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PREFACE

FOR more than a thousand years alchemists sought in
vain for the Philosopher’s Stone, which should trans-
mute base metals into gold and for an Elixir of Life, which
should give eternal youth. The quest was finally abandoned
as hopeless, but the transmutation of elements has been ob-
served in recent times and many ways of healing disease
and prolonging life have been found.

The vicissitudes of the search for transmutation and for
healing principles are typical of the progress of science and
have been taken as the ground work of this book.

In the first chapter, there is a superficial survey of the
various branches of science and an attempt is made to dis-
cover their common characteristics. This is followed by an
outline of modern ideas about the constitution of matter,
given as an illustration of the scientific method in dealing
with one of the most fundamental problems engaging the
attention of scientific men and as a basis for the discussion
of valence.

The consideration of the constitution of matter is chiefly
from the point of view of the physicist or physical chemist
with a mathematical background, while the chapter on va-
lence is an attempt to apply the inductive methods of or-
ganic chemistry in gaining a better knowledge of the func-
tion of electrons in chemical combination.

The chapter on the effects of radiation on chemical action
gives a general account of recent advances in a related field.

The chapter on new elements and new uses for old ones
deals with topics closely related to the constitution of mat-
ter and chapters III and VII tell of actual transmutations

of elements and methods for the healing and control of dis-
eases.
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viii PREFACE

It is hoped that the book, as a whole, may be of interest
to readers trained in other sciences than chemistry as well
as to chemists.

We wish to express our indebtedness to Dr. E. E. Slosson,
who first suggested to us that we should write, together, a
book of this general character.

We are also under obligation to a number of friends who
have read the whole or a part of the manuscript and have
made many helpful suggestions: especially to Farrington
Daniels of Wisconsin, A. H. Compton, W. E. Vaughan and
J. K. Senior of Chicago, Charles Zeleny and W. C. Rose of
Illinois, E. A. Flood of Brown, Walter Goebel of the Rocke-
feller Institute, C. W. Balke of the Fansteel Products Co.,
North Chicago, T. Wright Wilson of Pennsylvania, and
T. M. Lowry of Cambridge, England.

Roger Adams, Rosalie M. Parr, B. S. Hopkins, and S. W.
Parr have assisted us by writing about topics with which
they have a close acquaintance.

Urbana, Illinois
Providence, Rhode Island
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CHAPTER I
THE METHODS OF SCIENCE

I. DEFINITION OF SCIENCE

THERE is a tendency among some scientific men and es-
pecially among physicists and mathematicians, to claim
that only knowledge which is theresult of exact measurements
and rigid mathematical reasoning can be called scientific.
If we define science as that body of knowledge which is com-
plete and so certain that we cannot believe it will change
as new facts are discovered, such an attitude may be philo-
sophically justified.

An examination of the historical development of any
branch of science will convince an unprejudiced student that
advances have not been made exclusively nor even chiefly by
means of exact measurements and mathematical reasoning.

€t the foundation of all science is the assumption that
we are part of an orderly universe and that the phenomena
which we observe constantly repeat themselves in the same
pnanner when the conditions are the same. Without this as-
sumption, any attempt to acquire a knowledge of our sur-
roundings would be hopeless. But even this simple assump-
tion cannot be completely demonstrated and some people
question it. No one has been able to cite a case in the realm
of material things where the assumption is not justified. The
phenomena of living organisms, and especially those of the
higher forms, are so complex that it is impossible to make
this assumption about them with the same degree of cer-
tainty. There is a strong presumption, however, that the
phenomena of life and of psychology follow orderly se-
quences closely related to and intimately associated with
the phenomena of material things.

3



4 MODERN ALCHEMY

Professor G. N. Lewis has recently pointed out, however,
that in accordance with the principles of relativity and
mathematically considered, we should speak of time as
“two-way’’ rather than as unidirectional. He also says that
from this point of view we have the same right to say that
an event is caused by events in the future as that it is
caused by events in the past. This does not change, in the
slightest, the fundamental assumption of science, that we
live in a universe whose parts are consistently interrelated
and dependable.

II. CosmocoNy

The first hypothesis about the world seems to have been
that of a flat earth with a firmament above that “divided
the waters which were under the firmament from the waters
which were above the firmament.” The sun, which seemed
to pass over the heavens, was supposed to make its way
back to the East around the outer circle of the flat earth.
There is no evidence that any writer of the Hebrew or
Christian Seriptures got beyond these primitive ideas.

In the second century of our era, the Ptolemaic hypothe-
sis was developed. This was based on the idea of a spherical
earth with the sun, moon and planets revolving in orbits of
which the earth was the center. By this means and a system
of “epicycles,” it was possible to predict eclipses and other
astronomical events with considerable precision.

In the sixteenth century, Copernicus gave the world his
hypothesis of a solar system with the earth turning on its
axis and revolving about the sun. With the principles of
inertia and gravitation, Newton developed the hypothesis
further and astronomical observations have made it pos-
sible to predict occurrences in the system with a marvelous
degree of accuracy. Recently, the Michelson-Morley experi-
ment, demonstrating that the apparent velocity of light is
independent of the direction in which the observer and the
earth on which he is working, move, has led Einstein to de-
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velop new principles which have caused a slight modifica-
tion of Newton’s hypothesis. Very eareful observations have
given results which agree with Einstein’s theory of rela-
tivity.

As we look back over this rough and superficial outline of
the development of our knowledge of the relation of the
earth to the other bodies of the celestial universe, it is evi-
dent that even the first, erude hypothesis of a flat earth and
a firmament above, corresponded in some degree to the uni-
verse which better hypotheses and more accurate observa-
tions have revealed to us. The first ideas were not entirely
false and we can have no certainty that the latest arc en-
tirely true. There can be no reasonable doubt, however,
that these latest ideas correspond more closely to the reali-
ties about which we are endeavoring to gain a knowledge.

The hypotheses about cosmogony and the formation of
the earth, found in Genesis, were not original with the He-
brews but were borrowed from the writings of earlier and
more cultured peoples. No attempt was made at the time nor
for several milleniums afterwards, to compare these hy-
potheses with the history of the earth found in the rocks.
The hypothesis of a flat earth and a firmament above was
founded on direct, though very superficial observations.
The hypothesis of the formation of the earth by a creative
fiat was so speculative and so totally unrelated to any facts
known by its authors that it has been of no appreciable
value in discovering the occurrences which took place dur-
ing the geologic ages.

The nebular hypothesis of Hershel and Laplace was the
first scientific hypothesis about the possible origin of the
earth. It was suggested, in part, by the rings of Saturn, but
its foundation on observation was very slender and so
many facts inconsistent with the hypothesis have been dis-
covered that it no longer deserves serious consideration.

In comparatively recent years, Chamberlin, Moulton and
others have developed a quite different hypothesis to ac-
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count for the origin of the solar system. They suppose that
many hundreds of millions of years ago a large heavenly
body came near enough to the sun to cause large masses to
splash out and to be drawn away from the sun by the attrac-
tion of the other body. These masses were given sufficient
velocity at an angle with the direction of the sun’s motion
to cause the materials to assume elliptical orbits about the
sun. According to this “planetesimal hypothesis” the nu-
cleus of the earth at first formed was comparatively small
and it has received accretions, at first rapidly and then more
slowly, until it finally acquired its present form and dimen-
sions. This hypothesis has been worked out with very great
care, taking into aceount facts and mathematical reasoning
of the greatest variety and it rests on a very different basis
from that of the nebular hypothesis. It is now favorably re-
ceived by those who are most competent in this field.

Instead of a world which seemed large and all-important
to the ancients, we now know that the earth is a mere speck
in a universe reaching out millions of light years on every
side. Our solar system is so isolated from other large bodies,
however, that it has been speeding on at the rate of 12
miles a second, in relation to our galaxy, for several hundred
million years since it came close to any body large enough
seriously to affect its constitution.

Both the spectroscope, and the composition of meteors
which fall from the sky, have demonstrated that through-
out the vast universe all material substances are composed
of the same chemical elements.

II1. GroroGy

The period which has passed since the oldest sedimentary
rocks were deposited beneath an ancient ocean is measured
by the thickness of the strata, by the erosion through these
strata of such rivers as the Colorado, and by the age of
radioactive minerals. Even a layman who has seen the
Colorado Canyon, can get some idea of the ages required to
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deposit the materials forming the strata there exposed to
view and then for the river to cut down and form a valley
one mile in perpendicular depth.

It was formerly supposed that the interior of the earth
is in a molten condition, but the experiments of Michelson
and the calculations of Moulton have shown that, whatever
may be the temperature of the interior, it is in a condition
twice as rigid as steel. On the island of Hawaii there are
two volcanic craters filled with molten lava at a difference
of level of some thousands of feet. It is impossible that these
two bodies of liquid are directly connected and it is highly
improbable that the liquid lava of any volcano is anything
else than a local phenomenon of very limited extent.

A determination of the density of the earth and also the
rate of transmission of waves from earthquakes has demon-
strated that the central portion is different in composition
from the surface and probably consists largely of iron. The
composition of meteorites gives some support for this opin-
ion.

Determinations of the force of gravity by means of pend-
ulum experiments and elaborate calculations made at the
Coast and Geodetic Survey, in Washington, have very fully
established the theory of isostacy. The crust of the earth
is in a state of nearly stable equilibrium with high moun-
tains above materials of low density and deep oceans above
portions of the earth heavier than the average. The slow
'wearing down of the mountains by the action of the ele-
ments must disturb this equilibrium, however, and may
have been an important factor in the tilting of strata and
other cataclysmic phenomena for which there is abundant
evidence.

Lord Kelvin’s estimate of forty million years as the time
required for the earth to cool from a molten condition to
its present state, was completely discredited by the dis-
covery of the wide dissemination of radioactive minerals,
which continually evolve heat by their disintegration. The
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much longer period claimed by geologists on the basis of
the records in the rocks is more probable.

It seems evident that if we excluded from geology every-
thing not fully and accurately known, there would be prac-
tically no science left. The most important part of geology
is not an account of the facts which have been observed,
but the interpretation and correlation of those facts into a
systematic body of knowledge.

IV. Prysics

The assumptions that there are two kinds of force which
exert an attraction between bodies, gravitational and clec-
trical, and also an electrical force exerting a repulsion, are
among the most common concepts of physics. Galileo seems
to have been the first to grasp fairly clear ideas about the
relation between force and motion. The idea that a force
acting continuously on a body will produce a continually
accclerated motion must have been at the basis of his ques-
tion of the view of Aristotle that a heavy body will fall
faster than a light one. When he dropped a heavy and a light
ball from the top of the leaning tower of Pisa and found that
they came to the ground together, he struck a blow at au-
thority from which it has never recovered. And when he
demonstrated the laws of accelerated motion by using in-
clined planes, he illustrated the fact that ideas or hypotheses
almost invariably precede useful experiments.

The proposals of the corpuscular theory of light by New-
ton and of the undulatory theory by Huyghens, occurred
about two hundred and fifty years ago. The discoveries of
the phenomena of interference, of light pressure, of the inde-
pendence of the apparent velocity of light of the direction
in which the observer is moving through space, and the
wave motion of electrons as shown by interference phe-
nomena have given some physicists the conviction that
both theories give some approximation to realities not yet
fully understood. The subject is in such a state of develop-
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ment that it would be presumptuous for an outsider to ex-
press an opinion. The hypothesis of an ether seems to be
rather definitely avoided. The rapid changes in this branch
of physics seem to be a chief reason why many physicists
question the possibility of gaining a knowledge of things
which cannot be directly observed or measured.

The relations between the elastic properties of air under
adiabatic expansion and contraction, the velocity of sound
waves through the air, and the standing waves shown by
lycopodium powder compared with the number of vibra-
tions per second as shown by the counter of a siren, are
accepted as a very complete demonstration that sound is
propagated by a to and fro motion of particles of air in the
direction in which the sound travels. No one has seen the
particles of air move and it might be of interest for the sci-
entific purist to inquire how much of his mental picture of
sound waves is hypothesis and how much is actually ob-
served fact.

Electrical phenomena of a simple kind were known to the
ancients but they had no suspicion of the nature of light-
ning, and it is barely two centuries since it was discovered
that some substances conduct electricity and others do not.
A very few years later vitreous and resinous electricity were
distinguished. About 1750, Franklin suggested that a body
charged with vitreous electricity contained an excess, and
one charged with resinous electricity a deficiency of the
“electrical fluid.” As the electrical charges with which he
experimented were due to an excess or deficiency of elec-
trons, his nomenclature was fully justified. Unfortunately,
he made a bad guess as to which of the bodies contained an
excess of the “electrical fluid.” For this reason the language
of books on physics and electrical engineering seems des-
tined to be permanently confused.

Physicists had to wait till the very close of the nineteenth
century for the discovery of the electron, an atom of nega-
tive electricity, and the determination of its electrical mass
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in comparison with the electrical mass of a hydrogen atom.
It was still later when the proton, the nucleus of a hydrogen
atom, was recognized as an atom of positive electricity.

Without any satisfactory hypothesis about the nature of
electricity, it was possible to define such terms as ‘“‘poten-
tial,” “current” and ‘‘resistance” in such a manner that
they coul(} be treated mathematically and a satisfactory
system of quantitative measurements and of so-called “ab-
solute” units built up. When it was discovered that the
ratio between the units developed from electrostatic and
those derived from electromagnetic attraction is the veloc-
ity of light, there could be no doubt about the intimate con-
nection between electricity and light. Some years later, long
electrical waves were discovered by Hertz and wircless teleg-
raphy was developed. It is now generally accepted that the
long waves of the radio, the long heat waves which bring a
large part of the heat coming from the sun, the short waves
that affect the retina, the very short x-rays, supposed to
originate in the electrons close to the nucleus of every atom
and the penetrating or ‘“‘cosmic’’ rays discovered by Kol-
horster, and supposed by Millikan to be generated when
protons and electrons combine to form helium and other
atoms, are all varieties of the same class of phenomena.

The fact that the science of electricity was developed for
a long period with no satisfactory fundamental hypothesis
may be one reason why some physicists are inclined to the
view that we can gain no real knowledge about things which
cannot be seen or measured. But the literature of physics
for the last thirty years is full of hypotheses about electrons
and the function they perform in the formation of spectral
lines and in other phenomena. It was sixty years after Dal-
ton proposed his hypothesis before chemists agreed on prin-
ciples which enabled them to prepare a satisfactory table
of atomic weights, and one hundred years before Ostwald
admitted that the evidence for the existence of atoms can
no longer be reasonably questioned. While we can never ex-
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pect to observe either atoms or electrons directly, effects
believed to be due to the action of single atoms and single
electrons have been seen and few persons familiar with these
facts doubt that electrons and atoms are real. We may rea-
sonably hope that during the next forty or fifty years our
knowledge of electrons will develop somewhat as the knowl-
edge of atoms has developed during the last century and a
quarter.

V. CHEMISTRY

The term element was first used of earth, air, fire and
water, not one of which is an element in the modern sense.
Associated with these elements were four properties, cold,
dry, hot and moist. Each element had two of these proper-
ties and each property was common to two elements.

Earth
Cold Dry
Water Fire
Moist Hot
Air

These elements still persisted in the literature of alchemy
and chemistry till near the close of the eighteenth century.

For more than a thousand years men followed the idea
that it was possible to discover a Philosopher’s Stone which
would transmute baser metals into silver and gold. Even
Francis Bacon, at the time of Shakespeare, considered such
a transmutation possible. Slowly, after centuries of futile
search, men were convinced that the quest was useless. The
demonstration that an idea is false is often an important but
difficult step in the advance of science. The idea of trans-
mutation was false for that time, although it has now been
shown that transmutations occur.

The work of the alchemists was not useless, though it
failed of its goal. During centuries of experimentation some
useful knowledge was gained and the habit of experimenta-
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tion was established and developed to a far higher degree
than in any other branch of science.

The first important generalization in chemistry was the
theory of phlogiston. This is often spoken of as false and
at the time of Lavoisier it was completely abandoned. If
we put “energy’”’ in place of the word “‘phlogiston,” how-
ever, we shall find that the theory was partly true.

The idea that matter is discontinuous came from the
Greeks. It was held by Newton and others, as a philosophi-
cal speculation, with very little reference to facts in its sup-
port. Dalton got the idea from Newton and, very carly in
the nineteenth century, he added the idea that chemical
action takes place, not between masses of substances, but
between the atoms of which they are composed, that these
atoms have definite weights and that the gravimetric com-
position of compounds furnishes a means of discovering the
relative weights of the atoms.

There is, perhaps, no better illustration of the value of a
hypothesis in gaining a knowledge of things which are be-
yond the realm of direct observation and experiment. Ten
years before Dalton proposed the hypothesis that the smal-
lest particles of chemical elements have definite weights,
Richter in Germany determined with considerable accuracy
the quantities of eight bases which combine with 1000 parts
of sulfuric acid and the quantities of seven other acids which
combine with these amounts of the bases. The relations are
given in the following table:

Acids Bases
Hydrofluorie 427 Alumina 525
Carbonic 577 Magnesia 615
Muriatic 712 Ammonia 672
Oxalic 755 Time 793
Phosphoric 979 Soda 859
Sulfurie 1000 Strontia 1329
Nitric 1405 Potash 1605
Acetic 1480 Baryta 2222

If the quantity of any base which combines with 1000
parts of sulfuric acid is determined, the table gives at once
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the quantity of each of the other acids which combines with
this quantity of that base. Richter had in his hands a far
more accurate demonstration of the law of combining
weights than Dalton ever had. Because Dalton grasped the
idea of atoms of definite weights as the cause of the phe-
nomena he observed, while Richter did not think of this ex-
planation, Dalton’s idea has been the most fundamental
guiding prineiple in the development of chemistry and phys-
ies ever since, while Richter’s work has been almost com-
pletely forgotten.

Dalton failed to find any means by which he could dis-
tinguish between combining weights and true atomie
weights and he made a number of bad guesses about the
[atter. For fifty years chemists failed to come to any satis-
factory agreement in choosing atomic weights and many of
them said that it was impossible to scleet true weights and
that the combining weights were all that was neccessary for
the development of chemistry. Such an attitude is closely
parallel with the attitude of those physicists who say that
we need not concern ourselves about the orbits of electrons
because we have no observational method of learning about
them.

Avogadro proposcd his hypothesis that equal volumes of
gases, under the same conditions, contain equal numbers of
molecules, very soon after Dalton proposed the atomic hy-
pothesis, but it was fifty years later when Cannizzaro pre-
sented the matter in such a convincing manner before a
meeting of chemists in Germany that the chemists of the
world accepted the hypothesis as a basis for the selection of
atomic weights. The atomic weights selected are now so
reinforced by the law of Dulong and Petit, the isomorphism
of related compounds, the Periodic System of Mendeléef,
the atomic numbers of Mosely and the atomic weights of
isotopes determined by Thomson and Aston, that it is dif-
ficult for one familiar with these relations to doubt that we
know the relative weights of atoms which no one has ever
seen.
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The theory of valence of Frankland and the theory of
chains of atoms of Couper and Kekulé, combined with the
earlier theories of radicals and substitution, have given a
knowledge of the sequence in which atoms are attached to
each other in 250,000 compounds of carbon.

By means of more recent hypotheses about the structure
of atoms and the function of electrons in chemical combina-
tion, chemists and physicists are slowly feeling their way
into other realms of the unseen. We can hardly believe that
the methods which have been so successful in the investiga-
tion of molecular structures will fail in the new fields so
recently entered.

In the middle of the nineteenth century, Bunsen the
chemist, and Kirchhoff the physicist, established the rela-
tion between the dark, Fraunhofer lines of the solar spec-
trum and the bright lines produced when compounds of
sodium or of other elements are excited in the Bunsen flame
or by an electric spark. Kirchhoff demonstrated that an
incandescent vapor absorbs light of the same wave-length
which it emits. Assuming, therefore, that there is sodium
vapor in the photosphere of the sun, that portion of the
white light coming from below, which has the same period
of vibration as the sodium atom, will be taken up by the
vibrating atoms and the light which has been robbed of
these vibrations will show dark lines in the spectroscope.
This gave, at once, a means for determining the chemical
constitution of the sun and stars and has immensely ex-
tended our knowledge of the universe in which we live.

VI. ELECTRONS AND QUANTA

After the discovery of electrons and of the disintegration
of radioactive atoms, after the proposal of Planck’s hypoth-
esis that energy of radiation is given out and absorbed in
quanta, and after Rutherford had demonstrated that the
mass of an atom is mostly concentrated in a very small
nucleus having a positive charge, Bohr developed his hy-
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pothesis that atoms consist of such nuclei surrounded by
rotating electrons. He supposed that the speed of the rota-
tion of an electron is dependent on its distance from the
nucleus and the magnitude of the positive charge, very
much as the speed of the rotation of the earth in its orbit
is less than the speed of rotation of Venus because the earth
is farther from the sun. Bohr made the further supposition
that when one of these rotating electrons receives a quan-
tum of radiation of the right period it may be lifted from its
orbit to one further from the center. Such an electron may
then fall back to its original orbit and give out a quantum
of radiation of the same period as that absorbed.

By this hypothesis, Bohr furnished a more definite mean-
ing for the vibrations which had long been accepted as the
cause of the spectral lines. Since the proposal of the theory,
new properties of electrons have been discovered and con-
siderable modifications of the theory are in progress, but its
success has been so great that we have good reason for
thinking that it is a first, and very useful, approximation to
the reality.

Some of the hypotheses about the relation between elec-
trons and chemical combination will be presented in a later
chapter. Enough has been said to make it clear that the
ideas which have guided chemistry to its greatest successes
were not dependent, primarily, especially in their inception,
upon direct observation and mathematical reasoning but
that they have been developed, and, as we think, brought to
a closer approach to reality by a “cut and try’”’ method.

VII. Lire

The origin of life is shrouded in even greater mystery
than the origin of the earth. If the earth was once in a mol-
ten condition, as seems almost certain, life must have orig-
inated on it at some time, but it has been impossible to
discover any conditions which will produce new life. No
suggestion as to how life may have begun has gone beyond



16 MODERN ALCHEMY

the stage of mere speculation. Seventy years ago Pasteur
undertook a careful investigation of spontaneous genera-
tion. At the close of his studies he gave an address at the
Sorbonne in which he said:

Consequently, gentlemen, I can say to you as I show you this
liquid: I have taken from the immensity of creation a drop of
water and have filled it with a fecund jelly, that is to say, in the
language of science, full of the elements appropriate for the de-
velopment of the lowest forms of life. I wait, I observe and I ques-
tion it and demand of it that it shall recommence for me the
primitive creation; that would have been such a beautiful spec-
tacle! But it was dumb. It has been dumb for many years since
these experiments were begun. Ah! How far was I then, how far
am I still from the single thing which it has not been given men
to produce—the germs which float in the air; how far from life,
for life is the germ and germs are life. Spontaneous generation
will never recover from the mortal wound which this simple ex-
periment has given it.

This conclusion of Pasteur still holds. However, any
chemist who remembers that thirty years ago all chemists
would have agreed that a transmutation of the elements
was impossible and recalls the discoveries of transmutations
made since then, will be very modest in claiming that the
conditions for spontaneous generation will never be dis-
covered. All we are justified in saying is that the origin of
life is, as yet, an unsolved mystery.

That living, organized matter is different from dead mat-
ter, cannot well be denied. The two most important char-
acteristics of life seem to be the power of reproduction and
the coordinating power by means of which the higher or-
ganisms, especially, conduct themselves as units, both in
their physical development and in their psychological con-
duct. While the physical and chemical relations in living
bodies are, so far as can be learned, exactly the same as in
non-living matter, the two characteristics mentioned con-
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stitute a line of demarcation which dead matter has never
been known to pass.

The relations between living and dead matter are, how-
ever, much closer than the last statement may seem to in-
dicate. The paleontological record furnishes conclusive evi-
dence that living beings have progressed from lower to
higher forms during long ages. Until the middle of the nine-
teenth century, it was generally believed that new forms
appeared by special creation. After many years of study,
Darwin became convinced that the various, so-called
species, are genetically related and that the changes found
in the paleontological record are due to the slow accumula-
tion of slight differences. He thought that a process of
“natural selection” caused forms not suited to their en-
vironment to perish in the struggle for existence.

The principle of natural selection is still considered an
important factor in evolution but much importance is now
attached to “mutations” which occur for reasons little
understood. All biologists of standing now accept the hy-
pothesis that the higher forms of life, including the human
race, are genetically related to lower forms. Just as the
atomic theory has been of constantly increasing importance
to all branches of the physical sciences and to biology, the
theory of evolution has caused a complete revolution in
the attitude of men toward all branches of historical, social
and political science as well as toward biology. Instead of a
golden age behind us and a fall from a high estate, we are
now justified in looking for the golden age in the future.

VIII. HereDITY

Not long after the publication of Darwin’s Origin of
Species, an Austrian monk, named Mendel, discovered that
in sexual reproduction, whether animal or vegetable, there
are two sets of unit factors, called genes, one derived from
the ovum and the other from the sperm cell. In the matura-
tion of the sperm and of the ovum one-half of these unit
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factors are eliminated, partly from the ovum and partly
from the sperm, in accordance with laws of inheritance
which are now well defined. Two classes of such genes are
recognized, ‘“‘dominant” and “recessive.” Thus in guinea
pigs (not in man) black is a dominant gene and white is
recessive. Following the Mendelian laws, if a pure black
guinea pig is mated with a pure white, all the offspring will
be black. But if these black hybrids are interbred, they will
produce, on the average, three black pigs and one white. If
whites of the second generation are interbred or are bred
with a pure white, there will be only white offspring. One
of the black pigs of the second generation, if bred with a
pure white, will produce only blacks. But if the other two
black pigs of the second generation are crossed with pure
whites, half of the offspring will be white and half black.
The details have been carried much further and the average
number of individuals showing dominant and recessive
characters can be predicted. It is evident from Mendel’s
laws that certain genes are represented in the reproductive
cells which are not apparent in the parent and which may
or may not appear in the offspring and that while it is im-
possible to predict what will happen for some given indi-
vidual of the next generation, the statistical averages may
be accurately predicted.

More recently, a very satisfactory explanation of Men-
del’s laws has been found in the conduct of the chromosomes
in the formation of the male and female germ cells and in
the union of these cells to form a new individual. These
studies have thrown a flood of light on the mechanism by
which hereditary characters are transmitted from one gen-
eration to the next. They explain the diversity of offspring
from the same two parents and have laid a foundation for
the beginning of a scientific study of eugenics.

By a careful study of many generations of some of the
lower organisms, it has been possible to show, with a good
degree of probability, that certain genes reside together
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within a single chromosome. Furthermore, in some cases
individual chromosomes have distinctive characteristics
which may be related to definite gene groups. There is evi-
dence, also, that the genes within a chromosome are ar-
ranged in a definite, linear order. There is some resemblance
between such evidence and the evidence by means of which
chemists determine the structure of organic compounds.
The phenomena of life are so complex, however, and these
new methods of study are so recent, that the conclusions
must be accepted with some reserve. These studies furnish
an excellent illustration of the scientific method. Some one
got the idea that, when two characteristics are frequently
associated in offspring, the chromosomes carrying these
characteristics are probably located close together in the
germ cells. This idea has led to long-continued experiments
and the results have rendered very probable the truth of an
idea which it has not been possible to test by direct obser-
vation of the chromosomes.

IX. Tae Human RacE

The discovery of the true history of the human race is an
important branch of science. The earliest history is recorded
only by a few skeletons, stone implements and weapons and
a few pictures by early artists.

Four periods, during which large ice caps were formed
covering northern Europe and America, have left very defi-
nite records. Probably between the second and third, and
quite certainly between the third and fourth of these glacial
periods, animals appeared in Europe whose skeletons show
many of the characteristics of the human race and who
fashioned crude stone implements. Whether this Neander-
thal race was genetically connected with the human race of
today is uncertain, but the general opinion of anthropolo-
gists seems to be that the Europeans of today are descended
from another race, which probably came from the east. It
will be necessary to wait for further accumulation of evi-
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dence and better interpretation of the evidence now in
hand, before settled conclusions can be reached. There is no
reasonable doubt that animals closely resembling man have
lived on earth for tens of thousands and very possibly for a
hundred thousand years, or more. The character of the
stone implements left by the men of prehistoric times shows
that children copied the methods of their fathers with little
change during thousands of years. There was, however, a
slow advance.
X. History

From the beginning of written records, perhaps six or
eight thousand years ago, progress has been immensely
more rapid. It is evident that from that time onward the
interaction of men and women on each other has been far
more important than any changes in physical heredity. The
advances have been intellectual rather than physical.

It is entirely possible and quite as necessary to apply the
scientific method to the study of the race during the period
of written history as during the stone age. The same meth-
ods used in biology, must be employed in selecting the facts
pertinent to the purpose for which the history is written
and in sifting records which are untrustworthy, incomplete
or prejudiced. When written properly, history may as
truly be called scientific as biology or any other branch of
science.

XI. PsycHOLOGY

The study of the human mind is even more complex and
difficult than that of living bodies, though, in some sense,
it is to be considered a branch of biology. Physically, the
most important characteristic of man is the large cerebrum,
which requires many years of training, for its development
to full functional activity. If the training is of such a sort
as to produce in the individual, what is called an “open
mind,” the response of the mind to an ever-changing en-
vironment continues throughout normal, healthful life.
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The earliest method of studying the mind was by in-
trospection, and this method led Aristotle to a very clear
statement of the laws of memory. In comparatively recent
times, introspection has been supplemented by a great
variety of laboratory methods, which it is not necessary
to recount. Quite recently a school of psychologists has
grown up which claims to discard introspection and to rely
wholly on the observation of the behavior of animals and
men. Much new information of scientific value is being
gained by this method but when we consider all the com-
plicated characteristics of a well-trained brain it seems im-
possible to form an adequate picture of its conduct by ob-
serving the actions of other people without interpreting
those actions, in part, by what goes on in our own brains.

It does not seem necessary for our purpose to discuss the
application of the scientific method in sociology and polit-
ical science. In spite of the complexity of the relations in-
volved, a beginning of genuine scientific work has been
made in these fields.

The function of philosophy is to integrate all branches of
science and form from them a closely interrelated whole.

XII. SuMMARY

We may summarize the function and the methods of
science somewhat as follows:

It is the function of science to secure as complete a knowl-
edge as possible of the universe in which we live and of
which we are a part. It is impossible to draw any sharp line
between portions of human knowledge to which the meth-
ods of science have been applied and other portions of
knowledge which are, at present, beyond its scope.

We acquire our primary knowledge of the universe by
observation, experiment and the testimony of others.

Long experience has given to scientific men the convie+
tion that there is an orderly sequence of events throughout
the universe, such that the same conditions are followed by!
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the same results. While this is a philosophical conclusion
which, from its nature, can never be completely demon-
strated, no exceptions have been established and it is
tacitly assumed in all branches of science. A possible modi-
fication of the principle will be discussed further on.

Many portions of the universe about us are beyond the
possibility of direct observation. We assume that the same
orderly sequence holds for things which are unobservable
and that we could understand the conduct of such things
if we could sce them.

To aid us in gaining a knowledge of things which cannot
be obscrved directly, hypotheses are proposed. These are,
of course, based on observation and experiment.

When no means is found for submitting the logical con-
clusions from such an hypothesis to further observation or
experiment, the hypothesis remains dormant and almost
wholly sterile, as was the case with the idea of atoms before
the time of Dalton. When Dalton wrote, in 1808:

In all chemical investigations, it has justly been considered an
important object to ascertain the relative weights of the simples
which constitute a compound. But unfortunately the enquiry has
terminated here; whereas from the relative weights in the mass,
the relative weights of the ultimate particles or atoms of the bod-
ies might have been inferred, from which their number and weight
in various other compounds would appear, in order to assist and
to guide future investigations and to correct their results.

he added an idea from which it was possible to draw logical
conclusions and from that time on it was possible to submit
these conclusions to the test of agreement with experi-
mental facts. At this stage it might well have been said of
the atomic hypothesis, as J. J. Thomson once said of the
theory of electrons:

The theory is not an ultimate one; its object is physical rather
than metaphysical. From the point of view of the physicist a
theory of matter is a policy rather than a creed. Its object is to
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connect or coordinate apparently diverse phenomena, and above
all to suggest, stimulate and direct experiment. It ought to fur-
nish a compass which, if followed, will lead the explorer further
and further into unexplored regions. Whether these regions will
be barren or fertile, experience alone will decide; but, at any rate,
one who is guided in this way will travel onward in a definite di-
rection and will not- wander aimlessly to and fro.

When an hypothesis has been used in this manner for
some time, several things may happen:

New facts may be discovered which cannot be satisfac-
torily cxplained by the hypothesis, or a better explanation
of the facts may be found. Facts inconsistent with the hy-
pothesis of phlogiston were slowly accumulated, and when
Priestly discovered oxygen and Lavoisier explained its func-
tion in oxidation and combustion, the hypothesis was aban-
doned. The Copernican theory gives an explanation of the
apparent motions of the sun, moon and planets, so much
simpler and better than that of the Ptolemaic system that
the latter was superseded. Truth is an agreement between
our ideas and the realities about us and within us. Remem-
bering this definition, we are prepared to see that the theory
of phlogiston and the Ptolemaic hypothesis were not en-
tirely false, that our knowledge of combustion is still very
incomplete and that the Copernican system may not be en-
tirely true.

Instead of the discovery of facts inconsistent with an hy-
pothesis, new facts may be discovered which support it, and
the hypothesis may be developed with a large amount of de-
tail never suspected by its author. This is true of the atomic
theory. The hypothesis has proved so successful that most
chemists, at least, are convinced that many of our ideas
about atoms are in close agreement with realities beyond
the realm of direct observation. The evidence for the reality
of atoms is certainly far better than much of the evidence
on which we base our daily conduct. Our whole economic
system is based on confidence in relations which are usually
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trustworthy but which cannot be demonstrated as abso-
lutely true.

Because of facts which seem to be inconsistent with an
hypothesis, it may lie dormant or be abandoned for a time
and later be revived and brought into general acceptance.
Avogadro’s law seemed to be inconsistent with the densities
of phosphorus pentachloride and ammonium chloride. The
demonstration of the dissociation of these compounds gave
a satisfactory explanation of the difficulty and the develop-
ment of the kinetic theory of gases and the use of van der
Waal’s constants have shown that when account is taken
of the attraction between molecules near together, the law
is of the same high degree of accuracy as Dalton’s law of
combining weights and Faraday’s law of the relation be-
tween the amount of an electrolyte decomposed and the
quantity of electricity passed through a solution.

Prout’s hypothesis that atoms are formed by the con-
densation of hydrogen atoms was abandoned when it was
demonstrated that many of the atomic weights are not ex-
act multiples of the atomic weight of hydrogen. The dis-
covery of isotopes has led to a revival of the hypothesis and
to its general acceptance. Even the departure of the ratio
between the atomic weights of hydrogen and oxygen from a
whole number is now explained by the interconvertibility
of mass and energy which has been demonstrated for elec-
trons and is assumed for protons, the nuclei of hydrogen
atoms.

Nearly all current scientific ideas are a combination of
one or more hypotheses with observations and logical rea-
soning. As has been pointed out, the postulate that we live
in a universe of orderly sequences is an hypothesis and it
would be difficult to find any scientific idea which does not
rest on that postulate. Some hypotheses, such as the atomic
theory or the theory of evolution, have become very com-
plex, including many diverse elements. Some of these ele-
ments are so well established that we have a right to hold
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them with a very firm conviction. Even such theories, how-
ever, should not be held on the basis of authority, or the
general agreement of those best qualified to understand the
subject, but on the basis of a clear understanding of the
relation of the theory to well-established observations and
experiments. In all cases, the distinction between hypothe-
ses and observed facts should be as sharply defined as pos-
sible, though it sometimes happens that a new hypothesis
helps in the discovery of errors of observation.

Some of the most valuable laws of science are statistical
in character. If we examine a thousand descendants from a
pair consisting of one white and one black guinea pig, we can
predict with considerable accuracy how many whites and
how many blacks there will be among them, but it is impos-
sible to predict whether the offspring of a particular pair
will be white or black. The second law of thermodynamics
depends on the observed fact that two bodies having a dif-
ferent temperature will, if in the neighborhood of each
other, exchange their heat energies until they are of the
same temperature. But if we imagine an invisible plane in a
body of gas of a uniform temperature, no one would claim
that the numbers and velocities of the molecules passing
that plane in opposite directions at a given instant are ab-
solutely identical. If they are not, for that instant, one part
of the gas grows warmer and the other grows colder, con-
trary to the second law of thermodynamics. Still less is it
possible to predict the course and velocity of a single mole-
cule of a gas.

There seems to be some analogy between the uncertain-
ties of heredity and of the path of a molecule of gas and the
uncertainty of the conduct of a human being. Recently, on
the basis of this analogy, an attempt has been made to
escape from the doctrine that in a world of orderly se-
quences the conduct of an individual is predetermined by
his heredity and environment. It is impossible to foresee
whether Heisenberg’s “principle of uncertainty’’ or some
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other method will give a solution of the age-old problem of
predetermination and free-will. We may be sure, however,
that most of us will continue to hold the practical, common-
sense doctrine that we are responsible for our conduct and
that by deliberate choice we may influence our associates
for good orill.

The perspective gained by a study of the methods by
which scientific knowledge has grown in the past should
help us to avoid two extremes which are still rather current
in the world: the attitude that science has gained such a
complete knowledge of the underlying principles of the uni-
verse that the fundamental, rather materialistic ideas of the
past will be the exclusive characteristic of the science of the
future; or that, because our knowledge of the universe about
us and within us is imperfect and must always remain so,
we have not attained to any real knowledge of the character
of that universe by the method of hypotheses, observation
and experiment, and that we should return to the vagaries
of mystical sources, such as revelation, innate ideas, Chris-
tian Science, theosophy and the like for the exclusive basis
of our knowledge.
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ATOMIC STRUCTURE

I. INTRODUCTION

PHILOSOPHICAL speculation concerning the structure of
matter and the naturcof material objects dates at least as
far back as several centuries before Christ. Interest in these
very general problems has waxed and waned periodically
throughout the ages, but definite progress was not possible
until the advent of exact scientific experimentation.({The
discovery of empirical laws governing the behavior of mat-
ter naturally led to attempts to fit these laws into a com-
plete system based on a comprehensive theory of the struc-
ture of matter, Theories were at first designed to cover the
easily observable phenomena such as the expansion of gases,
freezing of liquids, and transfer of heat from hot bodies to
cold ones, but during the past thirty or forty years a wide
variety of so-called ‘‘subatomic phenomena’ has been dis-
covered which must be explicable by any general thed‘Dg
The theories have, therefore, become more detailed an
have been extended in some cases by the introduction of
new postulates and in other cases by the rejection of useless
and untenable parts with the substitution of new ones.

In the fourth decade of the twentieth century one scarcely
feels called upon to justify scientific research, no matter how'
remote it may seem from anything apparently ‘‘practical.”
This is partly because it is becoming generally recognized
that practical results are frequently just around the corner,
even though hidden as yet from view, and partly because of
a fundamental change in the attitudes of more and more
people toward “knowledge.” Even though the comforts of
life are not increased even indirectly by some types of re-

28
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search, it is recognized that an increase in our knowledge of
the universe is a worthy object in itself.

It is true that research upon the structure and behavior
of matter has led to ‘“practical’”’ results, and that periodi-
cally excitement has been aroused by the possibility of uti-
lizing atomic energy, but more and more we are coming to
realize the importance of the purely philosophical aspects
of the problem. It is unfortunate, but secmingly unavoid-
able, that philosophical speculations cannot be confined to
persons of real intelligence capable of utilizing at least the
simplest of logic. Ideas on the structure of matter have been
beset by many of the ills which beset ideas in theology, eth-
ics, and social science. One could, if necessary, pursue this
train of thought much further and find that the scientific
world contains its own type of fundamentalist, its own cru-
saders, and its own gods whose authority is not questioned
as often as it should be.

At the risk of opening ourselves to the types of criticism
which we have just been levelling at others, let us pause for
a few moments to consider some of the philosophical aspects
of the problem we are about to discuss.

The publication of Darwin’s Origin of Species probably
marks the beginning of a revolution in the attitude of the
average intelligent person of a civilized community toward
the possibility of improvement. It is recognized that condi-
tions may change or be changed and that improvement may
result from a properly regulated environment. Reform move-
ments, the attempt to prohibit things which are supposedly
harmful, recognize tacitly the assumption that conditions
need not be kept as they are. It is difficult for us to realize
how fundamental a change in history this recognition has
made.

Will the philosophy of modern theoretical physics lead to
a revolution in thought comparable to that brought about
by Darwin? The future only will answer this question, but
it should be pointed out that we are now dealing with a very
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abstract philosophy which it may be difficult for the average
mind to grasp in its entirety. Much that we are to attempt
to describe is the result of an abstract mathematical reason-
ing which seems, often, to be devoid of any contact with
human experience.

Are we going to be satisfied, for example, with the knowl-
edge that a falling object obeys certain laws which we could
formulate very precisely after a careful experimental study,
or are we going to proceed a step further and inquire why
there is any gravitational force? And if we succeed in de-
scribing gravitational force in terms which sound very fun-
damental should we stop there? We might proceed on and
on describing one phenomenon in terms of laws which may
be derived from other concepts which in turn have their
foundation still elsewhere. The problem which we are pro-
posing here can receive, probably, no general answer. Some
scientists would have us believe that we should endeavor to
describe as wide a variety of phenomena as we can in terms
of a theory based on the fewest possible arbitrary postulates.
Since the correlation is to cover a large territory we must
expect our theory to have the appearance of being very
complex.

In the theoretical physics and chemistry of today the
question as to the meaning of reality has become of para-
mount importance. To illustrate our meaning let us consider
a box which is closed so that we may not examine its con-
tents. We shake the box, we turn it over and we study it in
all ways possible without opening it and we come to the
conclusion that it contains a lead ball. Is the lead ball really
there? Of course we cannot prove our point without opening
the box, for the ball might be made of other materials or we
might not even have a ball in the box but some other shaped
object. But if, by assuming a lead ball is in the box, we are
able to predict many of the properties in which we are inter-
ested and do not arrive at any conclusions contrary to our
experience in dealing with the box, we are justified, in a
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sense, in stating that the box does contain a lead ball. We
may be wrong but as far as we are concerned the lead ball
is a reality. We must not forget, however, that some bright
person some day may show us how to open the box or how
to examine its contents with x-rays and that our ideas con-
cerning its contents may be proven to be wrong. In order to
prove that we were wrong, however, it would be necessary
to make use of some property of the box which we had not
previously investigated.

Now the problem of atomic structure is very much like
the problem of the closed box. We cannot see atoms, we
cannot (except, perhaps, in one or two types of experiment)
study even the effects of individual atoms. And yet atoms
seem to us to be a reality, for by assuming that they exist
we can correlate a variety of different phenomena. More-
over, by assigning definite properties to the atom we arrive
at certain laws capable of experimental verification. The
particular properties we have assigned to our atoms may
not always fit and we may have to revise our ideas, but we
may hope to arrive eventually at a set of properties which
will be quite satisfactory. It is possible that some other set
of properties would be equally satisfactory and we would
have therefore at least two satisfactory theories of the
structure of atoms.

From the above superficial discussion we see that we act
in a certain sense as detectives who reconstruct a crime
from circumstantial evidence. Many of the details of the
reconstruction may be doubtful or even wrong, but, in some
respects, that is immaterial if the right person is brought to
justice.

In what follows concerning the structure of matter we
shall endeavor to present experimental facts as clearly as
possible and to indicate the broad outlines of the theories
which are in vogue for tying together the information avail-
able. It must be kept in mind that the more recent theories
are mathematical pictures which are difficult, if not im-
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possible, to describe in terms of geometrical figures which
can be visualized. The lack of a suitable geometrical model
is a disadvantage from the standpoint of a popular presenta-
tion of the subject, but there are certain advantages to be
gained by not confining ourselves too rigidly to a picture
which we find it difficult to forget when it becomes advis-
able to do so. It is customary at the present time to keep
certain pictures for a description (mostly qualitative) of cer-
tain phenomena and to realize that a general mathematical
theory is necessary for a quantitative formulation of the
behavior of atoms and molecules.

S II. EArLY IDEAS OF ATOMS AND MOLECULES

" Properly speaking, chemistry did not exist as an cxact
science until the latter part of the eighteenth century. It is
true that the alchemists knew certain of the chemical cle-
ments and carried out experiments which were of some sig-
nificance, but there were no broad guiding principles. The
idea that a chemical element retains its essential character-
istics in spite of the chemical and physical changes to which
it is subjected became gradually one of the most funda-
mental and useful concepts of chemistry.

Ideas concerning atoms were slow in crystallizing. They
are mentioned in the writings of the Greek philosophers, but
since there was at that time no experimental science these
ideas were largely unfounded speculation. The discovery of
the law of definite and multiple proportions by Dalton led
inevitably to the introduction of the atomic concept. Cer-
tainly the simplest “‘explanation’ of this law involved the
assumption of atoms.

No detailed structure of the atom was deemed necessary
for many years. It is true that Prout (1815) had suggested
that the atoms of all elements might be built up of atoms of
the lightest element, hydrogen. This idea was discarded dur-
ing the nineteenth century as the atomic weights of the ele-
ments were more and more accurately determined. Thus the
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atomic weight of chlorine was found to be 35.19 times the
atomic weight of hydrogen, the experimental error being
much less than 0.19. We shall see later that Prout’s hy-
pothesis has been revived in a modified form and is now con-
sidered to be of quite fundamental importance.

Prior to the advent of Dalton’s assumption of atoms, it
had been recognized for nearly two centuries that many of
the properties of matter could be explained by assuming
atoms (more properly what we now call molecules) and
studying their movements. Gassendi and Hooke in the
seventeenth century proposed theories of this type, but
much of the honor for the beginnings of the modern field of
kinetics belongs to Bernoulli, early in the eighteenth cen-
tury. Little definite progress was made at first, but it is
recognized quite generally at the present time that many of
the properties of gases, liquids, and solids may be accounted
for by assuming that there are molecules and that they are
capable of movement. Molecules could, as a first approxi-
mation, be assumed to be hard, indivisible balls whose col-
lisions with each other obeyed the laws of mechanics.

During the nineteenth century Maxwell extended kinetic
theory by introducing the concept that all molecules do not
possess the same kinetic energy, but rather that some have
high velocities and some low velocities, the vast majority
having velocities not widely removed from the average. The
law he deduced for the distribution of the molecules over
the range of velocities is frequently called the Maxwell Dis-
tribution Law. With its aid kinetic theory has become one
of the most useful tools of the physicist and chemist.

Thus we see that natural philosophers had arrived at the
concept of molecules before they were deemed necessary to
explain chemical phenomena. During the nineteenth cen-
tury chemists were largely concerned with matters which
did not require any discussion of the real nature of atoms.
New compounds were made and the concept of valence,
whereby atoms were joined together by definite bonds, per-



34 MODERN ALCHEMY

mitted the systematization of a large number of the facts
of chemistry. Organic chemistry, in particular, underwent a
striking development, for valence permitted an understand-
ing of complicated molecules in which the application of the
law of definite and multiple proportions was, at a first
glance, not at all obvious.

III. ELECTRICITY AND RADIATION BEFORE THE
TweNTIETH CENTURY

In any discussion of the structure of matter we must in-
quire into the nature of electricity and of the manner in
which electrical charges and matter are interrelated. Many
electrical phenomena were known early in the nineteenth
century. Volta, Ohm, Ampére, d’Arsonval and others had
formulated laws governing the passage of electricity through
conductors. To Faraday belongs, however, the honor of
stating a law which is of fundamental importance for a dis-
cussion of the nature of matter. In Faraday’s time many
of the atomic weights were known as well as the formulae
of many compounds. The atomicity of matter was, there-
fore, accepted by many scientists and Faraday’s law intro-
duced a concept leading to the atomicity of electricity.
Faraday stated that if an electric current is passed through
a conducting solution the amount of material formed at or
dissolving from the electrodes bears a definite relation to
the atomic weights. Thus a given amount of electricity
(96,500 coulombs) will deposit one half a gram atom of cop-
per or one gram atom of silver or one half a gram atom of
nickel. Faraday’s statement seems to imply that if matter
is associated with electricity it can not be associated with
any arbitrary amount but must take up a whole number
of unit charges. Thus there would be two charges on a
copper atom, one on a silver atom and two on a nickel
atom. His announcement was made long before the electron
had been introduced into physics and chemistry, but his law

is seen to be a necessary consequence of the electron con-
cept.
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A discussion of recent developments in theoretical physics
must be prefaced by a consideration of the nature of light
(radiation). The science of optics had its origin in ancient his-
tory, for lenses and mirrors seem to have been used by the
Assyrians and Egyptians. Geometrical optics received, how-
ever, its greatest impetus when the wave theory of radiation
was introduced, presumably by Huygens about 1690. Light
was then assumed to consist of a wave motion propagated
in the ether, although the ether was merely introduced be-
cause waves moving in a perfect vacuum were inconceiv-
able.

The wave theory did not explain entirely satisfactorily
why light travels in straight lines and why it does not spread
in all directions from a hole in a perforated shield placed in
its path. Newton, therefore, introduced a corpuscular hy-
pothesis which was temporarily adopted, but this was re-
jected in turn and the wave theory readopted following the
experiments of Young and Fresnel on interference (early
in the nineteenth century).

If two stones are thrown into a pond, waves will start
out from each place where a stone encounters the water.
When the two sets of waves meet there will be certain places
on the surface where the crests of the waves of one set en-
counter and reinforce the crests of waves of the other set.
At still other points the crests of one set will neutralize the
troughs of waves from the other set. Thus one obtains some
reinforcement of crests, some neutralization and some rein-
forcement of troughs. This is the phenomenon of interfer-
ence and it has an analogue in the behavior of light waves,
thus making necessary, apparently, the adoption of a wave
theory.

The development of electromagnetic theory served to still
more strongly intrench the wave theory. It was shown that
the ratio of the electromagnetic unit of electricity to the
electrostatic unit was equal to the velocity of light and
furthermore that by treating light as electromagnetic waves
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many different phenomena could be correlated and new
ones predicted. Indeed the discovery of wireless waves by
Hertz may have been the deciding factor in the adoption
of the electromagnetic theory of radiation.

It is perhaps not too much to say that at the close of the
nineteenth century physicists considered the nature of light
to be completely understood. Since that time the corpuscu-
lar theory has been revived, but it is being realized more
and more clearly that the electromagnetic wave theory may
not be overthrown. We shall see how both concepts are
useful, each as being the simplest way to consider certain
phenomena.

This hasty summary indicates the state of affairs at the
beginning of the last decade of the ninetcenth century. A
famous physicist stated during that period that little re-
mained to be discovered and that research in physics would
consist essentially in the refinement of measurements. A
somewhat similar condition existed in chemistry.

IV. THE START OF THE MODERN ERA

In 1895, x-rays were discovered by the German physicist
Rontgen and in 1896 radioactivity was discovered by
Becquerel. These two discoveries may be said to have in-
augurated research on the structure of matter of such scope
that more developments have come in the last thirty years
than in all previous history. And yet this development
would have been impossible without what went before. One
should be careful not to belittle our forebears, for their
fundamental work in mathematics, physics and chemistry
forms the basis for a great deal of modern science.

Prior to the advent of radioactivity, Sir William Crookes
had shown that charged particles were produced in an
evacuated tube containing two electrodes if a current from
a spark coil was allowed to pass through the rarefied gas.
It had been demonstrated that positive rays were produced
which were relatively difficult to deflect by an electrical field
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and that their nature seemed to vary from gas to gas. It
was also known that negative rays were produced and that
the nature of these rays seemed to be independent of the
kind of gas. These rays possessed appreciable mass, for Sir
William Crookes succeeded in causing a small paddle wheel
to rotate when placed in their path.

It was soon discovered that radioactive substances give
out three kinds of rays, one of which is attracted toward
the negative pole in an electric field (now called alpha rays),
the second of which is attracted toward the positive pole
and seems to be similar to the negative rays observed in the
evacuated tube. These are called beta rays. The third type
of ray is not deflected by an electric field and seems to be
very much like x-rays.

The alpha rays were shown by Sir Ernest Rutherford to
give the gas, helium, when they were collected in a small
glass vessel, so that we may think of them as atoms of
helium with a positive charge. The beta rays, which are like
the negative rays produced from all kinds of gases in the
Crookes tube, are called electrons.

All matter, it seemed, consists of positive and negative
electricity. How then are the positive particles and the
negative particles put together to make atoms? This ques-
tion has formed the basis for much speculation.

The first theory of much importance was due to Sir J. J.
Thomson of Cambridge University. He postulated a sphere
of positive electricity inside of which were placed the elec-
trons. The electrons were thought of as small negatively
charged particles. The theory did not receive general accept-
ance because it was not capable of precise mathematical
analysis and because it seemed to disagree with certain
facts connected with the Periodic System.

Rutherford is responsible for the first general statement
of a theory which underlies nearly all subsequent detailed
theories of atomic structure.

We may pause here to indicate the nature of the experi-
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ments leading to this theory. Alpha particles are given out
from radioactive substances with very high velocities, of the
order of 1/10 to 1/20 of the speed of light or 15,000 to 30,000
kilometers per second. They have a positive charge of 2
(putting the charge on the electron as —1) and a mass of 4
on the atomic weight scale. When these rapidly moving
charged atoms pass through matter they lose their kinetic
energy, producing ionization and other effects in the mole-
cules they encounter.

A rapidly moving alpha particle has the property of pro-
ducing a tiny speck of light when it collides with a crystal
of zine sulfide. If such a erystal is placed below a microscope
and subjected to alpha particle bombardment, it is possible
to count by direct observation the number of particles hit-
ting the crystal. Instruments of this type are called spin-
thariscopes.

The detailed study of the effects produced in matter by
rapidly moving alpha particles has been of paramount im-
portance in advancing our ideas of atomic structurc. Par-
ticularly significant experiments were carried out in the
laboratory of Sir Ernest Rutherford during the first decade
of the twentieth century. Since alpha particles move with
high velocities, they may penetrate quite large distances
through gases and even through metals. In these experi-
ments, alpha particles were directed at a thin metal foil.
By placing the spinthariscope on the opposite side of the
metal foil from the source of alpha particles, it is possible to
determine the number which have passed through. By mov-
ing the spinthariscope around, it is possible also to ascertain
the extent to which the particles are caused to deviate from
their original direction. This study soon showed that some
alpha particles suffered very large changes in direction in
passing through the metal foil. In fact, it was shown that
some were ‘‘reflected”’” and came back on the same side as
that from which they came.

With Sir J. J. Thomson’s theory of atomic structure, it
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was possible to show that alpha particles would be little de-
flected on the average in passing through a metal foil and
that the chance of “reflection’” would be negligible. In view
of these theoretical difficulties, Rutherford suggested that
atoms consist of a small massive center with a positive
charge (he treated it as a point in his calculations), now
called the nucleus, and that the negative part of the atom
is distributed in some manner in the surrounding space.
When the alpha particle, which is charged positively, ap-
proaches close to the nucleus of an atom, it will be repelled.
In order for the particle to suffer a large change in direction,
it must come very close to the nucleus and the latter must
be very small so that the charge is located in a very small
volume. Obviously, if atomic nuclei are considered as points
and the alpha particle is considered also as a point, it would
be possible to calculate nuclear charges from the average
angle of deflection of the alpha particles. In this manner
Rutherford was able to estimate the charges on the nuclei
of certain heavy atoms such as platinum and gold. This
charge, expressed in terms of the charge on the electron as
—1, is now considered to be numerically equal to the atomic
number (see the next few paragraphs). Thus the charge on
the gold nucleus is +79 and that on platinum is +78.
This atomic model has formed the basis for most subse-
quent consideration. It remained for others to specify the
distribution of the negative electricity in atoms.

V. TuE Aromic NUMBER AND THE NUCLEUS

We have just seen that the charge on the nucleus of an
atom is a characteristic quantity of fundamental impor-
tance. If an atom is to be electrically neutral, the amount
of negative electricity surrounding the nucleus must be equal
to the positive charge on the nucleus. What would seem
more logical than to suppose that the lightest element has a
charge of +1 on the nucleus, with one negative electron
making up the rest of the atom, that the second element
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has a nuclear charge of +2, etc.? By referring to the Peri-
odic Table (Fig. 1) we see that hydrogen is the lightest ele-
ment and we would assign to its nuclei, therefore, charges of
+1. Helium nuclei would each possess charges of +2, lith-
ium of +3, etc. However, if we arrange the atoms in their
order of increasing atomic weight and number them in or-
der, starting with 1 for hydrogen, we immediately get into
some difficulties in the Periodic Classification of the ele-
ments (See Chapter III). In the Periodic Table, an alkali
metal (lithium, sodium, potassium, rubidium and cesium)
always follows an inert gas (helium, neon, argon, krypton,
xenon and radon). Therefore, the nuclear charge of an alkali
metal is always greater by one than the nuclcar charge of
the preceding rare gas and, morcover, the metal must have
one more extra-nuclear elecctron. The atomic weight of po-
tassium is, however, 39.1 and that of argon is 39.9. We must
take liberties with our scries based on atomic weights in or-
der to get these two elements into their proper places in the
Periodic System. In addition, are we sure that all of the ele-
ments have been discovered? If they have not our number-
ing would be erroneous.

It became essential to find some other method of deter-
mining the atomic number. One characteristic of an ele-
ment is its x-ray spectrum, each element emitting, under
proper conditions, waves of definite length. Moseley, in
England, discovered that the heavier the element the
shorter the wave-length of its characteristic x-rays. In fact
careful investigation showed that the important quantity
for determining the wave-length is the atomic number. A
study of x-ray spectra placed the elements in their proper
positions in the periodic system and permitted, moreover,
a determination of the places for elements which remained
to be discovered. The confidence in this method is so great
that the determination of an x-ray wave-length is consid-
ered sufficient proof for the existence of a new element. Thus
the element illinium, discovered by Hopkins and his co-
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contain two types of atoms of weight 35 and 37 respectively.
A third, of atomic weight 39, may also exist.

Prout’s hypothesis may be modified to state that all
atomic weights are nearly whole numbers, but not exact
multiples of the atomic weight of hydrogen. The atomic
weight of hydrogen is 1.008 and that of oxygen is 16.000, so
that the difference between 16 X 1.008 and 16.000 is about
eight-tenths per cent. If the hypothesis that all atoms are
built out of hydrogen atoms is accepted, what has become
of the excess weight? There has been much speculation upon
this point. The theory of relativity of Einstein permits a
calculation of the amount of energy which would be lib-
erated if four atoms of hydrogen condensed to give one atom
of helium of atomic weight 4.00. This amount is extremely
large. It has been suggested that this process of condensa-
tion is taking place in the sun and in other hot stars and
furnishes part of the energy which is lost by radiation.

If we assume that all atoms are built of hydrogen atoms
and that the excess weight has been dissipated as energy,
we may state certain facts connected with the nucleus.
Since hydrogen (with the weight lost) has a mass of 1.000
and a charge of +1, an atom of calcium which has a mass
of 40 and a charge on the nucleus of 20 must also have some
electrons in the nucleus. The number of electrons in the nu-
cleus would be given by the atomic weight minus the atomic
number. Very interesting generalizations can be made from
the atomic number, the atomic weight and the number of
electrons on the nucleus. These need not be given in detail,
but we may say in passing that nature seems to favor the
even numbers as against the odd. Fig. 2 shows the relative
abundance of some of the elements on the earth as a func-
tion of their atomic number.

It is convenient to mention here the subject of radioac-
tivity (See also Chapter VI). Perhaps no other field of
modern physical science has been so satisfactorily described
in terms of a few simple postulates.
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We have found already that radioactive substances emit
three types of rays, namely alpha particles (helium nuclei),
beta particles (electrons) and gamma rays (short wave-
length x-rays). The alpha particle has a mass of four on the
atomic weight scale and a charge of +2. Beta particles have
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a very small mass, 1/1800 on the atomic weight scale and a
charge of —1. Gamma rays do not possess a charge, but by
the theory of relativity their emission may result in a de-
crease in mass of the atoms from which they come.

The correlation of radioactivity data involves, among
other things, the assumption 