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Are the Elements Elementary? Nineteenth-
Century Chemical and Spectroscopical Answers

Matteo Leone and Nadia Robotti*

We analyze the role and influence of a tradition of research linked to the concept of “primary mat-
ter” in nineteenth-century studies on the nature of the elements. The suggestion of William Prout
(1785–1850) in 1816 that the atomic weights of pure chemical elements are whole numbers and
multiples of the atomic weight of hydrogen, taken as unity,was met with serious confutations,which
in turn prompted several attempts to save Prout’s hypothesis. We discuss these attempts in detail
and the objections raised against them, for instance by Dmitry Ivanovich Mendeleev (1834–1907).
We pay particular attention to the use of spectroscopy as a method for proving the existence of
elementary forms of matter inside atoms. Leaders in this field of research were two English sci-
entists, the astrophysicist Norman Lockyer (1836-1920) and the chemist William Crookes (1832–
1919). Both of their approaches involved the idea of primary matter. However, while Crookes’s
approach proved to be incorrect, Lockyer’s ideas survived for several years and supported the dis-
covery of the electron by J.J. Thomson (1856–1940).
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Are the Elements Elementary?

In 1897 J.J. Thomson (1856–1940), who nine years later was awarded the Nobel Prize
in Physics for his work on the conduction of electricity through gases, introduced a new
concept of matter:

on this view we have in the cathode rays matter in a new state, a state in which the
subdivision of matter is carried very much further than in the ordinary gaseous state:
a state in which all matter—that is, matter derived from different sources such as
hydrogen, oxygen, etc.—is of one and the same kind; this matter being the substance
from which all the chemical elements are built up.1
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Thomson arrived at this idea from his studies on the electrical discharge in gases, and
it gained its strength from his series of reliable measurements on the characteristics of
his new subatomic component. This idea, however, had its roots in the assumption that
the atom is not the ultimate constituent of matter, that is, that the elements are not ele-
mentary. This view had circulated throughout the nineteenth century.2 As Thomson
wrote:

The assumption of a state of matter more finely subdivided than the atom of an ele-
ment is a somewhat startling one; but a hypothesis that would involve somewhat
similar consequences, viz. that the so-called elements are compounds of some pri-
mordial elements, has been put forward from time to time by various chemists. Thus
Prout believed that the atoms of elements were built up of atoms of hydrogen, and
Mr Norman Lockyer has advanced weighty arguments, founded on spectroscopic
considerations, in favour of the composite nature of the elements.3

Besides William Prout and Norman Lockyer, other researchers faced this issue by fol-
lowing either chemical or spectroscopical reasoning. In this paper we trace the devel-
opment of these two ways of reasoning up to 1897, when they were absorbed into
Thomson’s new model of the atom and the “primary matter” thereby acquired the
material entity of the “corpuscle” or “electron.”

The Chemical Way to the Compound Nature of the Atom

Prout: A Case for the Primary Matter

In 1816 the English chemist William Prout (1785–1850) announced that he had demon-
strated mathematically that the atomic weights of chemical elements are integer mul-
tiples of the weight of a primary matter (πρωτη νλη). Prout (figure 1) asserted that “we
may almost consider the πρωτη νλη of the ancients to be realized in hydrogen,”4 an
opinion, he added, that was “not altogether new.” Similar speculations had indeed been
advanced earlier by the English chemists Humphry Davy, Thomas Thomson, and John
Miers,5 and the German chemist Ludwig Meinecke, almost simultaneously and perhaps
independently of Prout, suggested that the chemical elements were polymers of hydro-
gen or mixtures of hydrogen with some other form of primary matter.6 The English
chemist T. Edward Thorpe much later explicitly referred to the idea that the weights of
chemical elements were integer multiples of a primary matter as the “hypothesis of
Prout and Meinecke.”7

In the decades after Prout advanced his hypothesis it met with experimental diffi-
culties. Particularly noteworthy was the case of chlorine whose atomic weight of 35.5
appeared to conflict with Prout’s hypothesis.8 As the English chemist Thomas Graham
remarked, “It appears to be definitely settled that the equivalents of the elements are
not, without exception, multiples of the equivalent of hydrogen. The number of chlo-
rine [35.5] is conclusive against that hypothesis.”9 Many scientists in fact were con-
vinced that Prout’s hypothesis was inadequate. This conclusion reached a climax in
1860 with its “refutation” by the Belgian chemist Jean Stas (1813–1891) based on his
measurements of eight of the better calculated atomic weights.10 Stas also emphasized
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another difficulty for the primary-matter supporters, namely, that the same number for
the atomic weight of a given element was obtained by different methods of investiga-
tion. Thus, Thorpe noted in a Graham Lecture that he delivered at the Andersonian
Institution in Glasgow on March 16, 1887, that “not many years ago” Stas’s work was
considered to have “for ever demolished the doctrine of the primordial ylé,” and hence
that Roger Bacon’s aphorism, that “barley is a horse by possibility, and wheat is a pos-
sible man, and man is possible wheat,” was “an idle saying.”11

Two factors stood in opposition to Stas’s supposed refutation of Prout’s hypothesis.
The first was the metaphysical idea that Nature should be reducible to a few primary
principles. As the English chemist M.M. Pattison Muir noted in 1878, “this idea … is
very apt to lead us to adopt the hypothesis of the non-elementary nature of the ele-
ments without sufficient evidence. The idea that all the elements are really compounds
of one primary form of matter is a most fascinating idea, it seems to be so much in
keeping with the simplicity of nature; it is so symmetrical, it surely must be true.”12 Sec-
ond, many scientists had the distinct impression that the atomic weights of several ele-
ments were in fact quite close to integer multiples of the atomic weight of hydrogen.13

They therefore tried to reconcile the apparent discrepancies without renouncing

Fig. 1. William Prout (1785–1850). © Royal College of Physicians of London. Reproduced by permission.
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Prout’s hypothesis. Theoretically, there were three possibilities: (a) to amend Prout’s
hypothesis; (b) to question the recalcitrant facts; or (c) to question some aspects of the
theoretical background knowledge. All three possibilities were pursued.

The first took the form of reducing the size of the elementary unit, which of course
made Prout’s hypothesis intrinsically unfalsifiable. Prout himself proposed this
option.14 Then the French chemists J.C.G. Marignac in 1843, T.J. Pelouze in 1845, and
E.J. Maumené in 1846 suggested that the elementary unit should be one-half the atom-
ic weight of hydrogen.15 Their countryman J.B.A. Dumas suggested in 1859 that it
should be one-half or one-fourth of the atomic weight of hydrogen, and the following
year Marignac accepted a similar idea.16 Two decades later, in 1882, the German
chemist M. Zängerle suggested that the elementary unit should be chosen to be one
thousandths of the atomic weight of hydrogen.17 Others argued that there were a num-
ber of elementary bodies. As Pattison Muir wrote in 1878:

Are the elements really elementary? Stas’s researches do not answer this question.
We may put the general question in two forms. Are the elements compounds, in
varying proportions, of a few simple bodies? Or, are the elements compounds, in
varying proportions, of one primary form of matter?18

The second possibility for saving Prout’s hypothesis was to challenge its apparent
confutations by questioning the techniques used at the time for chemical purification.
Since these techniques were not refined enough to eliminate small perturbative factors,
Prout’s hypothesis could be regarded as a kind of limiting law, just as was the case for
Robert Boyle’s and Edmé Marriotte’s law for ideal gases. Marignac also accepted this
as a possibility, writing that there was no evidence that “the differences observed
between his [Stas’s] results and those required by Prout’s law cannot be explained by
the imperfect nature of the experimental methods.”19 And the American chemist John
W. Mallet, in an article of 1880 on the atomic weight of aluminum, wrote:

It must be remembered that the most careful work which has been done by Stas and
others only proves by the close agreement of the results that fortuitous errors have
been reduced within narrow limits. It does not prove that all sources of constant
error have been avoided, and, indeed, this never can be absolutely proved, as we
never can be sure that our knowledge of the substances we are dealing with is com-
plete. Of course, one distinct exception to the assumed law would disprove it, if the
exception were itself fully proved, but this is not the case.20

Several years later, in 1886, the same possibility was supported by the English chemist
William Crookes, the founder and editor of Chemical News and a well-known sup-
porter of Prout’s hypothesis, who noted that, “Not a few chemists of admitted emi-
nence consider that we have here [in Prout’s hypothesis] an expression of the truth,
masked by residual or collateral phenomena which we have not yet succeeded in elim-
inating.”21

The third possibility was that the clash between the observations and Prout’s
hypothesis could be traced to possible uncertainties in the theoretical background
knowledge. One of its components was the law of conservation of mass, which Mari-
gnac in 1860 doubted could be extended to the atomic world. As he wrote:
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Could we not suppose that the cause … which underlies the arrangements of the
atoms of the prime matter to form our chemical atoms, by impressing on each of
these groups a special character and particular properties, might at the same time
influence the manner in which these groups of prime atoms obey the law of univer-
sal attraction, in such a way that the weight of each group might not be exactly the sum
of the weights of the prime atoms composing it?22

Mendeleev: A Case against Primary Matter

Dmitry Ivanovich Mendeleev (1834–1907), the discoverer of the periodic law, adopted
a point of view similar to Marignac’s in a paper of 1871 that he published in Liebig’s
Annalen.23 Mendeleev (figure 2) began by arguing that Stas’s measurements proved
that the atomic weights of elements could be different non-integral multiples of the
atomic weight of hydrogen, so that no definite multiples could be assigned to them. He
assumed that the matter making up the elements is completely homogeneous, and he
observed that if n ponderable particles were joined to form one atom of another ele-
ment, it would not necessarily be n times as heavy as one of its constituent particles.

Fig. 2. Dmitry Ivanovich Mendeleev (1834–1907). Source: Daniel Q. Posin, Mendeleyev: The Story of
a Great Scientist (New York and Toronto: Whittlesey House, 1948), frontispiece.
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According to him, the cause of weight was a particular kind of movement of the con-
stituent matter, so that there was no reason to deny the possibility of transforming
these movements into chemical energy, or into some other form of movement. Thus, if
one element changed into another one, then this transformation could be accompanied
by a diminution or increase in weight.As Mendeleev explained,“In expressing this idea
here I wish to say only that there is some possibility of the opinions of chemists on the
composed nature of elements becoming uniform without adopting Prout’s hypothe-
sis.”24 According to Mendeleev, the idea of primary matter should be distinguished
from Prout’s hypothesis, so that falsification of the latter did not necessitate abandon-
ment of the former, which could be preserved by giving up the law of conservation of
mass.

A few years later, Mendeleev changed his position markedly. Some historians of sci-
ence attribute this to the influence of spectroscopic studies on him during the second
half of the nineteenth century,25 while others focus on “external” factors.26 In any case,
on the occasion of the twentieth anniversary of his formulation of the periodic law,
Mendeleev attacked the concept of primary matter by depicting it as an “old
Pythagorean idea” wholly independent of the periodic classification of the elements.
His target was the “illustrious Berthelot.” According to Mendeleev, Marcellin Berth-
elot, in his book of 1885, Les origines de l’Alchimie, had confused the fundamental basis
of the periodicity of the elements with Prout’s, the alchemists’, and Democritus’s ideas
about a primary matter. Instead,“the periodic law, based as it is on the solid and whole-
some ground of experimental research, has been evolved independently of any con-
ception as to the nature of the elements; it does not in the least originate in the idea of
an unique matter.”27 Mendeleev charged that the primary-matter supporters took over
an ancient Greek conception without explaining the historical context in which it orig-
inated. How, for example, could the Greek belief in the existence of many gods be rec-
onciled with the existence of an unique primary matter?

Mendeleev instead rejected the quest for a unity of matter for one for a unity of
laws, thus embracing the reductionistic tradition in science.* 

When we try to explain the origin of the idea of an unique primary matter, we easi-
ly trace that in the absence of inductions from experiment it derives its origins from
the scientifically philosophical attempt at discovering some kind of unity in the
immense diversity of individualities which we see around us. In classical times such
a tendency could only be satisfied by conceptions about the immaterial world. As to
the material world, our ancestors were compelled to resort to some hypothesis, and
they adopted the idea of unity in the formative material, because they were not able
to evolve the conception of any other possible unity in order to connect the multi-
various relations of matter. Responding to the same legitimate scientific tendency,
natural science has discovered throughout the universe a unity of plan, a unity of
forces, and a unity of matter, and the convincing conclusions of modern science com-

* Mendeleev’s rejection of the unity of matter in favor of the unity of laws is dealt with in
Bernardette Bensaude-Vincent, “Mendeleev’s periodic system of chemical elements,” British
Journal for the History of Science 19 (1986), 3–17.
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pel everyone to admit these kinds of unity. But while we admit unity in many things,
we none the less must also explain the individuality and the apparent diversity which
we cannot fail to trace everywhere.28

In subsequent years, Mendeleev remained antagonistic to the idea of a primary matter.
He refused to accept the discovery of the electron, and he rejected explanations of
radioactivity that required the disintegration of atoms and transformation of ele-
ments.* He believed that these discoveries could destroy the foundations of the peri-
odic law. He asserted that in chemistry one adopted “the conception of many elements,
all submitted to the discipline of a general law,” which offered “an escape from the
Indian Nirvana – the absorption in the universal, replacing it by the individualized
[substance].”29 Mendeleev’s individuals were the “chemical elements,” whose distinc-
tive mark was their atomic weights. Thus, measurements of atomic weights like Stas’s
could refute Prout’s hypothesis.

As noted above, the second possibility adopted by supporters of a primary matter
was to reject the apparent contradictory evidence by questioning the techniques used
at the time for chemical purification. Another possibility for saving an amended ver-
sion of Prout’s hypothesis, which was well known to Mendeleev, was to focus on the
intrinsic limitations of chemical techniques. One could employ instead “a new and
powerful weapon,”30 or paraphrasing Galileo, search for a “senso superiore e più eccel-
lente.”31 This “superior and more excellent sensor” proved to be the spectroscope (fig-
ure 3).

The Spectroscopic Way To the Compound Nature of the Atom

Lockyer’s Involvement

Gustav Kirchhoff’s discovery in 1859 that emission and absorption spectra are identi-
cal turned the spectroscope into a powerful instrument for chemical analysis and stel-
lar classification. In 1860–1861 he and his Heidelberg colleague, Robert W. Bunsen, dis-
covered two new elements, cesium and rubidium, spectroscopically. The spectroscopic
discovery of other new elements followed: thallium by Crookes in 1861, indium by Fer-
dinand Reich and his assistant Hieronymus Richter in 1863, helium (in the solar spec-
trum) by Lockyer in 1866, and gallium by Paul Émile Lecoq de Boisbaudran in 1875.
Earlier, in 1864, William Huggins had succeeded in identifying the main lines in the

* Although in Mendeleev’s conception there was no place for the transmutation of elements, he
nonetheless tried to account for the emerging field of radioactivity through the idea of the ether.
According to Mendeleev, the ether,conceived of as a noble gas,was attracted by the main radioac-
tive elements, just as the sun attracts planets and cosmic dust. As Michael Gordin explained,
“at some critical point, too much ether penetrates the uranium and certain chemical processes,
of whose exact nature we are ignorant, cause quantities of ether to be ejected from the sam-
ple….What is ejected is the ether, and not a ‘decayed part’ of the primary atom, its almost infin-
itesimal lightness explained why the ‘decay products’ were not yet weighed. Thus there is no
transmutation, no primary matter from which all elements are constructed, and the periodic
table is preserved in its epistemological integrity.” See Michael Gordin, “Making Newtons:
Mendeleev, Metrology, and the Chemical Ether,” Ambix 45 (1998), 96–115; on 100.
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solar spectrum. But there were problems as well, such as the presence of impurities in
the samples and the apparent mutability of some spectra.

New phenomena also came to light. Laboratory spectra of various salts differed
when excited by a flame (figure 4), which gave rise to band spectra, or by an electric
arc or spark (figure 5), which produced line spectra. This distinction was explained
independently in 1862 by the German chemist Eilhard Mitscherlich and the English
chemists Henry E. Roscoe and Robert B. Clifton,32 who noted that band spectra were
produced by molecules at the low flame temperatures, while line spectra were pro-
duced by their constituent atoms after the molecules had been dissociated at the high
arc or spark temperatures.

But some line spectra also seemed to be mutable, since several elements seemed to
produce different line spectra depending on the temperature at which they were excit-
ed. The intensities of spectral lines also varied with temperature in a complicated man-
ner, and if the temperature of the source was sufficiently high, new spectral lines might
appear. The main way to increase the temperature was to excite the spectra with an
electric spark instead of an electric arc.

By an analogical argument, the English astrophysicist Norman Lockyer suggested in
1873 that the new spectral lines that appeared at higher temperatures when the source
was excited with an electric spark, or in solar and stellar spectra, were caused by a dis-
sociation of atoms:

Fig. 3. Experimental apparatus for the observation of spectra. Here the calcium spectrum is dispersed
by the prism P and projected onto the screen S. Source: H. Schellen, Die Spectralanalyse in ihrer Anwen-
dung auf die Stoffe der Erde und die Natur der Himmelskörper (Braunschweig: F. Vieweg und Sohn,
1883), p. 99.
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Fig. 4. Eilhard Mitscherlich’s apparatus for producing flame spectra. The tube is filled with a solution
of the required salt, and when the wick is put into the flame a constant coloration is produced. Source:
H. Schellen, Die Spectralanalyse in ihrer Anwendung auf die Stoffe der Erde und die Natur der Him-
melskörper (Braunschweig: F. Vieweg und Sohn, 1883), p. 263.

Fig. 5. Apparatus for the production of spark spectra. The induction coil (left) charges the Leiden jar
R, which produces a spark across the gap i when it discharges. Source: H. Schellen, Die Spectralanalyse
in ihrer Anwendung auf die Stoffe der Erde und die Natur der Himmelskörper (Braunschweig: F.Vieweg
und Sohn, 1883), p. 267.
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I have asked myself whether all the above facts cannot be grouped together in a
working hypothesis which assumes that in the reversing layers of the sun and stars
various degrees of “celestial dissociation” are at work, which dissociation prevents
the coming together of the atoms which, at the temperature of the earth and at all
artificial temperatures yet attained here, compose the metals, the metalloids, and
compounds.33

Lockyer (figure 6) interpreted the observations of stellar spectra in light of the princi-
ples of uniformity and continuity, to which he frequently referred. The principle of uni-
formity entailed that the dissociation of elements in stars can be observed on earth,
albeit only partially, at the high temperatures produced by electrical discharges. Years
later, however, Lockyer wondered:“Does a temperature higher than any applied so far
really act in the same way as those we have applied? Or should we expect some unfore-
seen break in the uniformity of natural processes?”34 As for the principle of continu-
ity, “many scientists interpreted this principle differently from Lockyer,”35 although
there was “surprisingly little opposition to the use of the principle of uniformity in
astrochemistry,” which was “undoubtedly due to its methodological familiarity.”36 His-
torian William H. Brock has remarked that, “By 1860, Newton’s second rule of reason-
ing in philosophy [Therefore to the same natural effect we must, as far as possible,

Fig. 6. Norman Lockyer (1836–1920). Reproduced by permission of the Norman Lockyer Observatory.
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assign the same causes*] had become an unquestioned assumption in scientific dis-
course.”37

Lockyer also addressed the problem of coincident lines, lines of equal wavelength in
the spectra of different elements (figure 7), in connection with the question of impuri-
ties. Were coincident lines due to the presence of the same element in two different
samples, in one case as an impurity, or did they result from the dissociation of one ele-
ment into another one? The latter possibility arose because the spectra of the two ele-
ments would differ owing to the differences in their masses, although certain lines in
the two spectra could coincide, an idea that he developed further in 1878–1879 when
he formulated his theory of “basic lines.”

Lockyer dealt with the problem of impurities from a spectroscopic point of view. His
electric-arc observations, which he made by inserting a convex lens between the sub-
stances in question and the spectroscope (figure 8), had revealed both long and short
lines. But while the long lines were present throughout the entire length of the electric
arc, the short lines were seen only in its middle where the temperature is higher, and
were absent at its ends where the temperature is lower. Lockyer was unable to explain
this difference in length between the two sets of lines, but he realized that the short
lines disappeared before the long lines when the current in the electric arc was
reduced. He therefore proposed a spectroscopic criterion for identifying impurities in
a sample: “When, for instance, an impurity of Mn [manganese] was searched for in Fe

* Newton’s original Latin is “Ideoque effectuum naturalium ejusdem generis eaedem assignan-
dae sunt causae, quatenus fieri potest.”

Fig. 7. Lockyer’s apparatus for the simultaneous representation of spectra emitted by different
sources of light. The image of one source is allowed to fall on half of the slit O and the photographic
plate E is exposed.That half of the slit O is then covered up and the image of a second source is allowed
to fall on the other half of the slit O and the photographic plate E is again exposed. Source: H. Schellen,
Die Spectralanalyse in ihrer Anwendung auf die Stoffe der Erde und die Natur der Himmelskörper
(Braunschweig: F. Vieweg und Sohn, 1883), p. 432.
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[iron], if the longest line of Mn was absent, the short lines must also be absent on the
hypothesis that the elements are elementary; if the longest line were present, then the
impurity was traced down to the shortest line present.”38

According to Lockyer, simple forms of matter were common to the different chem-
ical elements. He believed that the presence of coincident short lines in different spec-
tra (the “basic lines”) was evidence of such simple forms. Furthermore, the hotter the
source, the simpler the spectrum became as these coincident lines appeared. In his
view, there were two distinct classes of coincident lines in the spectra of metals: (1)
coincident lines due to impurities, and (2) coincident lines due to dissociated elements.
“Hence,” he wrote, “it was allowable to term the coincident lines of the second order
[or class] ‘basic lines,’ since they might point to the existence of a base common to the
substances in the spectra of which they appeared.”39

Lockyer retained his hypothesis of basic lines more and less unchanged until 1896.
In the meantime, however, the empirical data on which it rested proved to be less than
accurate. The coincident lines he assumed to be common to the various elements in the
solar spectrum turned out to be accidental coincidences owing in part to poor resolu-
tion of the spectroscope that was used.40 An important role also was played by the
presence of impurities. For example, G.D. Liveing and J. Dewar showed in 1880 that
Lockyer’s magnesium samples were not pure but consisted of a compound of magne-

Fig. 8. Apparatus for observing short and long spectral lines. The light from an arc or spark passes
through a horizontal slit. Some spectral lines then appear only in the center of the image of the slit while
others extend far outward. Source: Georges Salet, Traité élémentaire de Spectroscopie (Paris: G. Masson,
1888), p. 130.
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sium and hydrogen.41 Lockyer also thought that each elementary substance could be
separated into as many simpler substances as there are lines in the element’s spectrum.
That meant, for example, that the “molecular” structure of iron would have to be com-
plex enough to include at least 1,200 different simpler substances—a result that
seemed unacceptable.42

Toward the end of 1896, Lockyer advanced a new dissociation criterion. By com-
paring arc spectra with spark spectra, he discovered that the higher-temperature spark
spectra contained lines that are absent in the arc spectra. Furthermore, there were lines
in the higher-temperature spark spectra that looked “enhanced” compared to those in
the arc spectra.43 Collectively, Lockyer called both sets of lines “enhanced lines” (fig-
ure 9). In this way, he was able to account for several previously unidentified lines in
stellar spectra,44 and to explain differences between the solar chromospheric spectrum
and Fraunhofer’s visible solar spectrum.45

This result affords a valuable confirmation of my view, that the arc spectrum of the
metallic elements is produced by molecules of different complexities, and it also
indicates that the temperature of the hottest stars is sufficient to produce simplifi-
cations beyond those which have so far been produced in our laboratories.46

Thus, the role of temperature as the cause of dissociation remained the same, but Lock-
yer now took the source of the enhanced lines in the higher-temperature spark spectra
be the “proto-element,” while the “element” was responsible for the lines in the arc

Fig. 9. Arc and spark spectra of magnesium, iron, and calcium showing enhanced lines in the spark
spectra. Source: Lockyer, “Chemistry of the Hottest Stars” (ref. 44), plate 1.
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spectra. The proto-element then became the link in a chain of “inorganic evolution”*
that led from the heavy metals to the light gases through a thermal-dissociation
process. As support for his theory, Lockyer displayed a diagram from which he made
predictions that were unforeseen by other theories.47 Thus, by employing a thermo-
metric classification that extended into the ultraviolet region, he discovered that the
higher-temperature stellar spectra consisted mainly of spectral lines from light gases
(hydrogen, helium), while the lower-temperature stellar spectra consisted of lines from
heavy metals. In the intermediate-temperature region, the enhanced lines were partic-
ularly prominent (figure 10). Lockyer repeatedly insisted on the basis of his molecular-
dissociation theory of spectra that the source of the enhanced lines was the “proto-ele-
ment,” which was similar to the “element” (from a spectroscopic point of view), but had
a mass intermediate between the masses of the light gases and those of the heavy met-
als.

The existence of the enhanced lines thus caused Lockyer to modify his dissociation
idea significantly, which was based originally on his hypothesis of basic lines. As A.J.
Meadows explained, “the ‘basic lines’ approach had suggested that different elements
broke down on heating to the same simpler substances. The ‘enhanced lines’ approach
implied rather that each element dissociated into different, equally unique, forms of the
specific element concerned.”48 This, however, was not tantamount to abandoning the
reductionistic approach that was inherent in the idea of primary matter. In Lockyer’s
revised dissociation hypotheses, the role of the enhanced lines was just different from
that of the basic lines. The enhanced lines, as evidence for the existence of proto-ele-
ments, were a link in a chain of inorganic evolution, while the basic lines pointed
straight toward the “simpler forms of matter” that were common to the different chem-
ical elements. Lockyer thus retained his idea of an “ultimate state of simplification” of
matter; what he changed was its target: The evidence for primary matter now had to be
sought in the stellar spectra of gases.49 “How I wish we could get a bit of your hottest
star in a bottle!” exclaimed Crookes to Lockyer in a letter of February 1, 1897 (figure
11).50

* Inorganic Evolution was the title of Lockyer’s book of 1900, in which he expounded his new
dissociation hypothesis. Lockyer was not the first to suggest the idea of the inorganic evolution
of the elements. Robert Chambers in his anonymously published book, Vestiges of the Natural
History of Creation of 1844, argued that the organic world is controlled by the law of develop-
ment, just as the inorganic is controlled by gravitation. According to Chambers, the solar sys-
tem had developed from a “universal Fire Mist” into its present configuration. A century ear-
lier, Immanuel Kant published his Allgemeine Naturgeschichte und Theorie des Himmels, oder
Versuch von der Verfassung und dem mechanischen Ursprunge des ganzen Weltgebäudes nach
Newtonischen Grundsätzen abgehandelt; translated as Universal Natural History and Theory of
the Heavens:An Essay on the Constitution and Mechanical Origin of the Whole Universe Treated
According to Newtonian Principles (Edinburgh:Scottish Academic Press,1981), in which he sug-
gested evolutionary ideas:“the sphere of developed nature is incessantly engaged in extending
itself. Creation is not the work of a moment. When it has once made a beginning with the pro-
duction of an infinity of substances and matter, it continues in operation through the whole suc-
cession of eternity with ever increasing degrees of fruitfulness” (Part Two, Section Seven,“Con-
cerning Creation in the Total Extent of its Infinity Both in Space and Time”).
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Crookes’s Involvement

William Crookes also followed the spectroscopic way to demonstrate the complexity
of atoms. Crookes (figure 12) was the discoverer of thallium and the founder and edi-
tor of Chemical News, but his fame rests mostly on his spectroscopic observations and
studies of electrical discharge in rarefied gases, in which he traced the eponymous
“dark space” and proposed the existence of “radiant matter.” Less known are his
researches on chemical fractionation, which focused on the analysis of the phospho-
rescent spectra of rare-earth elements and aimed at developing a method for finding
traces of substances and in this way discovering new chemical elements.51 The line and
band spectra of the rare earths were complicated and puzzling, and several years
passed before he experienced a breakthrough.

It was impossible to divest myself of the conviction that I was looking at a series of
autograph inscriptions from the molecular world, evidently of intense interest, but
written in a strange and baffling tongue. All attempts to decipher the mysterious
signs were, however, for a long time fruitless. I required a Rosetta stone.52

That appeared during an incomplete chemical reaction of yttrium oxide with a very
dilute solution of ammonia when Crookes observed that it precipitated out only a cer-

Fig. 10. Plot of spectral lines (horizontal axis) versus stellar temperatures (vertical axis). According to
Lockyer’s measurements, the spectra of the hottest stars are characterized by lines from gases (upper
left); at intermediate temperatures (center) the spectra show enhanced lines from proto-titanium,
proto-copper, and so forth; at lower temperatures (lower right) arc lines predominate. Source: Locky-
er, “Order of Appearance of Chemical Substances” (ref. 47), p. 396.
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tain amount of the base. He allowed the precipitate to stand for several hours and then
filtered it. After each such “fractionation,” the filtrate was passed to the left and the
precipitate to the right, and this operation was repeated many thousands of times.
Crookes thus exploited the incompleteness of the fractional precipitation as a method
of chemical separation. He found that the process had to be iterated many times
“before even approximate purity is attained,” and the minute quantity of the substance
he obtained was “made to accumulate by a systematic process until it becomes per-
ceptible by a chemical or physical test.”53

Crookes’s procedure for the fractional precipitation of yttrium generated a pyrami-
dal structure of samples (figure 13) that emitted phosphorescent light displaying a mul-
tiplicity of line and band spectra differing both in their wavelengths and relative inten-
sities (figure 14). Consistent with Lockyer’s molecular-dissociation theory of spectra,
which he also accepted, Crookes saw these spectra as evidence for the separation of
yttrium into its primary components: “The final result to which I have come is that
there are certainly five, and probably eight, constituents into which yttrium may be
split.”54

Fig. 11. Crookes’s letter to Lockyer, February 1, 1897. Courtesy of Professor G.A. Wilkins.
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To explain this result, Crookes rejected the traditional concept of chemical element.
His chemical-fractionation studies had widened the gap between data obtained by tra-
ditional chemical methods and by spectroscopic ones. “Our notions of a chemical ele-
ment have expanded,” wrote Crookes.

Hitherto the molecule has been regarded as an aggregate of two or more atoms, and
no account has been taken of the architectural design on which these atoms have
been joined. We may consider that the structure of a chemical element is more com-
plicated than has hitherto been supposed. Between the molecules we are accus-
tomed to deal with in chemical reactions and ultimate atoms as first created, come
smaller molecules or aggregates of physical atoms; these sub-molecules differ one
from the other, according to the position they occupied in the yttrium edifice.55

A second possibility (a “heroic alternative”) considered by Crookes was to rank new
chemical elements spectroscopically. Thus, the two German rare-earth chemists Ger-
hard Krüss and L.F. Nilson stated that “according to our present knowledge about the
samarium and didymium compounds we cannot doubt that they are compounds of two

Fig. 12. William Crookes (1832–1919). Source: E.E. Fournier, The Life of Sir William Crookes, O.M.,
F.R.S. (London: T. Fisher Unwin Ltd, 1923), facing p. 312.
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distinct bodies.”56 The acceptance of this viewpoint of course would result in the peri-
odic system losing its meaning, because a large number of allegedly new chemical ele-
ments, some identical in atomic weight to others,* would be added to it.57 A third pos-
sibility (though an improbable one) considered by Crookes was Lecoq de Boisbau-
dran’s proposal that the substances emitting the phosphorescent spectra were
impurities in the yttrium samples.58

As a result of his studies, Crookes introduced the concept of “elementary group” in
place of that of the traditional chemical element:

In defining an element, let us not take an external boundary, but an internal type.
Let us say, e.g., the smallest ponderable quantity of yttrium is an assemblage of ulti-
mate atoms almost infinitely more like each other than they are to the atoms of any
other approximating element. It does not necessarily follow that the atoms shall all
be absolutely alike among themselves. The atomic weight which we ascribe to yttri-
um, therefore, merely represents a mean value around which the actual weights of
the individual atoms of the “element” range within certain limits. But if my conjec-
ture is tenable, could we separate atom from atom, we should find them varying
within narrow limits on each side of the mean.59

Crookes called the members of the elementary group “meta-elements.” Each chemical
element then derived from a process akin to the cooling of an elementary “protyle,”**
and the defining characteristic of each chemical element was the weighted mean of the

Fig. 13. Pyramid of chemical fractionation according to Crookes’s method. He started with, say, 1000
grams in the 0 bottle, then transferred the filtrate to bottle –1 and the precipitate to bottle +1. He then
added another 1000 grams to the 0 bottle and repeated the operations as shown in the table. Source:
Crookes, “Method of Chemical Fractionation” (ref. 53), p. 585.

* The concept of isotopes was eventually introduced by Frederick Soddy in 1913 in connection
with the transformation of radioactive elements.

** Details regarding the protyle’s etymology are traceable in Crookes’s paper,“Genesis of the Ele-
ments”(ref.55).According to Crookes:“We require a word,analogous to protoplasm, to express
the idea of the original primal matter existing before the evolution of the chemical elements.
The word I have ventured to use for this purpose is composed of πρó (earlier than) and νλη
(the stuff of which things are made)” (p. 95).
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atomic weights of the meta-elements.* This model, on the one hand, saved Prout’s
hypothesis and the close proximity of atomic weights to whole numbers and, on the
other hand, it explained the differences in the spectra of the rare earths derived from
the chemical-fractionation process:

Another important inference which may be drawn from the facts is that the atoms
of which yttrium consists, though differing, do not differ continuously, but per

Fig. 14. Spectra of five components of yttrium oxide following chemical fractionation. The diagram
shows the directions the precipitates and solutions travel. After each fractionation the filtrate is passed
to the left (+1) and the precipitates to the right (–1). On examining the series of earths in the lowest
line of bottles, Crookes found that their phosphorescent spectra had altered in the relative intensities
of some of the spectral lines. Source: Crookes, “On the Fractionation of Yttria” (ref. 54 ), p. 588.

* As regards the magnitudes of such differences, Crookes’s position varied over the years. In his
paper of 1886,“On the Nature and Origin of the so-called elements” (ref. 21), he wrote:“when
we say the atomic weight of, for instance, calcium is 40, we really express the fact that, while the
majority of calcium atoms have an actual atomic weight of 40, there are not a few which are rep-
resented by 39 or 41, a less number by 38 or 42, and so on.” In his paper of 1887,“Genesis of the
Elements” (ref. 55), the sentence in italics was rendered as follows: “some are represented by
39.9 or 40.1, a smaller number by 39.8 or 40.2.” In 1915 Crookes claimed that Soddy’s concept
of isotopes confirmed his idea of meta-elements. Soddy himself quoted Crookes as historical
support for his new conception. For a critique of this point, see DeKosky, “Spectroscopy and
the elements” (ref. 67), p. 422.
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saltum. We have evidence of this in the fact that the spectroscopic bands character-
istic of each group are distinct from those of the other groups, and do not pass grad-
ually into them.60

In 1891, during the inaugural session of the Institution of Electrical Engineers,
Crookes as chairman discussed the rare-earth spectra in connection with electri-
cal-discharge phenomena in gases. In particular, to answer the question, what “occa-
sions the phosphorescence of yttria and other bodies in vacuo under molecular bom-
bardment,” he suggested that one should appeal to the “electrolysis hypothesis.”61

According to this hypothesis, a gas in a discharge tube undergoes a process that was
analogous to the one taking place in an electrolytic solution, that is, under the influ-
ence of a strong electric field the gas molecules are dissociated into positive and neg-
ative ions. Thus, a molecule of hydrogen gas, for instance, may be composed of one
group of hydrogen atoms with a certain amount of negative electricity bound to it,
and another group with an equivalent of positive electricity bound to it.“These atoms
are also charged with additional equivalents of positive or negative electricity…. We
are not concerned with the inherent electricity – of which we are ignorant – but with
the extra … charge.”62 Therefore, the “negative atoms,” which are driven away vio-
lently from the cathode by the electric field, are moved toward the anode. If they
strike an obstacle, for example, a phosphorescent substance like yttrium oxide, they
could transfer their negative charge to it and set it into vibration, causing it to emit
visible light.

Crookes also discovered, however, that electrical-discharge phenomena, for instance
the Crookes dark space and phosphorescence, occurred not only with diatomic gases
like hydrogen, but also with monatomic elements like mercury.63 He solved this puzzle
by appealing to the meta-element concept, by conjecturing that “the atomic weight of
mercury, for instance, is called 200, but the atom of mercury, as we know it, is assumed
to be made up of an enormous number of sub-atoms, each of which may vary slightly
round the mean number 200 as a centre.” In his illustration of the yttria spectrum,
Crookes classed the sub-atoms into electro-positive and electro-negative ones, accord-
ing to “one of the latest theories in chemistry.”

Calling the atom in the mean position electrically neutral, those sub-atoms which are
on one side of the mean will be charged with positive electricity, and those on the other
side of the mean position will be charged with negative electricity, the whole atom
being neutral.64

Thus, Crookes’s meta-elements or sub-atoms acquired a new and distinctive charac-
teristic in addition to their mass, namely, their electric charge. These two characteris-
tics were closely connected. Positive and negative charges were linked to the masses
of the meta-elements, their average being the mass of the traditional chemical ele-
ment.

The Fates of Crookes’s Meta-elements and Lockyer’s Proto-elements

In 1897 J.J. Thomson, based on his cathode-ray experiments, presented a new con-
cept of the atom as a structure composed of charged particles of matter or “cor-
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puscles” that could be separated from it. The long period of transition from the
enunciation of Prout’s hypothesis to the discovery of Thomson’s corpuscle consti-
tuted a long quest to identity the primary matter. But Thomson’s cathode-ray
experiments were not carried out in a conceptual vacuum; they were embedded in
this long tradition of research on the concept of primary matter: Thomson’s new
atom arose out of old conjectures. As Thomson himself remarked, the hypothesis
that “the so-called elements are compounds of some primordial elements, has been
put forward from time to time by various chemists,” and there were “weighty argu-
ments, founded on spectroscopic considerations, in favour of the composite nature
of the elements.” 65

As we have seen, these spectroscopic considerations led Crookes and Lockyer to
suggest, respectively, the existence of “meta-elements” and “proto-elements.”
Crookes’s and Lockyer’s approaches to the complexity and dissociability of atoms
derived from the same molecular-dissociation theory of spectra, whether it was con-
cerned with phosphorescent or spark spectra. Both Crookes and Lockyer were con-
vinced that spectroscopy could corroborate the concept of primary matter as an
amended version of Prout’s hypothesis. Their belief was based on the high sensitivity
of spectroscopic as compared to traditional methods of chemical analysis. The spectro-
scope thus assumed for Crookes and Lockyer and many of their contemporaries the
role of Galileo’s “superior and more excellent sensor.” As Mendeleev noted, “as soon
as the spectrum analysis appears as a new and powerful weapon of chemistry, the idea
of primary matter is immediately attached to it.”66

Yet, the concepts introduced by Crookes and Lockyer suffered diametrically oppo-
site fates. Crookes’s evidence for his meta-elements from his chemical-fractionation
studies turned out to be due to impurities in his samples. Different spectroscopic stud-
ies carried out by Crookes and Lecoq de Boisbaudran after 1885 exhibited contradic-
tory results,67 and Georges Urbain showed conclusively in 1909 that pure rare-earth
elements exhibit no phosphorescence, that phosphorescence always was produced by a
mixture of at least two substances.68 In particular, Urbain was able to reproduce
Crookes’s results by mixing pure rare-earth elements with other elements in certain
ratios. Thus, the spectral variations that Crookes had observed did not support his
assertions about the compound nature of rare-earth elements, and his concept of
meta-elements had to be abandoned.

Lockyer’s concept of proto-element, by contrast, survived and was finally
replaced by that of the “ionized atom.” This was a complex conceptual development
that required many years for completion. First, the correct formulas for the spectral
series of hydrogen had to be found.69 Second, the origin of the so-called
“proto-hydrogen” lines in certain stellar spectra had to be explained and reproduced
in laboratory experiments.70 Finally, a new quantum-theoretical framework had to
be discovered to explain atomic spectra.71 This work extended over the period from
1888 to 1913, and only then was it possible to establish that Lockyer’s enhanced lines
should be attributed not to a proto-element but to an ionized atom.72 In general, the
recognition that ionized atoms produce their own spectra opened up a new chapter
in the history of spectroscopy with important consequences for the emerging quan-
tum theory.

Leone_Robotti 176  12.11.2003  17:52 Uhr  Seite 380



Vol. 5 (2003)   Are the Elements Elementary? 381

Acknowledgments

We thank the staff of Exeter University Library and G.A. Wilkins for their assistance
in examining Lockyer’s correspondence. We are grateful to L. Fenzi and A. Poggio of
the Biblioteca “A. Borsellino,” Department of Physics, University of Genoa, for their
help in the bibliographical research. We thank G. Marabello and G. Boato for their
careful reading of the manuscript, and Roger H. Stuewer for his careful editorial work
on it.

References

1 J.J. Thomson, “Cathode Rays,” Philosophical Magazine 44 (1897), 293–316; on 311–312; emphasis
added.

2 As an example of this ontological position see M.M. Pattison Muir, “Are the ‘Elements’ Elemen-
tary?” Nature 88 (October 3, 1878), 592–593; (October 10, 1878), 625–627.

3 Thomson, “Cathode Rays” (ref. 1), p. 312.
4 W. Prout, “Correction of a Mistake in the Essay on the Relation between the Specific Gravities of

Bodies,” Annals of Philosophy 7 (1816), 111–113.
5 H. Davy, The Collected Works of Sir Humphry Davy Bart, Vol. 4 (London: Smith Elder,

1839–1840), pp. 42, 132. T. Thomson, System of Chemistry, Vol. 1 (Edinburgh: J. Brown, 1802), p.
386. J. Miers, “On the Composition of Azote,” Annals of Philosophy 3 (1814), 364–372; 4 (1814),
180, 260.

6 L. Meinecke, “Das specifische Gewicht der elastichen Flüssigkeiten,” Annalen der Physik 24
(1816), 159–175.

7 T.E. Thorpe, “On Certain Modern Developments of Graham’s Ideas Concerning the Constitution
of Matter,” Nature 35 (March 31, 1887), 522–524; (April 7, 1887), 547–549; on 548.

8 W.H. Brock, From Protyle to Proton: William Prout and the Nature of Matter, 1785–1985 (Bristol:
Adam Hilger, 1985), p. 92.

9 T. Graham, Elements of Chemistry (London: Ballière, 1850).
10 J. Stas, “Researches on the Mutual Relations of Atomic Weights,” Bulletin de l’Académie Royale

de Belgique (1860), 208–336.
11 Thorpe, “Graham’s ideas” (ref. 7), p. 548.
12 Pattison Muir, “Are the ‘Elements’ Elementary?” (ref. 2), p. 627.
13 J.W. Mallet,“Revision of the Atomic Weight of Aluminum,” Philosophical Transactions 171 (1880),

1003–1035; on 1033.
14 W.V. Farrar, “Nineteenth-Century Speculations on the Complexity of the Chemical Elements,”

British Journal for the History of Science 2 (1965), 297–323; on 301.
15 J.C.G. Marignac,“Analyses diverses destinées à la vérification de quelques équivalents chimiques,”

Bibliothèque Universelle (Archives) 46 (1843), 350–377. T.J. Pelouze, “Mémoire sur les équivalents
de plusieurs corps simples,” Comptes rendus hebdomadaires des séances de l’Académie des sciences
20 (1845), 1047–1055. E.J. Maumené, “Sur les équivalents chimiques,” Annales de Chimie 18
(1846), 41–79.

16 J.B. Dumas,“Mémoire sur les équivalents des corps simple,” Annales de Chimie 55 (1859), 129–210.
J.C.G. Marignac, “Commentary on Stas’ Researches on the Mutual Relation of Atomic Weights,”
Bibliothèque Universelle (Archives) 9 (1860), 97–107.

17 M. Zängerle, Über die Natur der Elemente und die Beziehungen der Atomgewichte derselben zu
einander und zu den physikalischen und chemischen Eigenscheften (München: Realgymnasium,
1882).

18 Pattison Muir, “Are the ‘Elements’ Elementary?” (ref. 2), p. 592.
19 Marignac, “Commentary on Stas’ Researches” (ref. 16); emphasis added.
20 Mallet, “Atomic Weight of Aluminum” (ref. 13), p. 1033.

Leone_Robotti 176  12.11.2003  17:52 Uhr  Seite 381



Matteo Leone and Nadia Robotti Phys. perspect.382

21 W. Crookes, “On the Nature and Origin of the so-called Elements,” Report of British Association
for the Advancement of Science (1886), 558–576; on 562. Presidential Address to the Chemistry
Section delivered on September 2, 1886.

22 Marignac, “Commentary on Stas’ Researches” (ref. 16).
23 D. Mendeleev,“Die periodische Gesetzmässigkeit der chemischen Elemente,” Annalen der Physik

Supplementband 8 (1871), 131–229; the quotations in the text are from the English translation,
“The Periodic Law of Chemical Elements,” Chemical News 40–41 (1879–1880).

24 Chem. News 41 (1880), p. 93.
25 F. Calascibetta, “L’evoluzione delle idee di D. Mendeleev rispetto all’ipotesi di Prout

(1869–1889),” Atti del IV Convegno Nazionale di Storia e Fondamenti della Chimica (Venezia:
Accademia Nazionale delle Scienze detta dei XL, 7–9 novembre 1991), pp. 301–312.

26 L. Cerruti, “Lezioni dalla storia: le teorie come ostacoli epistemologici,” Atti del II Seminario di
Chimica Inorganica e Metallorganica (Milano: Clued, 1986), pp. 197–206.

27 D. Mendeleev, “The Periodic Law of the Chemical Elements [Faraday Lecture],” Journal of the
Chemical Society 55 (1889), 634–656; on 644.

28 Ibid., pp. 644–645; emphasis added.
29 Ibid., p. 645.
30 Ibid., p. 643.
31 Galileo Galilei, Le opere di Galileo Galilei, Vol. 7. Dialogo sopra i due massimi sistemi (Firenze: G.

Barbèra, 1890–1909), pp. 355–356.
32 A. Mitscherlich, “Beiträge zur Spectralanalyse,” Annalen der Physik 116 (1862), 499–507. H.E.

Roscoe and R.B. Clifton, “On the Effect of Increased Temperature upon the Nature of the Light
Emitted by the Vapour of certain Metals or Metallic Compounds,” Proceedings of the Literary and
Philosophical Society of Manchester 2 (1862), 227–230.

33 N. Lockyer, “Researches in Spectrum Analysis in Connection with the Spectrum of the Sun. No.
III,” Phil. Trans. 164 (1874), 479–494; on 492.

34 N. Lockyer, Chemistry of the Sun (London: Macmillan, 1887).
35 A.J. Meadows, Science and Controversy: A Biography of Sir Norman Lockyer (Cambridge, Mass.:

MIT Press, 1970), p. 147.
36 Brock, From Protyle to Proton (ref. 8), p. 184.
37 Ibid.
38 N. Lockyer, “Researches in Spectrum Analysis in connexion with the Spectrum of the Sun. No.

VII,” Proc. Roy. Soc. 28 (1878), 157–180; on 157.
39 N. Lockyer, “On the Necessity for a New Departure in Spectrum Analysis,” Nature 21 (November

6, 1879), 5–8; on 6.
40 G.D. Liveing and J. Dewar, “On the Identity of Spectral Lines of Different Elements,” Proc. Roy.

Soc. 32 (1881), 225–230.
41 G.D. Liveing and J. Dewar, “On the Spectra of Magnesium and Lithium,” Proc. Roy. Soc. 30

(1880), 93–99; “Investigations on the Spectrum of Magnesium. No. 1,” ibid. 32 (1881), 189–203.
42 W.N. Hartley, “On Homologous Spectra,” J. Chem. Soc. 43 (1883), 390–400.
43 N. Lockyer, “On the Iron Lines Present in the Hottest Stars. Preliminary Note,” Proc. Roy. Soc. 60

(1897), 475–476.
44 N. Lockyer, “On the Chemistry of the Hottest Stars,” Proc. Roy. Soc. 61 (1897), 148–209.
45 N. Lockyer, Captain Chisholm-Batten, and A. Pedler, “Total Eclipse of the Sun, January 22, 1898.

Observations at Viziadrug.” Phil. Trans. 197 (1901), 151–208; J. Evershed, “Wavelength Determi-
nations and General Results Obtained from a Detailed Examination of Spectra Photographed at
the Solar Eclipse of January 22, 1898,” Proc. Roy. Soc. 68 (1901), 6–9.

46 Lockyer, “Chemistry of the Hottest Stars” (ref. 44).
47 N. Lockyer, “On the Order of Appearance of Chemical Substances at Different Stellar Tempera-

tures,” Proc. Roy. Soc. 64 (1899), 396–401.
48 Meadows, Science and Controversy (ref. 35), pp. 168–169.
49 N. Lockyer, Inorganic Evolution (London: MacMillan, 1900), p. 179.
50 W. Crookes to N. Lockyer, February 1, 1897. Courtesy of Professor G.A. Wilkins.
51 W. Crookes, “On Radiant Matter Spectroscopy: A New Method of Spectrum Analysis,” Proc. Roy.

Soc. 35 (1883), 262–271.

Leone_Robotti 176  12.11.2003  17:52 Uhr  Seite 382



Vol. 5 (2003)   Are the Elements Elementary? 383

52 Crookes, “Nature and Origin of the so-called Elements” (ref. 21), pp. 569–570.
53 W. Crookes, “On the Method of Chemical Fractionation,” Report of British Association for the

Advancement of Science (1886), 583–586; on 584.
54 W. Crookes, “On the Fractionation of Yttria,” Report B.A.A.S. (1886), 586–590; on 588.
55 W. Crookes, “Genesis of the Elements,” Chem. News 55 (1887), 83–88, 95–99; on 86. Lecture deliv-

ered at the Royal Institution on February 18, 1887.
56 G. Krüss and L.F. Nilson,“Studien über die Componenten der Absorptionspectra erzeugenden sel-

tenen Erden,” Berichte der Deutschen Chemischen Gesellschaft 20 (1887), 2134; translated into
English as “Components of the Rare Earths giving Absorption-spectra,” Chem. News 56 (1887),
172; emphasis added.

57 H.E. Armstrong, “Elements and Meta-elements,” Nature 38 (April 5, 1888), 540–541.
58 Crookes, “Genesis of the Elements” (ref. 55), p. 87; P. Lecoq de Boisbaudran, “Sur un nouveau

genre de spectre métalliques,” Comptes rendus 100 (1885), 1437–1440.
59 W. Crookes, “Elements and Metaelements,” J. Chem. Soc. 53 (1888), 487–504; on 491.
60 Crookes, “Nature and Origin of the so-called Elements” (ref. 21), p. 571.
61 N. Robotti, I primi modelli dell’atomo (Torino: Loescher, 1978), p. 57.
62 W. Crookes, “Electricity in Transitu: From Plenum To Vacuum,” Chem. News 63 (1891), 112–114.
63 Ibid., p. 112.
64 Ibid., p. 114; emphasis added.
65 Thomson, “Cathode Rays” (ref. 1), 312; see also N. Robotti, “The Discovery of the Electron 1,”

European Journal of Physics 17 (1997), 133–138; M. Leone and N. Robotti,“Stellar, Solar and Lab-
oratory Spectra: The History of Lockyer’s Proto-elements,” Annals of Science 57 (2000), 241–266.

66 Mendeleev, “Periodic Law” (ref. 27), p. 643.
67 R.K. DeKosky, “Spectroscopy and the elements in the late 19th century. The work of Sir William

Crookes,” Brit. J. Hist. Sci. 6 (1973), 400–423.
68 G. Urbain, “Europium, Gadolinium, Terbium, Neoytterbium, and Lutecium,” Chem. News 100

(1909), 73–75.
69 J.R. Rydberg, “Recherches sur la constitution des spectres d’émission des éléments chimiques,”

Kungliga Svenska Vetenskaps Akademiens Handlingar 23 (1889); translated into English by J.B.
Sykes in W.R. Hindmarsh, Atomic Spectra (Oxford: Pergamon, 1967), 108–116, “On the structure
of the line-spectra of the chemical elements,” Phil. Mag. 29 (1890), 331–337; “The new series in the
spectrum of hydrogen,” Astrophysical Journal 6 (1897), 233–238.

70 E.C. Pickering, “Stars having peculiar spectra. New variable stars in Crux and Cygnus,” Astrophys.
J. 4 (1896), 369–370. A. Fowler, “Observations of the principal and other series of lines in the spec-
trum of hydrogen,” Royal Astronomical Society, Monthly Notices 73 (1912), 62–71. On this subject
see N. Robotti, “The spectrum of ζ Puppis and the historical evolution of empirical data,” Histor-
ical Studies in the Physical Sciences 14 (1983), 123–145.

71 N. Bohr, “On the Constitution of Atoms and Molecules,” Phil. Mag. 26 (1913), 1–25, 476–502,
857–875.

72 A. Fowler, “Series Lines in Spark Spectrum [Bakerian Lecture],” Phil. Trans. 214 (1914), 225–266.

Seminario di Storia della Scienza
University of Bari
Piazza Umberto I, 1
I-70121 Bari, Italy
e-mail: matteo.leone@usa.net

Department of Physics
University of Genova
Via Dodecaneso 33
I-16100 Genova, Italy
e-mail: robotti@fisica.unige.it

Leone_Robotti 176  12.11.2003  17:52 Uhr  Seite 383


