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TRANSLATORS’ NOTE

IN consultation with the Author, it has been decided to reduce
somewhat the bulk of the work by the omission of Chapters 1V,
VI and XXI of the third Italian edition. These chapters deal
respectively with the Brownian Movement, Relativity and Mass,
and Astrophysies. In addition, Chapters IIT and VIII of Vol. II
of the English edition have been slightly abridged. The other
alterations and rearrangements made are of a very minor character.
The opportunity has been taken to correct certain slight errors in
the text and to revise the more fundamental data in accordance
with the International Critical Tables.

W. S. STILES.

J.W. T. WALSH.
TEDDINGTON.



EXTRACTS FROM THE AUTHOR'’S
PREFACE TO THE THIRD ITALIAN
EDITION

IN this third edition I have endeavoured to make the treatment
more precise and more vigorous. I have added certain sections,
such as those on pieczoelectric quartz, photoelectric cells, the
new theory of radioactivity, the discovery of parahydrogen,
television, ete. . . . The numerical data have been brought up
to date. . . . To enable students to follow out the various
subjects in greater detail, an extensive bibliography has been
added, both in the body of the text and at. the end of cach chapter ;
reference is there thade to specialist books which are not always
available. To assist in the use of the book, the:more difficult
paragraphs, which do not form an essential pal of the main
treatment, have been marked with an asterisk an(l subsidiary
matter is printed in smaller type. The Jess advanced reader may
omit Chapters I1I, VII, VIII, and IX of Vol. II .

THE AUTHOR.
MiraN,
December, 1930,
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AUTHOR’S PREFACE TO THE
FIRST EDITION

THE first two chapters are introductory, and describe those
basic ideas in chemistry, physical optics and the electromagnetic
theory of light which are ncedful to a proper understanding of
the remaining chapters.

For the sake of simplicity and brevity, some subjects have been
omitted altogether, and in others the treatment has been limited
to giving the reader a general idea of what is known. If there
are gaps, thesc are not always unintentional ; on the other hand,
some repetition has been thought permissible as likely to assist
the reader.

In dealing with the principal subjects, each one of which has
a separate chapter devoted to it, we have mentioned only the
most prominent physicists so as to avoid referring to hundreds
of names. At the same time, though the honour of certain
theoretical or experimental discoveries may belong chiefly to
one man, it is equally true that many others may, by their labours,
have prepared the way, may even have reached similar results
contemporaneously or have developed and elucidated the work
of others.

For such reasons it is sometimes difficult to ascribe names
and dates very precisely to the various discoveries ; the progress
of science is due to contributions made by many workers, and does
not take place solely in vast strides due to single individuals.

Many books on modern physics have already achieved a wide
circulation even among non-specialists, particularly those dealing
with the advances made during the first three decades of the
present century; in these books just the outstanding points
have been dealt with and at no great length.

In the present work the historical and biographical portion,

v



vi  AUTHOR’S PREFACE TO THE FIRST EDITION

although of very great interest, has been almost entirely suppressed
for the sake of brevity. We have rigidly adhered to the simplest
possible form of trcatment, avoiding all that is abstruse, all
unnecessary elaborations of the argument, and all lengthy
calculations which hinder a rapid comprehension of the subject
as a whole by obscuring it in a mass of detail.

THIE AUTHOR.

MiLaN,
December, 1928.



RECENT ADVANCES IN
ATOMIC PHYSICS

VOLUME I

CHAPTER 1
ATOMS AND MOLECULES IN PHYSICAL CHEMISTRY

Modern Physics

IN developing the various branches of our subject, the historical
order will as far as possible be followed. This has the advantage
of showing the remarkable development of physics in the last
thirty years, in its successive steps. The most striking advances
have been made in the domain of the atomistic, in the world of the
infinitely small. Nevertheless, at the other extreme, in the world
of the stars, physics has remarkable progress to report. It is
noteworthy that the study of atomistic phenomena has placed in
our hands the means for investigating the stars, wherc protons
and electrons, the simple fundamental building stones of the
universe, play their part just as in some very delicate experiment
in the laboratory.

The whole of modern physics is dominated by atomistic ideas.
We feel urged towards the ultimate elements which make up
matter and energy and which lie at the base of all physical and
chemical phenomena, in an attempt to reveal the essence, the
substratum of nature.

In the last thirty years, an uninterrupted succession of
cxperiments, of discoveries—some accidental—and of theories
co- ordmatmg the experimental data, has so enriched and
perfected the atomistic conception that at the present time there
can be no one without some knowledge of this doctrine. There are
many reasons why this is so. There is the interest which the
infinitely minute excites, the close connection of atomic theory
with the physics, and chemistry of ordinary materials, the

CASTELFRANCHI VOL. 1. 1 1



2 ATOMS AND MOLECULES

dramatic crisis which the atomistic conception has precipitated in
physics, its mother science, and finally there are the innumerable
applications which the new science has found in a thousand
directions. It is only necessary to mention among the fields of
application of modern atomistic physics, the technique of high
vacua, the thermionic valve of wireless telegraphy, cosmogany,
X-ray and radiation therapy, meteorology, quantitative spectrum
analysis, physiology, television, ete.

Atomistic theory was initiated in about 1860 withy Maxwell
and Boltzmann’s (1844-1906) celebrated kinctic t 1e:[ﬁ'{of gases.
After this first achievement it seemed that ho furtRer advance
would be possible, but following upon the work of Maxwell (1873)
and Hertz (1888) demonstrating the electromagnetic character of
light, there came the experiments on cathode rays which revealed
the existence of an electrical corpuscle as a universal constituent
of matter. In 1895 Lorentz made a direct attack on the problem
of the connection between light and matter, and produced his
electron theory.

In the same year (1895) Rontgen discovered X-rays and quickly
ascertained their nature. Becquerel, H. Curie and Madame Curie
discovered the phenomenon of radioactivity (1898). In the
following year the existence of electrons as universal constituents
of matter was demonstrated.

At this point there begins a veritable revolution in physical
science. In 1900 Planck laid the foundations of the quantum
theory. Einstein a little later (1905) gave the laws of Brownian
motion and of statistical fluctuations, derived the specific heat
formula and created the relativity theory which was to overthrow
century old notions of space and time, and, in the process, make
its author world famous. In 1918 the Braggs’ work revealed the
structure of crystals. Rutherford (1919) elucidated the nuclear
structure of the atom in a long series of experiments. .

Thomson and Aston discovered isotopes. Millikin succeeded
in isolating and measuring the electron. Bohr (1921) and
Sommerfeld gave the complete theory of the hydrogen atom.
Compton (1924) was led to the discovery of the striking effect
which now bears his name, by a profound analysis of the nature of
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light. Fermi created the new statistics. Uhlenbeck and Goudsmit
found spectroscopic evidence for the rotating electron; Pauli
revealed the key to the periodic system. Louis de Broglie (1925)
conceived the idea of wave mechanics. Schrodinger of Zurich
(1926-27) and others developed this idea in various directions.
Almost at the same time, Heisenberg founded quantum mechanics,
Born Gordon and Dirac completing the theory.

Historical Note on Atomistic Doctrine

The genius of the Ionic philosophers seven centuries before
Christ, had already divined the existence of the atom. Thales of
Miletus, Leucippus, Democritus and Epicurus, taught in Thrace,
in the school of natural philosophy, that all bodies are composed
of atoms, eternal, invisible, incorruptible, in ceaseless motion.
This was twenty-two centuries before the physics of the elements
originated with the work of Bacon, Desartes, Boyle and Newton.
Chemistry arose later, about 1790, with Lavoisier, Dalton and
Avogadro.

The philosophers of Ancient Greece were already deeply
immersed in the study of metaphysics, while still ignorant of
physics. They discoursed cosmogany before astronomy had laid
the solid basis of the science, and aimed at the supreme synthesis
of knowledge.

The Middle Ages were a period of black night as far as science in
general, and atomistic doctrine in particular were concerned.
Even towards the end of the seventeenth century, Leibnitz made
fantastic speculations on the constitution of matter, but Pierre
Gassendi in France, in about 1650, had already commenced to
grasp the true principles underlying the constitution of substances.

It is with Boyle, who died in 1691, that the new historical period
in the study of the atomistic doctrine begins, and we have the first
glimpses -of the true concepts of the corpuscular constitution of
matter, and of chemical composition and decomposition. The
great Lavoisier, founder of Chemistry, who at the age of fifty-one
met a tragic end on the guillotine, bequeathed to Dalton (1766—
1844) the task of founding the atomic theory of matter. Dalton
discovered the law of multiple proportions, and in 1808 published

1—2



4 ATOMS AND MOLECULES

a work entitled * A New System of Chemical Philosophy,’ in which
he put forward the principles that elements are composed of
similar atoms of constant weight, and that compound substances
are composed of the atoms of elements combined in numerically
simple proportions.

After Gay-Lussac’s Laws given in 1807, followed four years later
by Avogadro’s hypothesis, the atomic theory underwent a process
of completion and perfection, and with Cannizzaro (1826-1910)
the period of the determination of the atomic weights was brought
to a close.

In about 1900, however, a new horizon in the study of the atom
was disclosed. It appearcd that the atom was no longer indivisible
as implied by the etymology of the name. The electric discharge
in vacuum tubes, radioactivity, studies of ionisation, spectrum
analysis, X-rays, the theory of quanta and the theory of relativity
have in the past thirty years thrown unexpected light on the
constitution of matter and of radiation. Sensational discoveries
were recorded in every quarter. An innovatory whirlpool
enveloped physics, bringing with it a feeling of confusion to the
very men to whom the new developments were due. Laws,
universally accepted in the old physics, were shown to be invalid
in the new.

Atoms, Molecules, Simple Substances

The atom is the smallest portion of a given substance which is met with
in chemical processes. The molecule, on the other hand, is the smallest
particle for which the distinctive character of a simple or compound chemical
substance is conserved. For example, when hydrogen and chlorine unite
together to form hydrochloric acid, the molecules H, and Cl, split up into
their constituent atoms to yield two molecules of HCIL.

The number of simple substances or elements known at the present time
is ninety-two, although not all have been effectively isolated. T'wo elements
have not yet been detected experimentally. On the other hand, the number
of different kinds of molecule is practically infinite. We need only mention
the countless compounds of carbon.

When hydrogen unites with oxygen to form water vapour, the combination
always occurs in the ratio 2 parts by weight of the former to 16 parts by
weight of the latter. It would seem in no way unreasonable to us if a sub-
stance with properties very similar to those of water could be obtained by
the combination of 2:-1 gm. of hydrogen with 16 gm. of oxygen. Nature,
however, has so disposed that that can never happen, and Proust was able
in consequence to enunciate the celebrated law that * the Proportion in
which two elements unite cannot vary in a continuous fashion.”
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Hydrogen and oxygen can become associated in another proportion, but
then the new compound is totally different from water, and the quantities
of the components are in an entirely different ratio. Two grammes of
hydrogen combine with 32 gm. of oxygen to yield hydrogen peroxide.

Similarly, chlorine and copper combine to give both cuprous chloride and
cupric chloride ; carbon and oxygen to give carbon monoxide and carbon
dioxide. These provide examples of the well-known phenomenon of valency
which we need not dwell upon here.

Dalton discovered the law governing the formation of compounds in this
way. He asserted that in all compounds in which two simple substances
occur, the quantities of the one, which are found associated with a given
quantity of the other, stand in a simple ratio, and this remains true if the
compound contains other elements in addition to the two under consideration.
For example, in cupric sulphide CuS, in cuprous sulphide Cu,S, and in cupric
sulphate CuSO,, copper is combined with sulphur, either in the same ratio
or in the double of this ratio.

Dalton (1808) was led to assume that Proust’s Law and the law enunciated
by himself result from the fact that the elements are formed of isolated,
strictly identical, indivisible particles which take part in the chemical processes
of synthesis and analysis without being broken up.

These particles, indivisible in all chemical transformations, spontaneous
or induced, were rightly to be termed ° atoms ’’ in the strict etymological
sense of the word.

Thus a single atom of carbon will combine with either one or two atoms of
oxygen, giving CO and CO, respectively, and a thousand million carbon atoms
will combine with precisely one thousand million or precisely two thousand
million atoms of oxygen. The laws of Proust and Dalton are both explained
by the one hypothesis.

It was realised that the atoms of a given element are all identical one with
another, and all have the same weight and character. In combination the
atoms group together by whole numbers.

At this stage the determination of the relative atomic weights was possible,
but not altogether easy, for the following reason. Consider, for example,
the very large number of compounds containing the three elements—hydrogen,
oxygen and carbon. Chemical analysis will establish that a gramme of
hydrogen combines with m grammes of oxygen and n grammes of carbon in
one compound, and p grammes and g grammes respectively in another.
How are we to know the number of atoms in the molecules of the different
compounds considered ? How can we find the atomic weight of carbon and
of oxygen with respect to hydrogen if chemical analysis does not furnish an
unambiguous method of deciding in which of the molecules being analysed
the weights of the constituents stand in the same ratio as the atomic weights ?
The relative weights of the atoms could be found by quantitative analysis if we
knew how many of them there were in the given molecule.

Fortunately, other considerations serve to guide us in the choice of the
atomic weight, which, from the purely chemical point of view, would remain
indetermirfate. Two similar compounds give rise to crystals of the same
form, so-called isomorphs, as, for example, the chlorides, bromides and iodides
of a given metal.

Furthermore, the compounds of a metal with chlorine, bromine and iodine
act similarly in chemical reactions. This leads us to believe that the ratios
between the weights of chlorine, bromine and iodine in copper chloride,
bromide and iodide for example, will be really the ratios of the atomic weights.
Thus, the uncertainty in deciding the atomic weights is considerably reduced.

There are innumerable examples of isomorphism.
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Law of Dulong and Petit (1819)

The specific heat law of Dulong and Petit provides a further means of
deciding atomic weights.

According to this rule, if the specific heat of a solid element is multiplied
by the atomic weight, we obtain in almost every case the constant value siz.

The product, specific heati}y atomic weight, is termed the atomic heat.

i . : A

Element. Specific Heat. Atomic Weight. Atomic Heat.

Magnesium . . 0-250 24-3 61
Potassium . . 0166 39-1 64
Copper . . 0-095 63-6 60
Zinc . . . 0-094 654 61
Silver . . . 0-057 107-9 61
Gold . . . 0-032 197-2 6-3
Sulphur . . 0178 820 87

If there is uncertainty after the examination of the compounds to which
gold gives rise, as to whether its atomic weight is 197 or double or half this
value, we can select with confidence 197, because the specific heat is 0-082,
and 197 x ‘032 = 6-3. Researches subsequent to those of Dulong and Petit
have disclosed exceptions to the rule given above. For example, the specific
heat of carbon in the form of diamond is 0-143, and its atomic weight equals 12.
Thus the product is not 6. If, however, we determine the specific heat at
very high temperatures, in the neighbourhood of 900°, we obtain the value
0-459, and the atomic heat becomes 5-5.

It has also been discovered that, in every case, towards lower temperatures
the rule becomes less accurate, because specific heats tend to zero in the
neighbourhood of the absolute zero. Even at ordinary temperatures it has
been found that other elements besides carbon do not obey the rule.

Despite the exceptions (silicon, boron), we cannot attribute to chance the
very numerous ‘ coincidences ’ pointed out by Dulong and Petit. It is
only necessary to modify the enunciation of the law by saying that the
quantity of heat required to raise by 1° the temperature of a solid substance
is practically nil at the lowest temperatures, increases with rise of temperature,
and finally becomes very nearly constant at the value 6-4 calories per gramme
atom.

This limit is attained more rapidly for those elements which have a high
atomic weight, e.g., for lead it is already reached at 200° C.

In the above we have referred to a solid substance, and not expressly to an
element, because the rule remains valid for compounds, e.g., the fluorides,
bromides, sulphides of various metals. This is Neumann’s Law which asserts
that the molecular heat, or the specific heat of a gramme molecule, js constant.
This fact can also be expressed by saying that in solid compounds all elements
conserve the atomic heat which they had when free. Thus the molecular
heat is equal (very nearly) to the sum of the atomic heats.

Iron of atomic weight 56 and sulphur of atomic weight 82 form iron sulphide
FeS of molecular weight 88. The gramme molecule will require for every
gegree rise of temperature an amount of heat equal to the sum of the atomic

eats.

With regard to Neumann’s Law, we may say that it presents the same kind
of exceptions as that of Dulong and Petit. For example, 60 gm. of quartz
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Si0, formed from one gramme atom (28 gm.) of silicon and 32 gm. of oxygen,
absorb at ordinary temperatures only ten calories per degree, but above 400°
the same 60 gm. absorb 18 calories per degree, just 6 calories for each of the
three gramme atoms composing SiO,.

An important development of these ideas will be met with later
(Vol. IL., Chap. 1IV.).

Avogadro’s Hypothesis

Boyle (1660) and Mariotte (1675) discovered that at a fixed temperature
any gaseous mass excrts a pressure inversely proportional to its volume.
If the latter is doubled, the pressure is halved, and if the volume is reduced
to a third the pressure becomes three times as great.

In 1810 Gay-Lussac found that, kecping the pressure of the gas constant,
the volume varies uniformly with the temperature in such a way that for every

degree rise in temperature the volume is augmented by This is true

1
273
for all gases. A similar discovery was announced by Volta, who determined
the value of the coefficient with great accuracy. The same Gay-Lussac
(in 1810) published his discovery that the volumes of gases which appear or
disappear in a reaction stand in simple ratios to each other. This is best
illustrated by an cxample. When hydrogen and oxygen combine to form
hydrogen peroxide or ordinary water, the masses which participate in the
reaction are such that, under the same conditions of temperature and pressure,
they occupy either equal volumes (H,0,), or volumes in the ratio 2 to 1 (H,0).
Furthermore, the water vapour formed has the same volume as the original
hydrogen. There was no reason to suppose because of this that the equality
of the volumes would correspond to the equality of the numbers of molecules
contained in them. That such was the case, however, was alfirmed by
Avogadro (1811) in the celebrated law, which he preferred to term an
hypothesis, and which to-day is familiar to every student of chemistry :
equal volumes of different gases tn the same conditions of pressure and temperature,
contain equal numbers of molecules. This is the law of the great Amedeo
Avogadro, Count of Quaregna and of Cerrcto, and Professor at the Academy
of Vercelli.

His proposition, received, to begin with, with reserve, but warmly defended
by, Ampcre, furnished a decisive method for determining the relative masses
of the atoms.

Equal volumes of hydrochloric acid HCl, hydrogen H,, acetylene C,I,,
ammonia NHg, methane CH,, benzene C;Hg, contain respectively the following
quantities of hydrogen: 1, 2, 2, 3, 4, 6, and, in particular, 22 litres of each
gas at the temperature of melting ice and at normal pressure, contain 1, 2, 2,
3, 4, 6 gm. of hydrogen. Conversely, weights of all the gases, proportional
to the respective molecular weights, occupy the same volume. Two kg. of
hydrogen, 7 kg. of chlorine, 28 kg. carbon dioxide, 17 kg. of ammonia all
represent 22,400 litres.

It has been seen how the laws of isomorphism and specific heats, together
with Avogadro’s law, make possible the determination of the relative atomic
weights. To begin with, hydrogen, the lightest substance, was chosen as the
standard of reference, and oxygen was then allotted the atomic weight 16.

When, however, it was found that the ratio O/H was not exactly 16, it was
thought preferable to modify the original convention in which hydrogen
was chosen as reference, and to take oxygen equal to 16 as basis, the reason
being that oxygen occurs more frequently in the determinations of combining
proportions. In the modified convention the atomic weight of hydrogen
changes from unity to 1-008.
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Prout’s Law. Isotopes

It was in 1815, only ten years after Dalton put forward his
theory, that the English physician Prout introduced his hypothesis
on the unity of matter, according to which the atoms of all
substances are mercly aggregates of atoms of one single type,
joined together without loss of weight in extremely solid and, for
us, indivisible complexes. Prout had been persuaded of this by
observing that the differences between certain atomic weights
were multiples of the weight of the atom of hydrogen, and he drew
the conclusion that hydrogen was the unique primordial constituent
of all matter.

This hypothesis met with favour to begin with, but later it was
set aside when more precise measurements of the atomic weights—
which at the time of Prout were not known with sufficient accuracy
to justify his pronouncement—gave results no longer in harmony
with the supposed law.

For example, the atomic weight of magnesium was 24-3, that
of chlorine 85-46. Nevertheless that Prout’s assertion had
some justification is immediately obvious on inspecting the
list of the first 25 atomic weights, putting oxygen equal to 16.

Hydrogen. Helium, Lithium. Beryllium. Boron. Carbon. Nitrogen.

1-008 4-00 6-94 9-02 10-82 12-:00 14-01
Oxygen. Fluorine. Neon. Sodium. Magnesium, Aluminium. Silicon.
16-00 19-00 20-2 23-00 24-32 26-96 28-06
Phosphorus. Sulphur. Chlorine. Argon. Potassium, Calcium. Scandium.
31-02 32-09 35-46 39-88 39-10 40-07 45-10
Titanium. Vanadium, Chromium, Mangancse.
48:10 51-00 52-01 54-93

Investigations were made to find out to what extent the errors of
experiment could be of influence in displacing the atomic weights
of the elements from the neighbouring integral numbers, thereby
masking the law of multiples. We pass over these researches
which have been superseded by later work. At the present time
the atomic weights are known exactly to the second decimal place,
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and those referred to above may safely be taken as correct. It
is obvious that these approximate to the whole numbers 1, 4, 6,
9, 12, 14, 16, 19, 20, 23, 27, 28, 31, etc.

If the cexperimental values werc distributed at random, we
should expect that out of 25 only 5 would have decimal parts
lying between zero and 0-10 or between 0-90 and 0-999, because
out of 10 points picked out at random on a centimetre rule, only
one-fifth of these fall in the intervals of 2 mm. taken half to the
right and half to the left of the marks of the rule.

Actually, however, only very few of the atomic weights given
above fall outside the interval 4 0-10 to — 0-10.

To explain the enigma of this remarkable state of affairs, it was
suggested that Prout’s rule was a limiting law, attributable to a
cause whose cffects did not appear in all their simplicity because
of secondary influences which produced perturbations.

Everything, however, was explained when the study of radio-
active transformations led Soddy and Fajans to propose that two
atoms might possess different atomic weights, and in spite of this,
have chemical properties which were so similar that the ordinary
methods of separation based on chemical affinity would be
powerless to separate them. The physical properties are likewise
almost identical for these ‘‘ brother elements,” termed isotopes.
Aston, using an ingenious apparatus which we shall later describe,
resolved neon into two isotopes of atomic weights 20 and 22, and
established that chlorine was a mixture of two isotopes having
integral atomic weights 85 and 37. The simultaneous presence
of the two simple substances 85 and 87, is the cause of the
non-integral atomic weight (85 * 46) of chlorine. As a result of this
work Prout’s hypothesis becomes a law and assumes an importance
of the first magnitude in our theories of the structure of atoms.

In the history of Prout’s hypothesis we have another of the
many cases in which the inductive method has led to the discovery
of a simple fundamental law from a few apparently very
complicated facts. Thus, from Kepler’s planetary laws, Newton
proceeded to derive the law of universal gravitation which regulates
the whole world. Dalton and Boltzmann, from one or two
experimental laws, created the atomic theory, and in like manner
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Planck and Einstein by a process of generalisation have built up
the new physics of quanta.

To return to Prout’s idea and to the notion of the uniformity of
matter, it remained still to be explained why the atomic weights
are integral if oxygen is taken as 16, whereas they are not if
hydrogen =1 is used as basis. The reason is that the ratio of the
atomic weight of hydrogen to that of oxygen is not 1 :16, but
1:008 : 16. How then can hydrogen be the unique constituent,
the indivisible unit of creation, if the substances it produces by
agglomeration are not its exact multiples by weight ?

Actually, none of the atomic weights are integral multiples of
hydrogen ; in every case there is a deficiency of 8 thousandths.
The relativity thecory of Einstein has removed this difficulty.

Even before the discovery of radioactivity, which was to lead
to the discovery of isotopes and make known to us the relationships
existing between the different atoms, an important development
had induced chemists to adopt the same general idea of a common
parentage of the elements. This was the discovery of Mendeleieff
(1869) that between the properties of the elemnents and their
atomic weights, there exist periodic rclationships, i.e., arranging
the elements in order of their atomic weights beginning with the
smallest, the properties of the elements recur at definite intervals.

Mendeleieft’s Classification

If thc elements are arranged in order of increasing atomic
weights, it is observed that there exists a rhythmic variation, at
equal intervals, in their physical and chemical properties such as
melting-point, volume occupied by a gramme molecule, clectro-
chemical character, tendency to form various chemical compounds,
appearance, etc. Putting aside hydrogen, which is the cornerstone
of the edifice and hence enjoys a place apart, and passing to the
elements which come after, lithium, beryllium, etc., after traversing
the scries up to neon, we arrive at sodium, which is closely similar
to lithium. With sodium a new series of eight substances is
initiated analogous to the preceding eight, each element having its
appropriate twin in the preceding series.

These two consecutive series are each formed of 8 elements ; in
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each the valency beginning with 1 (lithium and sodium) increases
steadily up to 7, to fall abruptly to zero for the final members of
both series, neon and argon respectively, two gases which belong
to the group of so-called rare gases, which are devoid of any
tendency to combine chemically. After these two periods, which
terminate in elements altogether different from the initial elements,
comes a series whose components are found to be similar, taken in
order, to thosc already found, and so on.

All these facts arc combined and exhibited in Mendeleieff’s
system which is reproduced in the table given on p. 12.

This differs from the original of the Russian scientist in some
particulars. The chicf change has been the introduction of
several elements discovered since Mendeleieff gave the table. A
little retouching has also bcen necessary, such as the interchange
of argon and potassium, tellurium and iodine, about which we
shall have something to say later.

After the first two periods the variation of properties with
atomic weight becomes more complicated, and the following two
periods each contain 18 elements. The interval of the periodicity
then becomes 82, which follows from the correspondence between
barium (56th eclcment) and radium (88th element). Thus the
periods have the values :

2, 8, 18, 32,

and it is easy to verify the curious fact that these numbers equal
in order, twice the squares of 1, 2, 8, 4.

It was only in 1925 that Pauli gave thc reason for this
arithmetical scheme in the periodic system. He was able, in the
light of the quantum theory, to find the key to the Mendeleieff
system and to discover the principle underlying the successive
building up of the various atoms beginning with the simplest.
This wotk will be discussed in Vol. II., Chap. III.

For the present it will merely be noted that the accuracy and
certainty of the succession of the elements in the classification
discovered by Lothar Meyer and Mendelcieff (1869) was not
attained until 1918 following upon Moseley’s discovery, as we
shall show in Chap. VI.
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visible world by mathematical formule, which enable us to pass
from phenomena on a large scale to molecular events. In this
way the atomic hypothesis could be subjected to test.

At the end of the century, however, a whole series of
discoveries were made, which threw a great deal of light on the
problem, and made possible delicate experiments on the phecnomena
exhibited by single atoms and molecules. The atoms were
subjected to physical test, and with the application of purely
physical and sometimes physical chemical methods an inexhaustible
field of scientific research lay open. A great number of physicists
took up the work, and the centuries-old desire to understand the
subtle mechanism of nature by a study of the behaviour of its
ultimate constituent particles was at last recalised.

While great advances in this field were being made, there
came to light, one after another, various phenomena for which
the wave theory of light was quite incapable of providing an
explanation.

By the year 1905, it was felt nccessary to parallel the granular
structure of matter with a possible granular structure of light, and,
under the impulse given by thc new idea, many phenomena of
interaction between light and matter were carefully studied.
Chemistry also was deeply concerned in the new developments,
for the knowledge of the single atom and its behaviour in the
presence of electromagnetic energy (light) might lead to the
explanation of many little understood cffects, such as, for example,
the phenomena of valency, which remained very obscurc.

It is not intended at this stage to summarise these new
developments which have later to be discussed in detail. We
merely mention that the discoveries referred to above which
opened up such fruitful lines of research, were espccially, X-rays,
radioactivity, isolation of the electron, ionisation phenomena,
Brownian motion, photoelectric effect, isotopy, experiments of Franck
and Hertz, cte.

The above list makes it abundantly clear why modern physics
has become essentially a study of the atom. Other branches, for
example terrestrial physics, stellar physics, magnetism, sound, have
also profited by the new work. The study of sound, for example,
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has been greatly assisted by the application of the triode valve,
that marvellous piece of apparatus based on the electron emission
of an incandescent filament, which has made wireless telephony
and television practicable.

In the rapid progress which has been made, profitable links
between the different branches of physics have been established.
A discovery in one field has explained obscurities in another. For
example, X-rays have made possible the exploration of the
interior of crystals, and the investigation of what may be called
the crystal skeleton. Spectroscopy, including stellar spectroscopy,
has thrown a great deal of light on the structure of the atoms.
The a-, B- and y-rays emitted by radioactive substances and the
magnetic properties of the atoms have both been called upon to
contribute, in various delicate experiments, to the discovery of the
plan of construction of the 92 different elements which make up
the Universe.

Before entering upon the main argument it will be desirable to
begin with a brief chapter on optics and the electromagnetic theory
of light. By doing so, we keep to the historical order of events,
and in addition we are able to see clearly how modern physics and,
in particular, the atomistic doctrine, springs from the union of two
great scientific currents, the study of the ultimate particles of
matter, on the one hand, and the investigation of the ultimate
particle of electricity on the other.



CHAPTER II

LIGHT

Fresnel's Wave Theory

Anarocy, which plays so important a part in scientific discovery, had
suggested two hypotheses for the interpretation of luminous phenomena, the
emission hypothesis in which light was imagined to be a bombardment of
particles similar to those which affect the olfactory organ, and the wave
hypothesis, an idea suggested by the oscillations observed when still water is
disturbed at a point. The emission hypothesis had been put forward by
Empedocles, and was backed by the authority of Kepler, Newton and Laplace..
The wave standpoint, which goes back to Aristotle, was adopted by Descartes,
Huygens and Euler.

It was Fresnel (1788-1827) who, following the method of the nineteenth
century, established the wave theory of light on a firm basis in a series of
experiments, the precision of which is the more remarkable remembering
the experimental facilities at his disposal. He discovered and studied a
great number of interference, diffraction and polarisation phenomena. The
French Academy offered at that time a prize for a study of diffraction and
Fresnel submitted his memoir to a committee of five members : Arago, Biot,
Gay-Lussac, Laplace and Poisson. It would be difficult to think of a more
select group of physicists.

Since light exhibits periodicity, there must be something which vibrates.
This something is ‘ the ether,” but after centuries of controversy we must
resign ourselves to the fact that there is no definition of the ether which is
related (even remotely) with ordinary mechanics. In the words of the
Marquis of Salisbury at the 1894 meeting of the British Association, * the
main if not the only function of the word ether has been to furnish a
nominative case to the verb to undulate.”

As to the nature of these waves, it must be realised that down to the present
time physics has always tried to give a mechanical representation of
phenomena, that is, to reduce them to motion. It is therefore not surprising
that Huygens (1629-95) had a purely mechanical conception of light waves.
It could not be supposed, however, that it was matter which vibrated as in
the case of sound, for light is transmitted equally well in a vacuum. To get
round this difficulty, physicists admitted the existence of a special fluid—the
ether—endowed with unknown properties and capable of rendering that
service which man’s desire for material representations required of it.

Light waves are transverse, that is to say, the oscillations of the vibration
vector occur in the plane normal to the direction of propagation of the light,
and are sinusoidal, following the law of the sine.

The transverseness of luminous vibrations follows from the fact that the
ordinary and extraordinary rays produced in the double refraction of light
by a crystal are incapable of interfering, either totally or partially, when
superposed.

23
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Between the wave-length A and the frequency v the well-known relation
=L
v

holds, where ¢ is the velocity of light, = the period.

Light added to light can produce darkness. This is the phenomenon of
interference to which attention was drawn by Padre Grimaldi in 1665. To
obtain the effect it is necessary to superpose at a point two rays from the

THE FRINGES

Fic. 2.

same source, which have traversed paths, different in length by half a
wave-length (or an odd multiple of half wave-lengths).

Two monochromatic light rays which do not have a common origin cannot
remain out of phase for an appreciable interval of time. If at one moment
they are in opposite phase, as required for the production of interference,
shortly afterwards they come into phase and light returns to where previously
there was darkness.

Fresnel carried out the famous experiment which is appropriately known
as Fresnel’s mirrors. The rays issuing from a narrow slit illuminated with
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monochromatic light, fall onto two mirrors of black glass, inclined to each
other at an angle of nearly 180 degrees, and so arranged that their line of
intersection is parallel to the illuminated slit. Corresponding to the slit S,
two virtual images S, and S, are formed, from which all the reflected rays
appear to proceed. These act as two neighbouring sources in perpetual
agreement of phase. At a point M of the screen there will be continuous
light if the difference of length between S;M and S,;M is equal to a whole
wave-length, and absolute darkness if this difference ecquals half a
wave-length.*

Thus fringes, alternately bright and dark, appear. If the light used is
white, the fringes will be coloured because the effect is complex, the actual
pattern resulting from the superposition of systems of monochromatic fringes.

L

A thin layer of any transparent substance exhibits bright colours when
illuminated with white light. As examples of thin layers giving the effect,
we may mention the films of oxide which form on bright steel when it is heated,
and the film formed by oil or petrol spreading on water. Above all, however,
it is the soap bubble with its constantly changing thickness which gives the
richest and most marvellously varied colours.

Newton allotted a whole chapter of his celebrated® treatise on optics to
the subject of thin films, and Thomas Young (1773-1829) interpreted the

* The region in front of the mirrors is an interference field in which a point
whose distances from the two virtual sources differ by half a wave-length
will receive no light.

Now, the locus of points, such that the difference of their distances from
two fixed points of the plane is a constant, is a hyperbola, and therefore the
whole field is divided into hyperboloid surfaces, alternately bright and dark.
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phenomena famed under the name ‘“ Newton’s rings,”” in terms of the wave
theory.

Whryen monochromatic light is allowed to fall on a thin transparent plate
(Fig. 8) one part of the light is reflected from the top surface of the plate, and
another part penctrates the plate and is reflected from the underneath surface.
The additional path which this light has had to traverse causes a certain
retardation of phase with respect to the light returned from the top surface,
and if the thickness of the plate is such as to cause a retardation of a
wave-length the two reflected beams are in agreement of phase, their
superposition yields an intensity maximumn and the plate appears bright. If
the thickness is such as to cause the two reflected beams to be in opposite
phase the plate appears dark. [t should be noted that in the reflections at
B and D there is a phase loss of half 4 period.

The colours of thin plates seen by transmitted light are explained in the
same way.

The various phenomena of interference allow of the determination of the
wave-length of light. The precision of the measurement has become such
that the unit adopted is a ten thousandth part of a thousandth of a millimctre.
The unit is called the Angstrom, after the celebrated Danish physicist,
who first made a scries of very precise measurements of wave-length.
A mono-chromatic radiation, such as a spectral line expressed in
Angstréom units, is, for example, 6438:4696 Angstrém, one of the cadmium
lines.

In the X-ray region a still smaller unit is employed which equals 10~! em.,
and we work to the hundredth part of this unit.

For a long time the adversaries of the wave theory were able to raise the
objection that if light, like sound, consists in a vibratory motion, it ought to
bend round obstacles as does the sound of a bell which reaches us from behind
a house. This brings us to the phenomenon of diffraction which shows that
light does actually envelop or go round obstacles. Anyone can perform
the following experiment : a very narrow slit (0-5 mm. wide) is strongly
illuminated, and the light issuing from it is passed through a second slit,
parallel to the first and of variable aperture, to fall finally onto a screen. If
light is propagated exactly in straight lines we should observe on the screen
a band of light perfectly definite in outline, the width of which decreases as
the diameter of the second slit is diminished. These conditions are not
realised. When the second slit has been sufficiently reduced, the patch of
light on the screen, instead of contracting further, gets larger and exhibits
at the sides parallel bands alternately bright and dark, which are termed
diffraction fringes. Fresnel in 1819, in a memoir to the Academy of Sciences,
gave the explanation and showed that the wave theory explained all the facts
which Newton and he himself had observed in this field.

Consider a light wave emitted from a luminous point O (Fig. 4). All
points reached simultaneously in the progress of the wave must be regarded
as new luminous centres from which myriads of secondary waves start out in
all directions. The effects of these when combined in accordance with the
laws of interference, are such that at any point reached by the light everything
occurs just as if the light had come in a straight line from O. When, however,
an opaque screen BB is placed in the path of the wave, only that part of the
wave which is left free to proceed can emit the secondary wavelets, and in
the plane aa the effects of these combine so as to produce maxima and minima
in the illumination at the central region A. This simple example makes it
clear that light waves can bend round obstacles, as do sound waves. Being
incomparably shorter than the latter, however, they give effects only on a
very small scale. For light waves a screen of a few millimetres represents
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an obstacle comparable to a mountain for sound waves. As the latter are
stopped by the mountain, so light waves are unable to bend very much round
the screen.

Contemplating the marvellous development of the theory formulated by
Fresnel, Arago wrote in 1830 : ‘* Despite the many reservations which must
be made when hazarding a pronouncement about our successors, I venture
to affirm that as regards the subject of diffraction, they will not add anything
cssential to the discoveries with which Fresnel has enriched science.”

One hundred years have since passed, but this prophecy still remains valid.

What are the relations between these vibrations of the ether and the
luminous ray ? Do they take place along the ray or are they transverse
vibrations, i.e., contained in the plane normal to the ray ? None of the
phenomena of interference or diffraction yield information on this point.
If the vibrations were longitudinal a luminous ray would be perfectly

SECONDARY
WAVES

Fi1e. 4—Diffraction produced by secondary waves,

symmetrical, and ought to behave in the same way in all the planes containing
it. If, on the other hand, certain phenomena indicate the existence of a
disymmetry the hypothesis of longitudinal vibration breaks down immediately.
Such disymmetry is observable in polarisation phenomena. Natural light is
unpolarised, but there are many ways of polarising light, <.e., of bringing about
a plane of preference for the transverse vibrations. One way is to use what
is called a nicol.

Certain substances have the property of rotating the plane of vibration
of a ray of polarised light passing through them. One such substance is
quartz. If a plate of quartz, the faces of which have been cut perpendicular
to the optic axis, is introduced between two crossed nicols, which have, as we
know, the property of completely extinguishing light, the light is restored.
The plane of vibration has been rotated, and the second nicol is no longer
capable of extinguishing the rays.

These crystalline substances owe their optical activity to the absence of
symmetry about the axis of the crystal, which frequently—as with quartz—
is revealed by the presence of certain facets, termed hemihedra. There are
also substances which owe their property of rotating the plane of polarisation
to the disymmetry of their molecules (for example, the sugars).
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More about Diffraction. Gratings *

The phenomenon of diffraction is easily explained when we consider the
passage of waves through a narrow slit. Suppose a wave emitted by a distant
point source (see Fig. 5) propagated through a narrow slit AB in an opaque
diaphragm. Considering the various points ACB of the slit as independent
centres of vibration, it is clear that the wave does not merely proceed along
its original path in the direction AH, but diverges to right and left. In the
direction AH there will be seen a luminous image of the slit. In a direction
inclined to AH, such that CK equals half a wave-length, E is in opposite
phase to A, and hence along the wave front AD there will be pairs of elements
always in opposite phase. The effect will be that in this particular direction
a ‘“ dark image ” of the slit is formed. For a direction at a greater angle a
luminous image will once more be obtained, but of lower intensity than the

central undiffracted image. For a still

greater inclination there again occurs

L L interference of the points of the wave

point taken in pairs, and a dark fringe
is obtained, and so on.

To sum up, a system of fringes is
obtained symmetrical with respect to
the central line which is bright. The
tirst dark fringe occurs at an angle B,

where sin 8 = 3

By tracing a number of extremely
fine, equidistant lines on a glass plate
by the aid of a diamond mounted in a
dividing engine, a Fraunhofer grating
is obtained. The number of lines in
such a grating amounts to several
hundreds per millimetre (see Fig. 6).

With these gratings diffraction
spectra are obtained. A monochromatic
light travelling along the direction LX
encounters the series of slits BC,
DE, cte. 'Two corresponding points,
such as A and C, lie a distance apart
equal to m, which is the period of the
grating or grating constant. In a

Fie. 5. direction making an angle 8 with the

incident beam, the rays from the grating

will produce light if m sin B = A, for in that case the points C!, E!, G! on the

wave front will be vibrating in phase. With white light there is a separation
of the various colours, because the angle 8 is different for each colour.

Diffraction spectra are also obtained by means of reflection gratings (see
Fig. 7), which are constructed from metallic mirrors, the highly polished
surfaces of which are furrowed with a very large number of parallel equidistant
tracts traced by means of a dividing engine. The reflection gratings of
Rowland (1848-1901) with 10 to 15 million lines in a centimetre are famous.

SA, SC is the direction of the incident beam ; the reflecting tracts AB, CD
play the part of the transparent slits in the Fraunhofer grating, and the

* A reader wishin% to refresh his knowledge of physical optics might read
“Ottie? Fisica,” of Prof. Vasco Ronchi, 1928, or R. W, Wood’s ‘ Physical
Optics.”
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points, such as A and C, become centres of diffraction. There are certain
particular directions of the diffracted light for which the corresponding
points on the diffracted wave front are in agreement of phase.

1t is seen from the figure that that occurs when the sum of the two paths
AJ and — KC equals a multiple of the wave-length A, or, expressed

symbolically, when
m (sin ¢ — sin y) = K,

F1c. 7.—Reflection grating.
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where K is a whole number. For integral values of the number K luminous
fringes are formed, separated by dark regions. If the light instead of being
monochromatic, is natural light, a spectrum is obtained, or rather a series
of spectra, one corresponding to K = 1 (the first order spectrum), another
to K= 2, and so on.

Diffraction spectra provide a convenient means of measuring the wave-length
of different coloured lights. Measurement of an angle and application of the
formula

A= msin 8
give the wave-length A, the grating constant m being assumed known.

It is evident that the resolving power of a diffraction grating, that is, its
ability to separate lines of different wave-length, will increase as the period m
is diminished, or, in other words, as the number of lines in a em. is increased.

MODE OF OPERATION
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Fic. 8.—Michelson’s echelon grating.

Two rays of different wave-length A, A, respectively, will be deviated through

angles B, and B,, such that sin g, =— 1 sin B, = I—{#, and the difference

between these angles (or, rather, their sines) is 17:(/\, — Ag). Thus it is

desirable to have a very fine grating and to work with spectra of high order.
As with ordinary gratings the second of these expedients is not possible,
owing to the fading away of the image, and the former can only be realised
within the limits fixed by mechanical difficulties of construction, recourse is
had to an artifice.

The order of a spectrum increases with increase in the path difference of
rays proceeding from adjacent elements of the grating. Thus by lergthening
this path difference the order of the spectrum, and hence the resolving power,
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can be increased. This is the principle of the modern echelon gratings due to
Michelson. .

Onc piece of apparatus of this kind consists of a number of glass plates,
each several centimetres thick, piled one on another to form a staircase
structure (see Fig. 8). If n is the refractive index of the glass with respect
to air, i.e. the ratio of the velocity of light in air to the velocity in glass,
then clearly the greater of the light paths of two corresponding rays
is « x n. 'The illumination of the screen will be a maximum when

K= an — a K = an integer.
—1 .

It follows from this relation that A == a—(l%—-), and fora= 1 cem. (thickness
of the plates), n = 1-5 (refractive index) and A = 50 X 10—%cm., the spectrum
which appears in the normal direction is of the order K = 10,000, and has
all the propertics appropriate to a spectrum of such high order. With these
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modern interferometers it is possible to resolve lines which differ in wave-
length by no more than one ten millionth of a micron.
millimetre)
1,000 ) .
They also provide extraordinarily delicate instruments for measuring, as
well as resolving, the wave-lengths of monochromatic radiations.

(1 micron —= 1

The Velocity of Light and its Direct Measurement

Galileo was the first to attempt an experimental study of the propagation
of light. Two observers, A and B, were placed at a certain distance apart
and given lanterns, the light from which could be cut off by a shutter. The
observer A suddenly opened the shutter of his lantern, and as soon as observer
B saw the signal, he in turn uncovered his lantern. The interval of time
between the opening of A’s shutter and A’s observation of B’s signal should
be that required for the light to traverse and retraverse the path AB. Galileo’s
experiments with a distance AB = 200 metres, and experiments by the
Accademia del Cimento with AB = 2 kilometres, gave no result.  We know
now why this was so, but the principle of the method was quite sound, and
it was later adopted by Fizeau.

The first measurement of the velocity of light in interplanetary space was
made by Roemer, a Danish astronomer, in the year 1675. We shall confine
ourselves to giving descriptions of Fizeau’s and Foucault’s methods for
determining the time occupied by light in traversing a given terrestrial distance.
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Fizeau set up at a distance of 8,500 metres two tclescopes CC’ on a common
axis, and with their objectives facing each other (see Fig. 9). In one of the
telescopes a plane parallel transparent plate was mounted at 45 degrees to
the axis in front of the eyepicce. A side tube carrying a lens projected the
image of the light source S to the focus of the objective, so that finally a
parallel beam of light was received by the other telescope. The objective
of the latter brought the rays to a focus at which a mirror P was placed.
After reflection the rays returned to the focus F, from which they had issued
originally, and were obscrved as a luminous point by means of the eyepiece A.

In the focal plane ¥ a toothed wheel was rotated, and as the velocity of
rotation increased, the luminous point was seen to vanish, but after a further
definite increase in speed it reappeared. The explanation of these effects is
as follows : when the time required for a light ray (emerging through the
gap between two teeth of the wheel) to rcturn to F after having travelled
the double distance, 17 km. in all, is exactly equal to the period between
two transits of a gap in the toothed wheel, it is obvious that the light point will
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be visible. If, on the other hand, the time for the double journcy is just
sufficient for a tooth to supplant a gap, then the light ray will be cut off.
Finally, by accelerating the wheel, vision of the source is restored. The
number of revolutions per seccond, the diameter of the wheel at the indentations,
the distance P to ¥ were all known. The distance ¥ to P, P to I was
covered in ;x 3;,th of a second, and the following value was deduced for the
velocity of light : 17 X 18,000 = 300,000 km./sec. approximately.

In 1862 Foucault (1819-68) worked out another method (see Fig. 10), in
which the light emitted by a luminous point X was made to pass through a
glass plate VV’ and a converging lens L, to be reflected at a plane mirror
SS’.  The real image of the point E fell on a concave mirror B with its centre
of curvature at A. In this way the return beam reflected at SS’ traversed the
reverse path, undergoing a further partial reflection in VV’ to form an image
on the graduated plate ss’, which was observed with an eyepicce O. The
whole apparatus occupied a space of not more than a few metres in linear
extension.

By rotating the mirror SS’ at a high velocity it is clear that the reflected
image formed on the scale will be displaced because the beam travelling to
and from B finds on its return the mirror SS’ in a different position. As a
consequence the image is seen to be displaced, and the amount of displacement
can be measured. The distances involved and the velocity of the mirror are

CONCAVE M/IRROR
Fi1G. 10.—Xoucault’s method.
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known, so that it is easy to deduce the angle of rotation corresponding to the
time occupied by the light in traversing twice the path AB with velocity c.
This angle determines the angular deviation of the return beam, which in
turn fixes the displacement on the scale. Thus the latter is related to known
magnitudes and to the single unknown in the problem- —the velocity. From
these experiments Foucault deduced for the velocity of light the value
298,000 km./sec.

In material media the velocity of light is always smaller than in vacuo,
and has the value 300"’:)—90 km./scc., where n is the refractive index of the
medium. In water, for example, n is about 4/3. 'The refractive index of a
medium varies, as a rule, with the wave-length. and the velocity of light for
the various monochromatic radiations has different values in the same medium.
In gases the index » is approximately unity for all radiations, so that in a gas
the velocity is very nearly 300,000 km./sec. whatever the wave-length.

Observations on variable stars show that the velocity of propagation in
vacuum must be identical for the different wave-lengths. If that were not
the case, at the moment of extinction, the wave-length having the smallest
velocity should be pereeived last, and at reappearance the higher velocity
radiation should reach us first. The colour of the light perccived would then
exhibit variations which, in fact, have never been observed.

A Recent Determination of the Velocity of Light. A. A. Michelson

The measurements of the velocity of light which have been discussed up
to now were made many years ago. Nevertheless, Fizeau’s method
represented o great step forward, and it may be said that, in principle,
the more elaborate and perfect measurements follow the same lines.

It is not surprising in view of the importance of knowing the exact value
of this natural constant, that many physicists should have repeated the
measurement, and so we have the experiments of Newcomb, Fabry, Pérot, ete.

In the autumn of 1926 A. A. Michelson, in the U.S.A., concluded his
investigations.of the problem which had extended over a number of years,
and his account of the work appears in the Astrophysical Journal for January,
1927.

A beam of light was made to traverse twice the distance between Mt.
Wilson and Mt. St. Antonio, in all 71 km. The time required for light to
cover this distance is 0-00023 of a second.

The experimental arrangement was the following (sec Fig. 11) : the light
passes through the slit S onto a rotating octagonal mirror, shown in Fig. 12,
is reflected at B, then at C, and finally strikes the concave mirror 1) (at the
Mt. Wilson station). 'The beam is rendered parallel and travels to the Mt.
St. Antonio station, where the concave mirror and the plane mirror f reverse
its direction. On its return to Mt. Wilson the beam is ‘‘ observed ** by the
aid of the mirror and the prism, as shown in Fig. 11.

The rotating mirror was constructed cither of glass or of polished nickel
steel. It was set into rapid rotation by means of a blast of air. Thus,
when the octagonal mirror was rotating at the rate of, say, 356 revolutions
per second, the light was able to cover its entire path and return to find the
mirror displaced by one-eighth of a revolution. By a special arrangement,
which we shall not describe, the velocity of rotation of the mirror could be
determined. The distance between the fixed points at the two stations had
been accurately measured and tested by the ‘ U.S. Coast and Geodetic
Survey.”

CABTELFRANCHI VOL. L. 2
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The following are the final results of these very accurate measurements
of the velocity of light —

299,813 km.[sec. 299,796 km. sec.
299,795 » 299,803 ’
299,796 » 299,789 ”»

Taking account of the * weight  of the different results, that is to say,
their respective reliabilities, and including several values of lower weight
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Fic¢s. 11 and 12,

obtained in the previous year, the mean value finally submitted is 299,799 -
4 km.[sec. o

The approximate value, 3 X 10 cm./sec., is adopted for most purposes.

Limits of Accuracy in the Measurement of Wave Length. Technical
Applications of Interference

The use of diffraction gratings to measure wave-length has already been
described on p. 80. In this method the wave-length A is compared with
the grating constant m (the period).

Many other methods based on interference phenomena have been devised
for the measurement of A. The precision of these meusurements is limited
by the circumstance that in nature strictly monochromatic radiations
representable by simple sine waves are not found. Every radiation, even a
single spectral line, is composed of an assembly of sinusoidal monochromatic
waves of different wave-length. For a spectral line the wave-length A varies
in general within narrow limits A, (A + 41). The interval 4\ is termed the
width of the spectral line, the apparent width of spectral lines being, in fact,
proportional to 4A.
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The limitation referred to above consists in the impossibility of measuring
a wave-length with an error less than 4A whenever the spectral line, although
nominally “ monochromatic,’ has a finite width 4X. In interference apparatus
of the type of Michelson’s echelon grating (see p. 80) this limitation is
observed as a disappearance of interference fringes when the difference of
optical path between the two interfering beams just exceeds the value :

242 2 4A
The width of the sodium D lines (A= 5890 A) at 100° C. is about 0-01 A.

Thus, with either of these lines interference can be obtained with a path

difference which is not greater than 1 3890 250,000 X (one wave-length).

2°001 <

Lﬁ%% Z>s

Ve

Fic. 18.

The mercury vapour lamp gives a complex line A= 253652 A, whos
components have width, 4A = 2 X 107¢ A,

There are many pieces of apparatus, termed interferometers, which enable
interference fringes to be obtained with optical path differences of the order
of a million times the wave-length. Among these may be mentioned the
interferometers of Michelson, Jamin, and Fabry and Pérot, the Lummer
plate, and the echelon grating.

Michelson’s interferometer is shown schematically in Fig. 18. Light from
a slit S illuminated with monochromatic radiation is incident on a half-silvered

* If, for example, I contains a whole number of wave-lengths A, it will
contain an odd number of half wave-lengths of the radiation, A + 4 when

) l 1

ATXFa 2
Thus, whenever one radiation interferes giving a minimum, the other gives a
maximum.
2—2



36 ricar

mirror M, where it is partly refracted. The final paths of the two beams are
clear from the figure. The mirrors M; and M, reverse the rays incident on
them, and these rays are finally collected by a telescope at I8 on a photographic
plate, or in the eye of the observer. (' is a compensating glass plate, so placed
that the two beams reflected by M, and M, have to traverse the same thickness
of glass.

The interference phenomena observed in E are of the same kind as those
given by thin films (see p. 25). The observer sces the mirror M, and the
image in M of the mirror M,, so that the arrangement is equivalent to a film,
one face of which coincides with M, and the other with the image of M,.
The whole interference etfect depends on the difference of optical path of the
two beams retlected by M, and M, respectively.

The apparatus enables wave-lengths to be compared with standards of
length, thus furnishing an absolute measure of wave-length. For this purpose
it is only necessary to make the mirror M; displaceable and to bring it into
coincidence in turn with the two limiting planes of the standard of length.
The displacement of the mirror produces a shift of the interference fringes
from which the relation between the distance traversed by the mirror and the
wave-length can be deduced.*

In this way Michelson in 1893 made a direct comparison of the metre standard
with the wave-length of the red cadmium line (A - 613814696 A).

Nowadays in scientific laboratories and industrial testing rooms it is
customary to employ optical methods for controlling calibrations (the usc of
standard length gauges of high accuracy being too costly and difficult).
The basic principle is that the wave-lengths of known radiations represent
standards of length which are invariable and easily reproduced in any
laboratory. The thickness to be tested is measured with an interferometer
and then Michelson’s result, obtained with the metre standard, is applied.
The precision obtainable in this way is about 0-0002 mm., which is more than
sufticient for practical purposes (in precision mechanical work minimum
tolerances are of the order of 0-001 mm.).

Doppler Effect

The whistle of a locomotive has a lower pitch when receding from the
listener and a higher pitch when approaching. A similar effect occurs with
light waves. Given a source and an observer in relative motion, the number
of vibrations received by the observer per second will depend on the relative
velocity.

Doppler in 1842 announced this result for the acoustic case. Some years
later Fizeau extended it to luminous vibrations. If a line in the spectrum
of a luminous source, e.g., a star, is being observed, the effect will be a
displacement of the line, that is, an apparent change in the frequency.
It is clear that if the source is approaching the observer with velocity V, the
frequency observed v* will be related to the true frequency V by the equation

-y

where c is the velocity of light. If the source is not moving directly towards
the observer, but in some arbitrary direction in space, then as far as the effect

* In practice, instead of displacing the mirror, use is made of the anterior
specular surface of the calibrating length gauge, which takes the place of the
mirror.

t A similar relation is evidently true for the wave-length.
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under discussion is concerned it is only that component of the velocity which
is obtained by projecting on to the line observer—souree, which need be taken
into account.

As ¢, the velocity of light, is enormously greater than velocities realisable
experimentally in the laboratory, the verification of the Doppler-Fizeau
principle was first obtained from astronomical observations. We shall,
however, come across another important verification in the kinetic theory of

ases.
. As an application of the Doppler effect we shall show how it has been
possible to evaluate the rotation of the sun. If the spectra of the eastern
and western extremities of the sun’s disc are photographed simultancously
on the same plate, the lines of the castern extremity appear displaced towards
the violet with respect to those of the western extremity. Using the equation

a VvV

A c

. Pi)) ]

and the known value of the displacement =" — __—___
A 150,000

cast side is approaching the earth with a velocity of about 2 km./sec.

In this way Adams and others have been able to explore the period of
rotation of the sun, which, strangely enough, is not constant. At high
latitudes the sun rotates less rapidly. The sun does not rotate like a solid
body, the equatorial regions showing with respect to the remainder & marked
acceleration. Actually the careful study of sunspots had already brought
to light this curious state of affairs.

. it is found that the

Structure of the Emission Spectra of Various Sources. Spectral
Analysis

The spectra of the light obtained from different sources are either
continuonus—when there exists an infinite continuum of wave-lengths each
with its appropriate energy—or discontinuous, that is, formed of separate
lines, which in certain cases can be resolved into component lines by the
iise of spectroscopes of high resolving power.

Discontinuous spectra are obtained from matter in a dilute state, i.e., from
gases and vapours. Heated solids and liquids give, in gencral, continuous
spectra, as also do highly compressed gases. Thus a continuous spectrum
is obtained for the light emitted by a lamp tilament, the carbon of an electric
arc (incandescent solids) and molten metals (incandescent liquids). Oil
lamps also give continuous spectra, the light issuing from the carbon particles
suspended in the flame. A gas or vapour can be rendered luminous in several
ways. A fragment of a volatile salt introduced on a platinum wire into the
Bunsen flame imparts to the flame a colour which depends on the salt used,
and analysis of the emitted light yields the characteristic spectrum of the
metal contained in the salt. Everyone knows, for example, that sodium
gives a yellow light, the spectrum of which contains two lines, very near
together at A == 0-5896 micron and A = 0-5890 micron ; the salts of thallium
give a green line, and so on. For less volatile metals we can work with the
electric spark passed between two wires of the metal under examination, by
the aid of an induction coil. The spectrum of iron containing an enormous
number of lines is obtainable in this way. When the substance is a gas at
ordinary temperatures, like oxygen, hydrogen, etc., it is made luminous by
passing an electric discharge through a tube containing the gas at low pressure
(a few millimetres of mercury). Thus hydrogen gives a spectrum of four lines :
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A= 0656 red ; A = 0-486 blue ; A = 0-435 indigo
A= 0-410 violet (A in microns).

The observations of Donati, Secchi and their contemporaries, on the light
from the stars were made by direct vision, the stellar spectrum, characterised
by absorption lines, being compared with an emission spectrum of a terrestrial
source in the laboratory. To Vogel (Potsdam) we owe the great improvement
in technique obtained by placing a photographic plate at the focus of the
astronomical telescope and photographing together the stellar spectrum and
the comparison spectrum. In this way the spectrograph had its origin, the
photographs obtained (spectrograms) being examined with auxiliary apparatus.
These spectrograms give us invaluable information concerning the chemical
constitution of the stars, their temperature, radial velocity and stage of
evolution.

The solar spectrum has been photographed from A== 3,000 Angstrom
(violet) to about A = 10,000 Angstrom in the red, and ten million lines have
been catalogued.

When light emitted from a solid substance, and thereforc having a
continuous spectrum, passes through a gas at a lower temperature the
latter exerts a selective absorption. The gas absorbs the radiations which
it is able to emit, so that in the light transmitted dark lines appear in the
positions of the emission lines of the gas when it is self-luminous.

On the other hand, if the gas is at a lewer temperature than the solid source,
its characteristic lines are intensified.

It is in this way that the Fraunhofer lines in the solar spectrum are produced
by the gaseous layer of the photosphere.

The solar spectrum, as obtained by terrestrial observers, contains the
so-called earth lines, which are due to absorption by the earth’s atmosphere
before the light reaches the spectroscope. Lines (grouped into bands) due
to oxygen, water vapour and carbon dioxide, are observed in this way. The
earth lines are distinguished from those of solar origin by their variability
with the altitude of the sun, being more intense when the light, arriving
horizontally, has to traverse a greater thickness of air. They arc also
recognisable from the fact of being identical whether observed at the centre
of the sun or at the edge. In addition, they fail to show the Doppler
displacement due to the rotation of the sun.

The Triumphs of Spectroscopy

We shall review briefly the achievements of spectroscopy, as an introduction
to later developments.

Spectroscopy has enabled the presence of a metal in a substance to be
recognised. To this end the vapour of the substance is made luminous and
its spectrum is examined to see if it contains the lines of the metal sought.
This method of chemical analysis is extraordinarily sensitive, less than a
ten thousandth of a milligramme of the substance being sufficient for the
observation of its flame spectrum.

Spectrum analysis made possible the discovery of the elements csesium,
rubidium, gallium, ete., and Lockyer, in 1868, by examining the spectrum of
the solar prominences was led to the discovery of helium. The composition
of all the stars has been investigated. These researches were due in the first
place to G. B. Donati (1860), and were prosecuted with great success by
Padre Angelo Secchi (1810-78). Spectrum analysis has established the
unity of composition of the universe.

With the introduction of the spectroscope the Doppler-Fizeau principle
has also proved fruitful in astronomy. Ordinary astronomical methods only
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allow us to determine the lateral displacements of the stars on the celestial
sphere, and tell us nothing about the motion of stars which are approaching
or receding from the earth. The Doppler cffect supplies us with a means for
ascertaining these motions. From the lateral velocity, given by ordinary
methods, and the radial velocity given by the Doppler-Fizeau method, the
true velocity of the star with respect to the earth, and hence with respect
to the solar system, can be determined.*

Spectroscopic examination of the light emitted by the stars informs us of
their temperatures. A simple method, based on a general principle, is to
compare the stellar spectrum with the spectra of the various elements in
sources of increasing temperature-—oxy-hydrogen flame, electric furnace,
electric sparks of increasing intensity. The ratio of the intensities of two
lines in the light emitted by the star varies with temperature according to a
definite law, and in this way the temperature can be calculated.

The above sketch is sufficient to give an idea of the importance of
spectroscopy, but there is yet another interesting application which opens
up almost incredible possibilitics. Spectrograms enable us to determine the
distance away of the stars by examination of the relative intensities of the
same line emitted by stars belonging to the same spectral class (that is, stars
having the same surface temperature).

Thales and Maxwell

Thanks to Fresnel, Young, Arago and others, optics made rapid strides
in the past century, but it was left to Maxwell (1831-79) to transform the
science into a branch of electromagnetism.

In the history of science the chapter on electricity is almost a blank until
the commencement of the last century. ¥rom the Greeks at the time of
Thales (650-540 B.c.), who knew that amber when rubbed attracted light
bodies, we pass immediately to A.pn. 1600, when Gilbert, physician to
Qucen Elizabeth, observed that glass and other substances had the same
property. Then we come to Benjamin Franklin, who, in about 1750, advanced
an ingenious hypothesis as to the nature of the electric fluid, which Aepinus
modified. Who was this Carneade, who gave his name to a rudimentary
condenser ? He was professor at the University of St. Petersburg in about
1790. Electrotechnics was included among his subjects of instruction, but
we realise that he must necessarily have disposed of the subject in a very few
lectures.

At the time of Acpinus only electrostatics was known, that is, put briefly,
the production of electricity by friction, the power of points, condensers,
several frictional machines, atmospheric electricity. However, attempts had
been made by Franklin and by Aepinus himself to co-ordinate all the facts
then known, before Aepinus ventured to propose, by analogy with what was
known about universal gravitation, that electrical effects varied inversely
as the square of the distance between the bodies concerned.

In Franklin’s theory of the electric fluid are contained the first glimmerings
of the hypothesis of the granular structure of electricity. It is certain,
however, that for Franklin the matter was just as obscure as in the case of
Democritus and his speculations on the atomic theory of matter.

As a whole, the history of electrical theory up to the end of the nineteenth
century comprises two main periods. In the first, with which the name of

* The first astronomer to employ this powerful method was Huggins
(1824-1910), who in 1867 measured the displacement of the F line of hydrogen
in the spectrum of Sirius. Twenty years later Vogel improved the precision
of such measurements by using spectrograms, i.e., photographs of the spectrum.
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Coulomb is particularly associated, the essential idea is that of electric charges
acting at a distance, in the same way as masses in gravitational theory.
The second period commences with Faraday (1791-1867), who refused to
admit the possibility of action at a distance, and drew attention to the medium
through which the cffects were transmitted. Faraday absolutely rejected
the strange idea, which nobody now holds, of an instantaneous action at a
distance, and he also rejected the hypothesis of the two electrical fluids,
which endowed the notion of charge with concrete reality.

The fundamental notion thus becomes the intensity of the field, a vector
magnitude which characterises the state of the medium at each point.
Klectric charge appears only as a secondary notion, because the quantity of
electricity carried by a body is determined solely by the number of lines of
force which terminate on the body. It was Faraday who discovered (1831)
the phenomenon of self-induction, that is, induction produced in a circuit
by increasing or diminishing the current in the circuit itself. Oersted, eleven
years previously, had observed the deflection of a magnetic needle by an
electric current, and had shown that in the space surrounding the latter
there exists a magnetic field. These phenomena and the laws governing them
form the foundations of the electromagnetic theory, of which the central
ideas were provided by Faraday, and which Maxwell rendered precise and
developed into a mathematical theory which is one of the greatest
achievements of the human mind.

Maxwell (1831—1879), Hertz (1857—1894)

An electric current in a circuit produces in the surrounding medium lines
of magnetic forces which encircle the conductor. Furthermore, any change
in a magnetic ficld in which there is a closed metallic circuit, gives rise to an
electric current, indicating the production of an electric ficld whose lines of
force encircle in like manner the magnetic force lines. Maxwell conceived
the idea that in the absence of a conductor, in a vacuum or in any dielectric,
variations of the magnetic field, both in intensity and in direction, generate
electromotive forces, giving rise to what he called displacement currents.
These displacement currents have properties similar to those of ordinary
currents which circulate in conductors and like these produce magnetic fields
and generate induction effects.

For Faraday’s idea of tubes of force Maxwell substituted the more precise
notion of flux of induction through a surface, the induction being a vector
proportional to the field, the factor of proportionality varying according
to the nature of the medium. The electric charge contained in a closed
surface is defined in Maxwell’s theory simply as a magnitude proportional
to the total flux of induction from the interior to the exterior of the surface.

In a medium traversed by a perturbation two modifications are superposed
characterised respectively by two vectors, the electric field E and the magnetic
field H to which correspond the electric induction ¢E and the magnetic
induction pH. The two constants ¢ and p are termed respectively the
dielectric constant and the permeability.* Each of the two fields involves a
localisation of energy in the medium. The total amount of energy per unit

3 2
volume equals ishf + ’;H_, the first term representing electrical, the second
v m

magnetic energy. Each of the fields can vary from point to point, and at a
given point from one instant to another. Maxwell established the laws

* These constants indicate by how many times the electric or magnetic
force in the medium is reduced compared with the values which they have in
the same circumstances in vacuo.
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expressing the interdependence which exists between the two fields, or rather,
between their variations in space and time.

Expressed precisely, if we take a closed contour in space where variations
in magnetic ficld are occurring, then the electromotive force generated along
this contour is equal to the variation per unit time of the magnetic induction
across any surface bounded by the contour. Maxwell, by a brilliant intuition,
lighted on the law correlative to the above, the law of the displacement current.

These two correlative relations expressed in mathematical language form
the starting-point of the entire clectromagnetic theory, the prodigious structure
which has made Maxwell’s name immortal. Boltzmann, in the introduction
to his book on the theory, sums up his admiration for Maxwell’s astounding
achievement with the remark * Ist es ein Gott der diese Zeichen schrich ? > *

An electromagnetic disturbance, such as is produced by imposing on an
electric charge a rapid oscillatory motion, corresponds to the production of
an electric ficld and a magnetic field at right angles to each other and to the
direction of propagation. In addition, these two ficlds have intensities such
that at a given point in vacuo they represent the same energy per unit volume.

Iivery electromagnetic disturbance is propagated in all directions with a
definite velocity. Tt is easy to see that this propagation results directly from
the mutual generation of the two fields, which recurs from place to place.
The velocity of propagation depends, in virtue of the laws stated above
governing the mutual gencration of the two fields, upon the two coefficients
e and u through the relation,

V=

€p
diclectric constant.
permeability.
ratio between the electromagnetic and electrostatic units.

€

123
[4

b

Thus, Maxwell’s calculations lead to a result of immense importance ; the
quotient of the electromagnetic unit of current by the electrostatic unit is
equal to the velocity of propagation of electromagnetic disturbances in vacuo.
The intensity of a current can be measured by two different principles, based
respectively on the quantity of electric charge transported in unit time and
on the magnetic field created by the current in the surrounding space. To
these two methods of measurement correspond two systems of electrical units,
the electrostatic and the electromagnetic systems.

A given quantity of electric charge is represented by different values in
the two systems, and the ratio of these is not a pure number, as, for example,
the ratio of the metre to the foot, but has the dimensions of a velocity, i.e.,
it varies with change in the units of length and time in the same ratio as a
velocity. .

According to Maxwell’s calculations, the ratio in question should equal the
velocity of propagation of electromagnetic disturbances in vacuo. Before
Maxwell had arrived at this remarkable result, dircct measurements of the
velocity of light had been made, and in 1853 W. Weber + had succeeded

* Is it God or man who has written this ?

¥ Weber and Kohlrausch measured with an electrometer the charge of a
Leyden jar in electrostatic units, and then passed the discharge current
through a ballistic galvanometer to determine the total quantity of electricity
(as time integral of the current) in electromagnetic units.

Lord Kelvin (1869) found for the ratio of the units 2-82 x 10!%, Rowland
(1889) 2:98 x 10'%, Abraham (1890) 2-991 X 10'° Rosa and Dorsey (1907)
2:997 X 10'°,
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in determining the ratio of the two units of current (or of charge for which
the ratio is the same). He had obtained a result which within the limits of
experimental error, agreed with the velocity of light.

Thus, not only are electromagnetic waves transverse like light waves, but
their velocity of propagation is the same. This agreement naturally led
Maxwell to identify the two phenomena, and to assume that light consists
of electromagnetic waves propagated in the ether.

‘What then is the ether ? The ether of space is a medium capable of assuming
certain modifications which are termed electromagnetic fields. It differs
from the pure space of geometry in possessing physical properties, which are
revealed by its constants (gravitational, electric and magnetic). It is capable
of propagating light with a definite velocity which depends on the values of
these physical constants.

For about twenty years Maxwell’s great work was imperfectly understood
and appreciated by his contemporaries. It was Heaviside who transformed
the theory into a lucid and coherent whole, divested of unnecessary
complexities introduced by its originator.

Maxwell’s theory was fully confirmed by the experiments initiated by Hertz
in 1887 at the Polytechnic in Karlsruhe. These experiments were concerned
with oscillatory discharges producing periodic electromagnetic disturbances.
The period of oscillatory discharge depends on the experimental arrangement,
and is equal to 27V LC, where C is the capacity and L the inductance of the
circuit. Hertz succeeded in generating one metre waves, and measured their
wave-length. He showed that these electromagnetic waves were completely
analogous to light waves, that they had the same velocity of propagation,
and could be reflected, refracted, polarised and made to interfere.

After these classical experiments it proved possible to obtain waves of a
few millimetres wave-length. Remembering that in the infra-red region of
the spectrum, rays with a wave-length of half a millimetre have been observed,
it is clear that there is no break between these and the waves produced by the
electric discharge.

Between ordinary light waves and the waves observed by Hertz, which
have ten million times the wave-length, there is no discontinuity or true
difference in quality. Electromagnetic waves, heat waves and light waves
are the same phenomenon in different scales of frequency. Beyond the
ultra-violet rays, with wave-lengths of four ten thousandths of a millimetre,
come the Holweck rays and beyond these the X-rays, which by themselves
cover a vast range. Hertz worked with waves several metres in length, but
to-day the waves employed in radiotelegraphy are measured in kilometres.

We shall conclude this brief sketch with a statement of Maxwell’s equations
of the electromagnetic field.

Equations (1) and (2) express in mathematical form the correlation of the
two fields in space and in time to which we referred above. X, Y, Z are the
components of the electric force, L, M, N, the components of the magnetic
induction, w,, w,, w, the components of the velocity of the electric charge of
density p.

All yt'hese magnitudes are functions of position (z, y, 2) and time . ¢ is
the velocity of light.

1oL _ 9Z dY a)
cH w wm o
and two similar equations.
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and two similar equations.
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These six equations can also be expressed in a more condensed, vector form.

To anyone who has not already studied the elements of the electromagnetic
theory, these equations may present the appearance of an obscure symbolism.
It is, however, unnecessary to be fully acquainted with the mathematical
theory to understand the developments of the subsequent chapters. What
is of more importance is to keep in view the essential idea underlying Maxwell’s
theory, which is that at every point where a luminous effect or, more generally,
radiant energy is present, there exist two orthogonal fields, one magnetic
the other electric, and these two vectors execute harmonic variations.

It follows from Maxwell’s theory that a well-defined relation connects the
refractive index n of a substance with its dielectric constant ¢ and permeability

p. In fact, n= ; and v the velocity of light in any medium is given by
v= ¢[v eu. Hence
N=Ver .+ « « « « .« « « . (3

Since for all substances except ferromagnetics the permeability p is very
nearly equal to unity, we must have

) n=+vVe

This relation holds good for gases, although it fails for solids or liquids for
reasons which are well understood, but into which we cannot enter here.

It can be deduced from Maxwell’s theory that a moving charge which does
not move uniformly in a straight line, will radiate electromagnetic energy.
If e is the charge, a its acccleration, it is shown that in the time dt the energy
radiated equals

2 e?
do==""a¥dt. . . . . . . . . (4
30 4)

If the motion is rectilinear and uniform, the acceleration is zero and no
energy is radiated.

For a charge in oscillatory motion on a straight line, obeying the sine law :
& =z, sin (2mvt + o),

it is easy to obtain the acceleration by a double differentiation with respect
to time. Substituting the result in (4) above, the rate of emission of radiation
is obtained at once. The average value of the rate of emission of energy is
given by

J 4
dav’?/ = 13667; v‘e%ﬂo“
x, = amplitude. e = oscillating charge.
v = frequency. ¢ = velocity of light.

We consider now the amplitude of the luminous vector and the simple relation
in which it stands to the luminous intensity. For linearly polarised light
the magnetic and electric vectors lie in orthogonal planes. For example,
the electric vector vibrates parallel to the y axis, the magnetic vector parallel
to the z axis, the direction of propagation being along the x axis.

In this special case Maxwell’s six equations reduce to two :—

H, _ _ <3E, L)
o cat
OB, _piH, (@)
ox c ot

Since interference effects indicate that light is a periodic phenomenon, we
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only need to consider sinusoidal variations of the vector I,. By integration
of (1°) and (2’) subject to this restriction, it is easy to establish * that K and H

are transmitted with velocity v = ¢/V ep, E, assuming the form
K, = A sin [_217.' (@ — vt) + ac].

o is the phase and is unimportant. A is the wave-length,
Using this result and equation (1’) we obtain

[y
H, = ¥ A sin [z_"(a: — of) +oc:|
¢ A
In vacuo, v _ 1, and hence I¥, = H,. Thus, in a vacuum the intensitics
c

of the electric and magnetic ficlds are the same. In a material medium,
however, the ratio of these two vectors is the index of refraction of the medium
for the light waves concerned. 'This follows since p is almost equal to unity,
and we have

E, e € -
el — a3 —‘h_,:_-'\/G::]l,
H:™ ¢ ¢vVeu .
The magnitude A appearing in the expressions for the two vectors E and H is
termed the amplitude. The luminous intensity, on the other hand, denotes the
energy crossing unit area of the surface normal to the direction of propagation
per unit time. The energy per unit volume we know to be

€ E2 e + I H?mn
87 87
where 182, .., and H2_ ., represent time averages.
The velocity of propagation is v, and hence the quantity of energy passing
in unit time, i.c., the luminous intensity, is given by

eE2 e + l-‘ljlzmenn
8

Finally, remembering that both I and H vary sinusoidally with the time,
their mean values are respectively

I=v

A? e2v? A?
1 and & 2
Hence,
. € c \/ €
; g — 2. A2 =,
luminous intensity 1 = 167 A=A gV

The luminous intensity is proportional to the square of the amplitude.

. . . A% . ... A%
In vacuo, the intensity I is simply 8’ and for unpolarised light - g

From (1’) and (2’) we obtain
PH, _ o 0'H, 2B, o ¥E,
ox? c® ot? ox? c ot
These are the general equations of a vibrating system, which will be discussed
in Vol. IL., Chap. VIII.
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Anomalous Dispersion

To explain dispersion * a model of the constitution of matter, in agreement
with the facts of observation, has been devised in which the atom is
represented as a system of particles held in equilibrium by elastic forces.
These are forces which hold the particle (the electron) to its equilibrium
position with an intensity proportional to the instantaneous displacement.
Let m and e be respectively the mass and charge of the particle. The
harmonic vibrations which the particle executes when made to vibrate by a
periodic field are forced by the alternating field, which in general has not the
same period as that appropriate to the freely oscillating charge. The whole
system is defined, knowing ¢ and m and the constant K of the restoring force
(K is the restoring force for unit displacement).  Elementary mechanies gives
for the period of free oscillation,

1 K

T= 27 \/ ;n and, for the frequency, v, = o
< 27 n

By calculation, the law of displacement of the charge can be found.
Applying this problem to the consideration of the eclectrons in the atom,
which are set in vibration by light waves (sinusoidal field), the complete law
of oscillation of the electron can be obtained.

The displacement y is given by

4
Yy - R )
Y- hmm (v2 — vy?)
v is the frequency of the tield E, for which we have
I = K, cos (2mvt + o).

. . . . . el
If )\ is the number of particles in unit volume, {T\Crcpresonts the

polarisability p,t and this is related to the dielectric constant by the simple
formula e= 1 + 4np. Since the refractive index n= Ve, we are able
finally to express the refractive index of a substance in terms of the two
frequencies v and v,. The result obtained takes the following form :—

/ -

n:\/;:—‘\/l+’——cg‘:&—' S (W)

mm(vy? - v?)

The above theory is only to be regarded as an approximation, because the
clectrical particles - closely packed as they are in the substance-- -disturb
ach other’s oscillations, and hence the result (3 ) is valid only for gases, and
then only to a first approximation.  The second term under the square root
sign is always very small for gases, and their refractive indices are all very
nearly equal to unity. If, however, the incident light has frequency v alimost
cqual to vy, the term in question can become very large, and the refractive
index will then be considerably different from unity, tending theoretically to
infinity. When we investigate the variation of refractive index for light of
frequency in the neighbourhood of that which an clement can emit, an
anomalous behaviour is observed to which the term anomalous dispersion
is applied. There is marked absorption and, in addition, the rate of change

* Dispersion is the fact that different monochromatic radiations have
different refractive indices, so that a pencil of mixed light, passing from one
medium to another, is spread out like a fan.

++The polarisability of a dielectric is the coefficient of proportionality
between the clectric moment per unit volume and the external field.
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of refractive index with wave-length is very rapid on either side of the
absorption band. There is a rapid transition from a very small value of the
refractive index (for light of slightly lower A;) to a very high value (for light
of slightly higher 2). (Actually the branches of the refractive index curve do
not go to infinity for v == v, because the oscillators are damped.)

The value of the refractive index, although it should tend to infinity when
the frequency v approaches v, from below, may drop below unity when »
exceeds v, that is, for light of very high frequency. Thus if, for the substances
of which prisms for optical instruments are commonly made, the characteristic
frequency is situated in the ultra-violet, then for very high frequencies it
should be possible to show experimentally that the index is less than unity.
The rays should be deviated in the sense opposite to that usually observed,
towards the vertex of the prism instead of towards the base.

This was found to be the case by Siegbahn in 1925, for X-rays passed
through a prism of aluminium (Chap. VI.). .

For X-rays v is very large with respect to v,, and with sufficient accuracy
we may write,
e2N

 2rmy?

n=1

and it is clear that the index = is less than 1.
We shall return to this subject in Vol. II., Chap. VIII., to show that the
phenomenon of refraction is also governed by quantum theory considerations.

General Properties of Radiation

As we have seen, it was established that the different radiations, known as
ultra-violet rays, light rays, infra-red rays and Hertzian waves, all have the
same character. By the end of the century to this series of, ether vibrations
were added X-rays and y-rays, as a result of Rontgen’s discovery and the
discovery of radioactivity. The cosmic rays have still higher frequency.

All these radiations are propagated in vacuo with the velocity 800,000 km.
per second. All undergo reflection, refraction, diffraction, and can be
polarised, in obedience to the same laws. All these rays of different types
when incident on a body exert a pressure, which is termed the pressure of
radiation. 1If they are absorbed their energy is transformed into heat. All
give rise to interference effects, which establish their periodic character and
enable the respective wave-lengths to be calculated. They differ only
in frequency, each monochromatic radiation being characterised by a
well-defined frequency value. No experiment, however, gives a direct
measure of the frequency. It is for this reason that electromagnetic or, in a
gencral sense, light waves are characterised by giving the wave-length, which
can easily be measured.
velocity
frequency’
which varies with the medium concerned. A is therefore defined for
propagation in vacuo where all the radiations have the same velocity of
propagation, the value of which is accurately known. In any other medium
of refractive index n for a given monochromatic frequency, the velocity of

. 300,000
propagation becomes ~n

The following table includes all the known electromagnetic radiations,
classified in order of decreasing wave-length :—

Since A= the wave-length A depends on the velocity of propagation



PROPERTIES OF RADIATION 47

Hertzian waves . Wave-length from kilometres to 1 mm.

Infra-red . . . ' ' ,» 1 mm. to 0-75 micron.

Visible light . . . ' ,s 075 micron to 0-40 micron.
Ultra-violet . . . . v , 040 » 0-18 ,,
Schumann rays . ’s ’ , 0-18 ’ 012 ,,
Lyman rays . s s » 012 s 0-05 ,,
X-rays . . . s sy B8 X 10-%cm.to5 X 10—? cm.
y-Tays . . ,»  less than 10-1° cm. .

(1 micron = 1 tflousa;ldth (’)’f a millimetre, 1 millimicron = 1 millionth of a
millimetre.)

The total amount of energy transported per second in a beam of radiation
is evaluable in watts, but the luminous flux, which is determined by the
capacity of the radiation to produce the sensation of light, is expressed in
lumens. The lumen is so defined that the total luminous flux from a source
of one candle has the value 47 lumens. For light of a given colour the luminous
flux is proportional to the flux of radiant energy, but the visibility of the
radiation (lumens per watt) varies with the wave-length and is a maximum
in the green.

The illumination of a surface is given by the number of lumens incident
per square metre, and has the value unity when the surface is distant 1 metre
from the standard candle.

The lambert is the unit of brightness of a surface, and has the value 1 when
1 lumen is emitted per square cm.

The albedo of a reflecting surface is the ratio between the total luminous
flux reflected and that incident, and is always less than unity.

The Pressure of Light

Reference has been made in passing to the fact that light cxerts a pressure
on any surface on which it is incident, in the same manner as a hombardment
of material particles. This was established almost simultaneously by Maxwell
and Bartoli. The former based his calculation on the clectromagnetic theory
of light, while Bartoli worked from Carnot’s principle or the second law of
thermodynamics.

We shall give only the result ; the proof in any case presents no difticulty.
The ideas involved, which thirty years ago were wrapped in obscurity, now
appear very ordinary. Science, as it advances, clarifies and smooths away
complexities ; results obtained originally with great difficulty yield later to
simple and concise reasoning.

The density of energy in the incident beam appears in the result. Every
radiation, whether luminous to our eyes or not, is convertible into heat,
and represents therefore energy. A totally absorbing surface receives a
certain amount of radiational energy per unit time per square centimetre.
As the radiation traverses in unit time 300,000 kilometres, it is clear that in
a cylinder of one square centimetre base and 300,000 kilometres high, is
contained the energy absorbed per unit time per unit area. Thus, dividing
the latter quantity by 8 X 10! we obtain the energy density.

The pressure of light p on a perfect reflector is always normal to the surface,
and is calculated to have the value

p=1cos?i
where u is the energy density in the neighbourhood of the reflecting body,
due both to the incident and the reflected radiation, and ¢ is the angle of

incidence. If the body is not perfectly reflecting, the pressure is no longer
normal.to the surface unless the radiation is itself incident normally.
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The forces involved are extremely small. The pressure of solar radiation
on a black absorbing surface, at midday and when the sky is clear, is only
half a milligramme per square metre. Nevertheless, by extremely delicate
experiments a number of physicists have succeeded in measuring the pressure
exerted by a light beam, and have verified that it agrees in amount with the
theoretical value.

Although the pressure of radiation seemns too small to produce appreciable
cffects, it actually determines the form of comets’ tails, and assumes extremely
high values in the interiors of the stars, on account of the colossal temperatures
obtaining there.

The cxistence of radiation pressure allows us to speak of the momentum of
electromagnelic radiation, and hence of the mass of radiant energy, where by
mass is meant capacity to carry momentum. We know from ordinary
mechanics that in general for normal incidence the pressure exerted is equal
to the momentum received per second. This momentum for radiational
energy is contained in a cylinder of base 1 em.? and height equal to the velocity
of propagation. In the case of electromagnetic waves with incident density W,
the momentum per cm.2? G is defined by W = Ge.

Theory of Lorentz

Maxwell’s theory consisted primarily of a system of equations and left
many questions unanswered. It did not elucidate the problem of the
mechanism of light emission, took no account of the laws of electrolysis, and
explained neither the dispersion of light nor the double refraction of crystals,
and rotatory polarisation. Thus, while the laws relative to a vacuum, .c.,
the ether, were simple and characterised by a single velocity of propagation
cqual to 300,000 km. per sec., the properties of matter proved to be much
more complicated. The velocity of light depends on numerical coeflicients
characteristic of the material medium, and moreover, even in the simplest
case of sinusoidal waves, it varies with the frequency. If we are not content
merely to introduce these coefficients into the equations, assigning to them
values derived from experiment, and if we wish to penetrate more deeply
into the nature of the phenomena, Maxwell’s theory is not sufficient.

It was Lorentz who made the further advance (1895) in an attempt to
interpret the interrelations of matter and cther. Lorentz assumed the
existence—in all bodies—of negatively charged particles, much smaller than
the atoms, the movements of which enable us to explain optical and electrical
phenomena. It was an obvious step to identify the amount of their charge
with that carried by electrolytic ions. Hence the name electrons, by which
the particles are known.

Insulators, or dielectrics, contain, according to Lorentz, only electrons
bound to atoms and incapable of being detached therefrom. When, under
the action of an external electric field, these bound electrons are displaced,
a force is called into play which tends to oppose the motion and limits the
amount of displacement. Immediately the electric ficld is removed the
clectrons resume their normal positions.

In addition to the bound electrons, metals contain free electrons which move
about in the inter-atomic space at random like the molecules of a gas.

The principal properties of metals are interpreted without difficulty on
this hypothesis, e.g., their thermal and electrical conductivities arc explained.
An electric current in a conductor is a flow of particles set in motion in a
particular direction by an electromotive force which is superposed on the
disorganised motion of the particles in the absence of a field.

The conductivity of a metal, elcctrical or thermal, is increased the more
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free electrons there are, the greater their velocities and the longer the mean
free path between consecutive collisions with atoms. The energy transmitted
to the atoms against which the eclectrons collide, is the cause of the heat
generated in the passage of the current. The kinetic energy of the electrons,
like that of the atoms, increases with temperature, and we can understand
therefore the observed parallelism between clectrical and thermal
conductivity, the metals which are good conductors of clectricity being, as a
rule, those which best transmit heat.

The theory enabled derivations to be made of various quantitative laws,
such as those of Ohm and Joule, relating to the resistance to current flow
and the heat developed, and the empirical relation of Wiedemann and Franz,
according to which the ratio of the thermal to the electrical conductivity at
a given temperature is the same for all metals, the value of the ratio being
proportional to the absolute temperature.

Each electron in its path may be regarded as a current. The magnetic
field, in the space surrounding a conductor, is the sum of the magnetic ficlds
due to these clementary convection currents. Thus, an external magnetic
field acts on the metal through the intermediary of its free electrons. The
trajectory of cach electron is deviated, with the result that a certain difference
of potential appears between one pair of opposite sides of a rectangular plate
when a current is passed between the other pair. (Hall effect.)

If the thermal agitation of the electrical particles in the metal is sufficiently
violent, the electrons may be cjected. Thus, at high temperatures electron
emission becomes appreciable.  This is the Kdison effect.

Without entering into further details, we may say that the theory gave
cxcellent qualitative results and explained many phenomena in general terms.
However, difficulties were met with in attempting to obtain numerical
verification. For example, the Wiedemann-Franz law no longer holds, even
approximately, at low temperatures, and the theory was impotent to provide
an explanation. Recently a great improvement has been effected in the
theory, to which we shall return in Vol. IL., Chap. IX.



CHAPTER III

THE KINETIC THEORY OF GASES

The Internal Structure of Gases

A Gas is considered to be composed of a very large number of
independent particles, moving freely within the vessel containing
the gas.

It is assumed, as a first approximation, that these particles are
spherical in shape and have equal masses, and that their total
volume is negligible in comparison with that of the containing
vessel ; they are corpuscles situated in a free space which is of
enormous size in comparison with their dimensions.

In a gas the molecules move almost entirely as a result of their
action on one another, cohesion being very small or absent and the
movements being practically in straight lines and undeflected
except by the continual impacts which each molecule undergoes,
either by collision with other molecules, or by contact with the
walls of the containing vessel.*

The theory of matter in the gaseous state is therefore easier to
develop than that of the other states on account of the absence of
the forces of cohesion which play an essential part in solids and
liquids ; further, the fact that the distances between the molecules
are large compared with molecular dimensions brings about—both
in the theory and in the calculations based upon it—important
simplifications which are the more justifiable the smaller the
degree of compression of the gas, t.e., the more closely the state

* According to modern theories, which have not yet been applied in detail
to the theory of gases, this conception of the impacts as true collisions between
elastic spheres has not much meaning, because the molecules, consisting of
particles electrically charged, repel each other, and an encounter between
them is only an approach sufficiently close to bring into play repulsive forces
of electrical origin.

50
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considered approaches that of a perfect gas which obeys the ideal
laws of Boyle and of Gay-Lussac. '

It has been shown experimentally that gases have weight, that
they dilate to fill the whole of the space open to them, and that
they are compressed as the pressure to which they arc subjected
is increased. From these known facts a model of a gas can be
constructed, and Daniel Bernouilli in 1788 showed that a system
of minute particles at great distances from each other, having
weight and endowed with high velocities in all directions, gave a
theoretical basis for the Boyle-Mariotte law, as, indeed, is almost
sclf-evident.

To Bernouilli’s original conception there were added, a century
later, the experimental studies of Volta, of Joule (1848), of Kronig
(1856), and of Clausius (1857). Finally Maxwell (1859), the great
mathematician, was induced by the study of Saturn’s rings to
consider the kinetics of gases, and so to give the complete analytical
theory of the subject. Some slight uncertainties and imperfections
remained to be removed, and a number of eminent physicists
applied themselves to the task, the most eminent among them
being Boltzmann, Kirchhoff, Van der Waals, Jeans, Lorentz and
Lord Rayleigh, all of them worthy successors in the prosecution
of Maxwell’s work.

Distribution of Velocities in the Molecular Random
Arrangement

The molecules composing a gas are consideréd, then, as material
particles all equal, rigid and perfectly elastic ; their dimensions
are extremely small and negligible compared with the distances
between them ; there is no scnsible force of cohesion between
them, and they do not, therefore, act on one another except by
mutual impact. The movements of these particles continue to
be uniform and in a straight line until they come sufficiently close
to be deflected by their mutual action or by impact; at the
instant at which an accidental collision takes place, the velocities
of the particles concerned undergo sudden changes both in
magnitude and direction. .
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All the trajcctories must, then, be represented as irregularly
broken lines, cach element being practically straight.

The form and the structural details of the molecules naturally
depend on the chemical nature of the gas under consideration ;
in a gaseous mixture the molecules will be of two or more kinds ;
the translatory movement, moreover, does not—in general—
exclude movements of the molecule about its centre of gravity or
internal movements of the various parts of a single molecule with
respect to one another.

When a gas enclosed in a motionless vessel which is maintained
at a uniform temperature is left to itself, it takes up a steady state
and in this condition equal volumes contain equal numbers of
molecules ; such minute fluctuations of density as there may be are
quite inappreciable if we consider a volume of the order of onc
cubic centimetre, although they may, perhaps, be just appreciable,
as we shall see, in a cubic micron. If n, be that number of
molecules which will occupy a certain volume when the whole
vessel has acquired a uniform distribution, and if n be the actual
number of those which at a certain instant are to be found within
that volume, the fluctuation is equal to the ratio " ; "0 which is

0
variable from one instant to another according to the law of
probability.

The molecules which at any given instant occupy any small
volume, e.g., a millimetre cube, have velocities in all directions, in
all senses and of every magnitude ; there is no direction more
favoured than any other; and all this is independent of the
position of the small volume which may be mentally selected
within the containing vessel.

The conception just described may be otherwise expressed, e.g.,
it may be said that, for any given portion of the gas, the number
of molecules with a certain velocity in any given direction is
practically equal to the number having the same velocity but in
the opposite direction.

The gas is, then, in a state of random molecular arrangement.

So far there is no difficulty ; the mathematical difficulties of the
problem, as Maxwell stated them, arise immediately we propose to
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discuss the law according to which the velocities of the molecules,
at first sight distributed at random and entirely without order,
may be grouped. Let us see how this conception may be made
clearer. If we wish to calculate the total kinetic energy of all the
molecules, we must find the sum of the values of 3mv? for all the
molecules, and this sum may be expressed as $MC2 where M is the
total mass of the gas, and C? is the mean of the squares of the
velocities of all the individual molecules.

Now, it is truc that all the velocities differ among themselves
and it is equally true that they vary from one instant to another,
but if this velocity is, say, 600 metres per second, how many
molecules, out of 100,000, will have velocities lying between
610 and 605 m./scc., how many between 600 and 595, how many
between 595 and 590, and so on ? In short, is there a law of
distribution of velocities, and, if so, what is it ?

The credit for its discovery is due to Maxwell ; Boltzmann gave
further proofs, claborating and perfecting Maxwell’s method ;
this law is the foundation stone of that important part of physical
science, the kinetic theory of gases; kineties then became what
we now recognise it to be, viz., the first step towards the study of
the atom.

Maxwell’s Law

An cxample will be useful in making matters clear to the
student. A marksman wishes to hit the middle point of a rod
fixed vertically in the ground, this point being marked by means
of a linc at the height H. He fires 1,000 shots and then makes
an analysis of his shots and notes all their distances from the
mark ; there will be 500 within the interval between 10 em. above
and below the mark, 325 in the next interval of one decimetre, and
so on. The shots cluster in the neighbourhood of the mark, the
heights tend to the fixed value H, and each shot which goes
‘*“ high * has its counterpart in one which is correspondingly low.

Statistical analysis has shown that there is a law governing this
distribution, so that if the same marksman repeats the trial of the
thousand shots and makes the same analysis as before, he finds
the same numbers again, neglecting small differences. What
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happens if a less skilful marksman repeats the trial ? All the shots
go wider of the mark ; but they are known to spread according
to a certain law; they are less concentrated, but again their
arrangement is in accordance with a law of distribution. In
short, we have to do with the problem of errors of measurement,
as it is met with in all cases of the determination of any quantity
(angle, distance, temperature, etc.).

Maxwell showed that when the state of thermal equilibrium
was reached, the magnitudes of the molecular velocities werc
distributed according to a law which is not affected any
more by the subsequent molecular collisions. Let three mutually
perpendicular directions be taken as axes of reference, and let n
be the number of molecules per cubic em. The number, dn, of
these which have component velocities lying respectively between
u, v, w and (v + du), (v + dv), (w + dw) will be

dn =n.f(u,v, w)du.dv.dw.

The law of distribution of velocities is known as soon as the
form of the function f'is given.

Let us for the present pass over the calculations in order not to
interrupt the progress of the argument, and say at once that
Maxwell found :

37,3
dn=n\/}l—’—:'—e“’""(“”f”'“Lw')dudvdw .. ()

™
where bk is a constant,
m is the mass ol one molecule,
e is the base of naperian logarithms = 2-7188.*

The expression (1) seems very complicated, but it is not so in
reality, as can be demonstrated at once. It contains, necessarily,
a constant of the form hm, since for any given gas all the velocities
vary with the temperature ; thus the number of molecules included
in a given interval, defined by du dv dw, is not always the same ;
as an illustration, if an angle is measured by means of two

* The quantity e is the limiting value, when n = o, of the expression

(1 + %)" :
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instruments having different degrees of precision, the percentage
of measurements which have errors lying within a given interval
is different in the two cases. The meaning of the constant & will
be described a little later on.

This expression (1) is homogeneous, i.e., symmetrical with
respect to the velocities w, v, w; the component velocities are
distributed equally among the three axes.

The question may now be asked, what number of molecules,
from among the n contained within a cubic centimetre, have
velocities of which the z-components lie between the limits % and
(v + du) all other considerations being ignored ?

This number is, clearly,

dn1=n\/hme“’"”“'du. N )]
ks

Actually, (1) may be derived from (2) by postulating three
simultaneous conditions for the velocity of a molecule, viz., that
the component of the velocity along the z-axis shall lie between u
and (u + du), that the second velocity component shall lie between
v and (v + dv), and similarly for the third component. Since the
probability of a combination of conditions being fulfilled
simultaneously is the product of the respective probabilities of
the various conditions being fulfilled separately, it will be seen
that (1) is really consequent on (2).

The expression (2) is, however, that found by Gauss for errors
of measurement, it is simply the law of errors ; the two problems
are identical and are subject to the law of probability.

This well-known law of Gauss (1777-1855) gives the probability
of the occurrence of an error 4 in the observational determination
of any quantity.

K A2
Probability of error : Py e~ K dg

m

It will be seen that a constant K appears in this expression ; it
can be shown that this constant is related to the mean error by
the simple expression :
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1
Kv2

The constant x, which increases as the mean error decreases, is
thus a measure of the degree of precision. 1t is clear, too, that this
degree of precision should appear in the law of probability of error.
It is common experience that an old and worn theodolite gives
values of less precision than a new and modern instrument, and
that a Mannlicher rifle gives more accurate shooting than an old
and out-of-date rifle. The spread of shots is familiar to gunners,
and they study the grouping on a target.

It is now possible to advance another step in the application of
this law. If it be desired to calculate the number of molecules
having velocities lying between the absolute values ¢ and (¢ - de)
independently of direction, it is necessary to use (1) and to put
u? 4+ v? 4 w? = c2.

Now let the velocity ¢ of onc molccule, from among the =n
molecules situated in a cubic centimetre, be represented by a point
of which the co-ordinates are equal to the projections u, v and w of
the velocity ; this gives a so-called point of velocity ; the product
du . dv . dw then represents an clement of volume, and (1) shows
that the number of molecules per cubic em. for which the
representative point lies within the element of volume du.dv.dw

»”
18

= mean error.*

dn = n /"™ = ime gy gy dw.
-

Given this result, in order to obtain the number of molecules
having velocities between ¢ and (¢ + dc), it is nccessary to sum
all the groups dn which lic within the spherical shell bounded by
the two spheres of radii ¢ and (¢ + de). This sum is found by
integrating and we have :

number of molecules whose velocities lie between ¢ and (¢ + dc)

73,3
&i\t, 4in \/-’f”ﬁe"'"“"czdc R )

42
* It is to be noticed that the mean error is \/ %, i.e., it is defined as the

square root of the mean of the squares of the errors.
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Finally, if the product dn.c? be found for all values of ¢ from
zero to infinity, the result may be cquated to the product nC2, i.e.,
the total number of molecules multiplied by the mean square of
the molecular velocities ; this squarc as will be shown presently,
is of great importance. As a result of this process it is found that

c2 ! jm %d 3 4
= -], ¢fdn = 5 B )

This quantity C must not be confused with the mean of all the
instantaneous velocities of the n molecules, 1.e.,

¢yteyteztes +. .
n
this latter quantity is called the mean velocity and is obtained by
the ordinary process of finding the arithmetic mean, d.e., by
multiplying each velocity ¢ by the number of molecules which
have that velocity, as found from (38), and then dividing the sum
of the products by n ; in this way is found that :

’

. 1 (® 2
the mean velocity v = _-J cdn=——— . . . . . (5)
nJo Vwhm

The fact that these two quantities v and C are not the same can
casily be scen by considering the case of several numbers, e.g., 2,
4,0, 1, 2, 5, 0, the arithmetic mean of which, 2, is not the same as

22 + 42 4 0% 4 12 + 22 4 5% + 0%,
7
In the case of the molecular velocitics, the two quantities—one
the mean properly so called, v, and the other, C, defined as the
square root of thc mean of the squares—are connected by the
relation

the value of the expression \/

v_ [8 12
c 3w 13

3 13

At this point it is desirable to make a remark ; the reader will
not have failed to notice that in Maxwell’s expression (2) and in
those which have been derived from it so far, the product hm
always appears, and, in fact, takes the place of the constant K2 in
Gauss’s law ; but why is not this product km replaced by a single
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symbol, and why is the mass of the molecule retained ? The
answer will be clear when it has been shown that 4 is equal for all
gases and that it is connected with the temperature by the simple
relationship of inverse proportionality.

Calculation of the Velocity C in Terms of the Pressure and
Density of the Gas

Let it be assumed that the pressure exerted by a gas is the
result of the incessant impacts of the molecules on the walls of the
vessel ; in order to determine the pressure it is only necessary to
calculate the steady force experienced by each unit area of a rigid
wall uniformly bombarded by a shower of projectiles which move
in parallel paths with equal velocities and which are reflected from
this wall without loss or gain of energy.

The molecules of mass m, and moving with a velocity «
perpendicular to the walls, are elastic, so that the direction of
their motion is reversed after the impact ; the cffect, therefore, is
double what it would be if they were inelastic.

Bearing this in mind, and remembering that F.t = m.u (the
impulse of a force F' acting for a time ¢ is equal to the change of
momentum mu) let us consider a cube of one centimetre-side (in
order to fix our ideas). This cube contains molecules having
velocities « along the X-axis : a molecule of mass m strikes that

u
side of the cube which is normal to the X-axis at the rate of 3

u
impacts per second, and so loses momentum equal to 2 mu X 3’

for all the n molecules contained in the cube the total momentum

lost is therefore nmu?.
But this momentum is the gas pressure p. Thus

1
p=nmu’=-8—nmC3. R (1))

1
We may write 3 C? instead of u?, as in the above equation, since in

an actual gas the molecules have different component velocities,
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and in summing the 42 terms it is necessary to introduce the mean
square of the u components, which is clearly equal to one-third
of C&

Finally, if nm be the density, i.¢., the mass of unit volume, then :

1 1
pressure p = 5 nm C? = 3 Cd . . . . (6a)

where d is the absolute density.

This equation is very important. It shows that if the pressure
of a gas and its density be known, it is at once possible to obtain
the mean square of the molecular velocities, i.e., all that is necessary
in order to solve to a first approximation every problem in the
kinetic theory.

It is to be noticed that the foregoing proof is completely
independent of the particular form of the law of distribution of
velocities.

Gas Laws for a Perfect Gas.—The Absolute Temperature is
proportional to the Molecular Energy
A perfect gas is one which is infinitely expanded so that the
molecules do not exert any appreciable influence on one another
except at the instant of collision.
It is well known that from the laws of Boyle and of Gay-Lussac
the following equation of the gaseous state can de deduced :

pV=RT . . . . . . . (7

T is the absolute tempecrature, the zero of which is at — 273°C. ;
p and V are respectively the pressure and the volume occupied
by a given mass of gas. Equation (7) expresses the facts that
when the temperature is constant the volume of the gas is inversely
proportional to the pressure, and that the volume is proportional
to the absolute temperature. R is a constant, and it is to be
noticed that if for each gas the quantity considered is proportional
to the molecular weight, R is the same in every case, since for
every gas such a quantity, containing an equal number of molecules,
has the same volume if measured at the same temperature and
pressure ; this is an inverse application of Avogadro’s hypothesis.
Thus R is a universal constant, and on the C.G.S. system is equal
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to 8:81 X 107. This value can be at once deduced from the fact
that the gramme-molecule of every gas under atmospheric pressure
and at the temperature of melting ice (T == 273°) has a volume of
22,400 c.c., so that the three quantities nccessary to calculate R are
given.

To connect the idea of temperature with the total kinetic energy
it is only necessary to combine (6a) with (7). The former, applied

to the mass M of the gramme-molecule, shows that pV = ;MC{

while (7) gives simply the valuc of pV ; equating these two values
of the product pV gives :
*total kinetic energy of the gramme-molecule

= RT . . . . . . . (8

i.e., the total energy of translation in a gramme-molecule is the same
Jor all gases at the same temperature.

At the temperature of melting ice this total energy is 24 X 10°
ergs ; this shows the ecnormous reserve of cnergy which is
represented by the molecular movements. There is also available
now the information necessary for calculating the velocity C, and
hence, if desired, the mean vclocity. At a given temperature,
since the product MC? is constant, the velocities are inversely
proportional to the squarc roots of the molecular weights ; the
molecule of oxygen, which is sixtcen times as heavy as hydrogen,
travels at onc-quarter of the speed.

Molecular Velocities in Metres per second

Gas. Velocity (', Velocity » (mean velocity).
Hydrogen . . . 1,838 metres/sec. 1,693 metres/sec.
Helium . . . 1,307 s 1,204 ’
Nitrogen . . . 493 ’ 454 ’
Oxygen . . . 461 y 425 '
Carbon dioxide . . 393 » 362 »
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Mixtures of Gases. Equipartition of Energy

We have seen that any two gramme-molecules in the gaseous state,
when at the same temperature, have the same amount of molecular

cnergy of translation, viz.,i: RT. Now on Avogadro’s hypothesis,

these two masses both contain the same number of molecules ; the
molecules of the various gases have, therefore, the same mean

cnergy of translation at the same temperature :
3R mC?
T =

2N 2

R .
The constant 5 is called Boltzmann’s constant, and has the value

137 x 10717, In what follows it will be indicated by k.

If cqual volumes V of two gases at the temperature T be mixed,
and if the mixture occupy the volume 2V the kinetic energies are
added, the pressure remains unchanged, cach gas cxerting that
pressure which it would exert if it were alone, and the tempcerature
is also unaltered.

We may then conclude that in any gaseous mixture the various
kinds of molecules possess the same mean kinctic encrgy ; the
small molecules move more rapidly than the heavy ones as,
indecd, appears self-evident.

This result is a particular case of the well-known principle of
equipartition of kinetic energy to which we shall return.

We know that solutions—which are in every respect similar
to gases—obey the same laws; the molecule, whether it be

heavy or light, has a mean Kkinctic energy cqual to zg T. We

shall see later that the validity of the principle has been verified
also for large particles in suspension in colloidal emulsions.

The meaning of the Constant k in Maxwell’s Law

We will now return to the results deduced from our consideration
of Maxwell’s law of the distribution of velocitics (see p. 55).

It has been found that the number dn, of molecules which, out
of the n contained in a cubic centimetre, have a component
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velocity (measured along a given axis) lying between » and
(v + du) is

dn, =n \/l_m_z e~ dy
™

and it has been shown that the mean square of all the velocities
iscr=_2
2

2
Thus the mean kinetic energy of a molecule is %E_ = gl%;_r,
where N is the number of molecules in a gramme-molecule and is

known to be the same for all gases.

Thus it follows at once that 2_1h = %T. This result is of great

interest since it shows that for gases the constant k& has always
the same value. It is, thercfore, a wumniversal constant. The
temperature of a gas may thus be defined on the basis of the kinetic
theory by the following formula :

mC?

—_— __QT=E.
2 4h

o being the same for all gases.

Number of Molecules per second striking one Square
Centimetre of the Walls

Since Maxwell’s law of distribution of velocities is independent
of the orientation of the axes of reference, the axis of X may be
taken in the direction of the normal to the walls at a point. In an
elementary cube 1 cm. high and having one square centimetre of
the wall as base, the number of molecules which have velocities
lying between u and (v 4 du) is dn, and the number of impacts
due to them is udn.; the total number of impacts is therefore

‘[ udn,
0

Integrating, it is found that :
The number of molecules striking one square centimetre of the walls
per second is
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I ® p nC nv
uan — = ——
1= 2'\/ 1rhm 67 4

An application of this important result will follow shortly.

Flow from Small Orifices

~ The values of the molecular velocities as given by the kinetic

theory had not been verified by direct measurement until a few
years ago, but the phenomenon of the flow from small orifices,
which will now be considered, has lately afforded a valuable
confirmation of the theory.

The flow of a gas is imagined to take place into a vacuum
through a small aperture produced by the sudden removal of an
element of the wall; it is assumed that the molecules which
originally struck this part of the wall now disappear through the
hole ; the amount of the flow is equal to the product of the mean
velocity and the density.

The velocity assumed must, it is clear, be the component
velocity perpendicular to the opening ; this component is governed
by Maxwell’s law of distribution, and out of every n molecules the
number dn having a velocity, perpendicular to the hole, lying
between the limits % and (v + du) is

dn = n\/@ e~ Mgy,
w

To find the mean velocity this expression is integrated between
the limits zero and infinity, and it is found that the mass passing
out is the same as it would be if all the molecules issued with a

1
veloc1ty v; this is proportional to C, since C and the mean

velocity v are connected by means of the simple relationship
already given :

U=C E-\
8n
2

Since, then, the mean momentum of a molecule, 5 is

proportional to the absolute temperature and is the same for all
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gases at the same temperature, there follows the important result
that for different gases at the same temperature the velocities of
outflow are inversely proportional to the square roots of the
molecular weights.

This law was strikingly confirmed by Graham’s experiments
published in 1846, in which various gases flowed through a brass
sheet pierced with a hole.

Hydrogen, which is sixteen times as light as oxygen, passes
through such a hole four times as fast as the latter gas.

It is clear that once this law has been established it can be used
to determine unknown molecular weights by comparison with a
gas of known molecular weight.

The Breadth of Spectral Lines

We have seen how the flow of a gas through small apertures
gives the ratio between the molecular velocities, and henee enables
the results of the kinetic theory to be verified with certainty.

A further valuable verification is provided by a phenomenon—
that of the broadening of spectral lines—which gives the molecular
velocity by a method independent of any knowledge of the
pressure, and this, moreover, in absolute value and not simply in
relative measure.

It is well known that the electric spark causes a rareficd gas to
glow ; when examined by means of the spectroscope the light
emitted from Geissler tubes is resolved into fine lines cach
corresponding with a homogeneous light ; thus, for example,
such a term as “‘ the helium line ” of wave-length 5876 Angstrém
units is used.

If now a suitable spectroscope (an interferometer) be used, it is
always found that these lines have a certain breadth, showing that
they do not correspond to strictly monochromatic light. This is
what Lord Rayleigh predicted as a result of applying the
well-known principle due to Doppler.

The proof of this prediction is not possible in the laboratory
because no velocities are available which are not negligible in
comparison with the velocity of light ; Doppler’s effect depends
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v
on the ratio w i.e., the ratio of the velocity of the light source to

that of light itself. This fraction is not, however, negligible for an
atom which vibrates in the line of sight with a velocity of the
order of 200 metres per second ; it is truc that the atoms do not
vibrate only in the direction of the line of sight, but in all possible
dircctions ; those which move in a direction normal to the line of
sight do not give a Doppler effect ; the others give rise to a
broadening of the spectral lines if the spcotrosc«tpe has a sufficiently
high resolving power.

The maximum change of frequency is Y 17 : V—z, where v, is the

(]

altered frequency, v, the original frequeney, and v, the mean
frequency ; the semi-breadth of the spectral linc is, on the scale
of wave-lengths :

€

— = - 1 i 1 1

XN e ¢ = velocity of light,

Ag being the wave-length of the original monochromatic light.

v .
For example, if p be the wave-length is both increased

100,000’
and decreased by 106?006 of its value. We shall now see how
these considerations may be made use of for determining an atomic
weight by the examination of interference fringes.

It is well known that one musical sound superposed on another
may produce silence at any point where the two differ in phase by
half a wave-length ; similarly, light added to light may produce
darkness by interference.

When the light used is strictly monochromatic, an interferometer
will give interference fringes when the difference of path for the
two rays is half a wave-length or a multiple of this and, as is
well known, these fringes will be quite sharp whatever the difference
of path, whether it be 100,000 half wave-lengths or 200,000.

Fringes are obtained because at the various points on a given
plane there are superposed rays which differ in phase by a
wave-length (producing light), or by half a wave-length (producing

CASTELFRANCHI VOL. 1. 8
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darkness), or by a fraction of a wave-length (producing light of
modified intensity), and, as these conditions follow one another
in regular order, the result is a succession of alternately dark and
light fringes.

Examination of a spectral line from a Geissler tube—particularly
that emitted from the luminous capillary portion—would show
that the light was strictly monochromatic were it not for the
random vibrations which it undergoes ; actually, however, with a
spectroscope of sufficient resolving power a line is found to have
a certain finite breadth. Hence, with an interferometer, the
visibility of the interference fringes will depend on the length of
path of the interfering rays because of the superposition of the
effects due to different parts of the spectral line employed. If the
difference of path be sufficiently great it is found that the lines
finally become confused and cease to be visible.

A numerical example will show better what is meant. If the

1
locity of the vibrati 2 - i
mean velocity of the vibrating atoms be 100,000 of the velocity of

. . 2
light, the line has a breadth of 100,000 28 already stated. If two

rays, the homogeneity of which does not exceed this amount,
interfere in a given plane, the definition of the interference fringes
given by the apparatus is reduced as the path difference of the
two interfering raysis increased. Although the definition may still
be good at 10,000 or at 20,000 wave-lengths, when the difference
of path reaches 50,000 wave-lengths the fringes cease to be visible,
since, although the central radiations are in opposite phases at a
given point in the plane, and would give a dark line in the
interference pattern, the side radiations are in the same phase at this
point. In general, therefore, the limit of visibility is reached at a

c
path difference p = o’ and from that point onwards the fringes

cease to appear and the field of view has a uniform brightness.
This gives the relation between the breadth of the spectral line,

the limit of visibility of the fringes and the mean velocity of the

vibrating molecule. Since this velocity can be expressed in terms
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of the temperature, it is only necessary now to note that the mean

velocity = \/ ..M_,*
T

where M = mass of the gram-molecule
R = the gas constant
T = absolute temperature.

¢ M
Thus the limiting order of interference p = oo = (1-08 x 106)\/ =

. . € v
and since, as was explained above, — = -,
¢

0

it follows that T
€
— = (485 X 10™7 —,
=8 Wi
where e is the halt-width of the spectral line.

We have so far followed an inexact line of reasoning in that we
have assumed that the velocities of the vibrating particles are
all equal ; actually these velocities are distributed according to
Maxwell’s law ; the brcadth of the spectral line produced—and
hence the limiting order of interference visible—is affected by
this ; a more rigid analysis of the phenomenon leads to a slight
correction, viz., to the equation

M
= (1-22 x 108 \/--.
p=( ) T

Accurate experiments were made with the monatomic rare gases
of the atmosphere (helium, neon and krypton) using Geissler tubes
immersed in a bath of liquid so that the temperature T might be
known accurately, and then immersed in liquid air ; it was found
(Fabry and Buisson) that

Ordinary temperature. In liquid air.
¢ Wave-length
Atomic Welght. (Angstrom). p-observed. p-calculated. p-observed.
Helium 4 . 5,876 144,000 144,000 241,000
Neon 20 . 5,852 324,000 821,000 515,000
Krypton 83 . 5,570 600,000 597,000 950,000

* For © = \/ 8 and $MC? = RT.
Cc 8n
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The agreement betwecen the values predicted on the theory and
those found for p by experiment is perfect.

It is to be noted in passing that for a Geissler tube immersed in
liquid air, the line due to krypton gives interference fringes which
are still visible when the path difference is of the order of a million
wave-lengths, i.e., up to 53 cm.

The law connecting the limit of interference with the absolute
temperature is also verified, for it is evident that p varies inversely
as VT ; actually it is found that on going from room temperature
(T = 290) to the temperature of liquid air (T = 92) the limit of
visibility is increased approximately in the ratio 1-70.

The effect of cooling on the breadth of the spectral lines is very
striking ; when, with the tube at normal temperature, the limit
of interference has been reached, the fringes reappcar brilliantly
when the tube is immersed in liquid air.

The atomic weight of the luminous particles—if this is unknown
—may be obtained from a knowledge of the breadth of the
spectral lines ; in the case of a gas of which the molecules are
monatomic (mercury, cadmium, helium, neon, krypton), the
weight of the particles is, as in the case of the examples above,
equal to the atomic weight.

In the case of monatomic gases this result is not unexpected,
but it is found that for gases with two atoms to the molecule, and
for compounds as well, the mass of the luminous particles is not
that of the molecule, but that of the atom.

In conclusion, it may be said, then, that the study of the breadth
of spectral lines provides a beautiful confirmation of the kinetic
theory of gases. It is a marvellous thing to realise that the
breadth of a spectral line enables us to determine both the velocity
of a star relative to our world and equally the atomic weight of
the atom from which the spectral line is emitted.

Buisson, Fabry and Bourget have used the expression

p = (122 X 10‘)\/ 1,% to estimate the temperaturc of the nebule

from observations of the interference obtained from a spectral
line ; this method would give for the nebula in Orion, using the
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hydrogen line H, a temperature of about 15,000°; actually this
is an upper limit, for there are other causes which may give risc
to a broadcning of the spectral lines.

The Direct Verification of the Molecular Velocities

We have so far had two proofs of the kinetic theory, both of
them indirect proofs, but Professor Otto Stern at Frankfort in
1920 * succecded in obtaining a direct verification of molecular
velocities by means of his atomic rays.

We will give a brief description of his work ; further details will
be found in the Zeitschrift fisr Physik (loc. cit.),* where the author
has himself described the experiments.

In a very highly evacuated vessel he places a small quantity of
silver which is brought to a high temperature (over 1,000° to
vaporise it ; the melting-point of silver is 961°).

As the vacuum in the vessel is a very high one, the atoms can
travel freely without colliding, and if they escape from a very small
aperturc it can be assumed that they emerge with the velocity
which gas molccules of the same mass would have at that
temperature. These atomic rays were first thought of by
Dunoyer in 1911.

The kinetic theory shows that the mcan square of the velocity
of cmergence, C?, is given by the equation

3R

ZMC2 = ——
MC 2NT

from which it follows that

3 RT RT
= 1579 \/ —
in metres per second.

Imagine, now, a fine pencil of such atomic rays, limited by
suitable openings situated practically on the axis of a rotating
cylinder of radius /, and let v be the frequency of rotation of the
cylinder, which is evacuated ; the atomic rays which originally
struck the surface of the cylinder along a certain generating linc

* See Zeils. fiir Physik, 2, p. 49, 1920 ; 3, p. 417, 1920.
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will now trace out another line parallel to this generating line but
displaced from it by a distance s, since during the time that they
are travelling towards the wall after they have emerged from the
slit the cylinder rotates ; the angle 2y is described in the time 7

l
during which the atoms traverse the distance PO that we have :

l 12
s =2ml X 7= 2mvl X—c—:= 2mv ’

The values of I, v, and s arc known ; s is found by measuring the
displacement of the streak formed by the deposit of silver, and
hence C may be calculated. As an example, if [ is 10 cm. and the
velocity C is 500 metres per second, when the cylinder rotates at
about 50 revolutions per second, the displacement is 6 mm. This
is not too small a quantity.

At a temperature of 1,200°, the theory gives a value of 584 metres
per second for the velocity of the atoms, and Stern obtained
about 590.

We have given only a general idea of the method and the
apparatus, which are, in reality, much more complicated. Actually
the velocities of emergence of the atoms are not all the same but
vary over a wide range, so that the silver deposit obtained is not a
line but a band or streak ; thus the calculations are based on the
most probable velocity, which is the velocity corresponding to the
maximum density of the deposit; it may be shown by calculation

that this most probable velocity is C \/ g, so that the position of
maximum density of the deposit is found, and the velocity
calculated from this must be divided by \/ ; in order to obtain C;

actually, Stern found a velocity of 475 metres per second, giving
590 for C.

Born, too, has determined the free path of the atoms by an
ingenious method based on the study of the deposit formed by
these atomic rays at various distances from their origin,
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Gases under Actual Conditions.—Van der Waals’ Equation
(1880)

Gases do not rigorously obcy Boyle’s and Gay-Lussac’s law
except when they are infinitcly rarefied ; just as the molecules
of a salt are not completely dissociated except in an infinitely
dilute solution (so that the theoretical osmotic pressure is slightly
different from that found in practice), so in the case of a gas, if it
is considerably compressed, it no longer behaves as if the distances
between the molecules were large compared with their molecular
dimensions. Not only does the occupied volume, <.e., the volume
occupied by impenetrablec matter, become noticeable, but also it
must be concluded from the liquid and the gaseous states, that
the cohesive forces—weaker in the gas than in the liquid—may
now have an appreciable effect. These two considerations give
risc to a two-fold correction to the gas equation so as to make it
conform to the conditions of an * imperfect ”’ gas, i.e., an actual
gas.

We shall confine ourselves to giving a condensed outline of the
well-known equation of Van der Waals, who was professor at the
University of Amsterdam,* and who for much other work, besides
that leading to the equation which bears his name, is reckoned
among the great contemporary physicists.

It is considered that the molecules cannot actually touch and that
they behave as if contact took place between spheres associated
with them. If, then, there be conceived to exist around each
molecule a sphere of action having a radius equal to the molecular
diameter, the total volume of these spheres must be subtracted
from the total volume of the gas in order to obtain the effective
volume of the actual empty space.

When stating that the pressure varies inversely as the volume,
therefore, it is necessary to adopt, not the total apparent volume,

4
but this volume diminished by " wa3, where o is the molecular

diameter.
In the same way, if it be desired to compress into a smaller

* Died 1925.
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space a very dispersed crowd of pcople, this is achieved by reducing
the distance between the individuals and not by compressing their
bodies. The volume to be used in the cquation pV = RT must

4
therefore be V — 51703N, since there are N molecules in one

gramme-molecule (N is called Avogadro’s number). However, if
we consider that, in producing
the ecffect of pressure, the
molecules touch the wall of the
containing vessel when the
centres  of their spheres of
action are separated from the
wall by a distance equal to the
SPHERE orF radius of these spheres, we find
ACTION that a further correction is
neeessary.
Actually we think of all the
spheres of action as having a
radius cqual to the molecular
diameter ; thus the gas becomes
reduced to N spheres, and these
imaginary sphercs, when they
approach