately the exact opposite. We may  rather 
understand the myth  as referring to (but again inverting) the circumstance that  
the physicists showed astonishingly little concern about the amplitude of the 
thermal motion, disregarding it as negligible without subjecting it to a close 
examination. Indeed, so little attention had been given to the amplitude of the 
thermal motion that  when LAUE himself obtained a figure an order of magnitude 
too large he was astonished and puzzled by  his result, but  failed to recognize 
that  it had to be wrong. 

In any case, as we have argued, this myth  is needless, because the inter- 
pretation of the discovery which it shores up is also a myth.  Far  from being 
uniquely favorable to the discovery of the diffraction of X-rays by  crystals, the 
impulse theory advocated in Munich precluded the existence of a distinguishable 
interference pattern,  and LAUE'S interpretation of the phenomenon was received 
with scepticism by  adherents of that  theory. 

Finally we may  consider briefly the "liquid crystals" myth  mentioned in 
Footnote 52. In his Geschichte der Physik, LAUE naturally advanced the space 
lattice myth,  and elaborating upon it explained how the physicists - -  not believing 
in the space lattice - -  conceived the internal structure of crystals. 'Many, '  LAUE 
said, took the view that  in crystals as in liquids the centers of gravi ty  of the 
molecules are distributed randomly, and that  the anisotropy of crystals arises 
solely from parallel alignment of physically distinguished directions in the mole- 
cules. Although one might think that  this was pure fantasy on LAUE'S part,  
and that  our assumption that  myths  refer to some historical circumstance is 
therefore unjustified, in fact this myth  also refers to (and inverts) a real s i tua t ion- -  
namely, that  no one, not even the one man  (OTTo LEtIMANN) to whom such 
opinions had been ascribed, actually held this view. 

This last example is anmsing; it also suggests an hypothesis about the processes 
of mythicization, with its concommitant  phenomenon of inversion. An opinion 
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which h is tor ica l ly  was beyond  the  fringe, which was dec idedly  uno r thodox  and  
which, for one reason or another ,  the  o r thodox  scient is ts  regarded  as dangerous,  
becomes in the  m y t h  the  dominan t ,  o r thodox  opinion in t h a t  science. The  m y t h  
then  has  t ha t  t h rea t en ing  "widespread" opinion being over thrown b y  the  m y t h -  
icized event  or discovery.  The  app l i cab i l i ty  of this  hypothes is  to  the  m y t h s  dis- 
cussed above,  especial ly  the  space la t t ice  my th ,  is clear. I t  seems l ikely  t h a t  i t  
could also be helpful  in ana lyz ing  a number  of o ther  charac te r iza t ions  of the  
conceptua l  s i tua t ion  in physics  at  the  end of the  19 th century ,  e.g. t ha t  there  was 
a general  disbelief in a toms,  or " t h a t , "  in MAXWELL'S wel l -known words,  "in 
a few years  all the  grea t  phys ica l  cons tants  will have  been a p p r o x i m a t e l y  es t imated ,  
and  t h a t  the  only  occupat ion  which will  then  be left  to  men of science will be to 
c a r r y  these measurements  to another  place of decimals.  ' ' n s  
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op. cir. Footnote  53, and S. G. BRUSH, "Mach and atomism," Synthese 18, 192--215 
(1968). 
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