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The Electrical Structure of Matter. 
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I T was in 1896 that this Association last met in Liver
pool, under the pi:esidency of the late Lord Lister, 

that great pioneer in antiseptic surgery, whose memory 
is held in affectionate remembrance by all nations. 
His address, which dealt mainly with the history of the 
application of antiseptic methods to surgery and its 
connexion with the work of Pasteur, that prince of 
experimenters, whose birth has been so fittingly cele
brated this year, gave us in a sense a completed page 
of brilliant scientific history. At the same time, in 
his opening remarks, Lister emphasised the importance 
of the discovery by Rontgen of a new type Of radiation , 
the X-rays, which we now see marked the beginning 
of a new and fruitful era in another branch of science. 

The visit to Liverpool in 1896 was fot me a memorable 
occasion, for it was here that I first attended a meeting 
of this Association, and here that I read my first 
scientific paper. But of much more. importance, it 
was here that I benefited by the opportunity, which 
these gatherings so amply afford, of meeting for the 
first time many of the distinguished scientific men of 
Great Britain and the foreign representatives of science 
who were the guests of this city on that occasion. The 
year 1896 has always seemed to me a memorable one 
for other reasons, for on looking back with some sense 
of perspective we cannot fail to recognise that the last 
Liverpool meeting marked the beginning . of what has 
been aptly termed the heroic age of physical science. 
Never before in the history of physics has there been 
witnessed such a period of intense activity when dis
coveries of fundamental importance have followed one 
another with such bewildering rapidity. 

The discovery of X-rays by Rontgen had been pub
lished to the world in 1895, while the discovery of the 
radioactivity of uranium by Becquerel was announced 
early in 1896. Even the most imaginative of our 
scientific men could never have dreamed at that time 
of the extension of our knowledge of the structure of 
matter that was to develop from these two fundamental 
discoveries, but in the records of the Liverpool meeting 
we see the dawning recognition of the possible conse
quences of the discovery of X-rays, not only in their ap
plication to medicine and surgery, but also as a new and 
powerful agent for attacking some of the fundamental 

of physics. The address of Sir J. J. Thomson, 
pres1dent of Section A, was devoted mainly to a dis
cussion of the nature of the X-rays, and the remarkable 
properties induced in gases by the. passage of X-rays 
through them-the beginning of a new and fruitful 
branch of study. 

. In applied physics, too, this year m<trked the begin
nmg of another advance. In the discussion ofa paper 

1 address delivered to the British Association at liverpool on 
September I:t. 

which I had the honour to read, on a new magnetic 
detector of electrical waves, the late Sir William Preece 
told the meeting of the successful transmission of 
signals for a few hundred yards by electric waves 
which had been made in England by a young Italian, 
G. Marconi. The first public demonstration of signal
ling for short distances by electric waves had been given 
by Sir Oliver Lodge at the Oxford Meeting of this 
Association in 1894. It is startling to recall the 
rapidity of the development from such small beginnings 
of the new method of wireless intercommunication over 
the greatest terrestrial distances. In the last few years 
this has been followed by the even more rapid growth 
of the subject of radiotelephony as a practical 
means of broadcasting speech and music to distances 
only limited by the power of the transmitting station. 
The rapidity of these technical advances is an illus
tration of the close interconnexion that must exist 
between pure and applied science if rapid and sure 
progress is to be made. The electrical engineer has 
been able to base his technical developments on the 
solid foundation of Maxwell's electromagnetic theory 
and its complete verification by the researches of Hertz, 
and also by the experiments of Sir Oliver Lodge in the 
University of Liverpool-a verification completed long 
before the practical possibilities of this new method of 
signalling had been generally recognised. The later 
advances in radiotelegraphy and radiotelephony have 
largely depended on the application of the results of 
fundamental researches on the properties of electrons, 
as illustrated in the use of the thermionic valve or 
electron tube which has proved such an invaluable 
agent for both the transmission and reception of 
electric waves. 

It is of great interest to note that the benefits of this 
union of pure and applied research have not been 
one-sided. If the fundamental researches of the 
workers in pure science supply the foundations on 
which the applications are surely built, the successful 
practical application in turn quickens and extends the 
interest of the investigator in the fundamental problem, 
while the development of new methods and appliances 
required for technical purposes often provides the 
investigator with means of attacking still more difficult 
questions. This important reaction between pure and 
applied science can be illustrated in many branches of 
knowledge. It is particularly manifest in the industrial 
development of X-ray radiography for therapeutic and 
industrial purposes, where the development on a large 
scale of special X-ray tubes and improved methods of 
excitation has given the physicist much more .efficient 
tools to carry out his researches on the nature of the 
rays themselves and on the structure of the atom. Iri 
this age no one can draw aq.y sharp line of distinction_ 
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between the importance of so-called pure and applied 
research. Both are equally essential to progress, and 
we cannot but recognise that without flourishing 
schools of research on fundamental matters in our 
universities and scientific technical research 
must tend to wither. Fortunately there is little need 
to labour this point at the moment, for the importance 
of a training in pure research has been generally recog
nised. The Department of Scientific and Industrial 
Research has made a generous provision of grants to 
train qualified young men of promise in research 
methods in our scientific institutions, and has aided 
special fundamental researches which are clearly 
beyond the capacity of a laboratory to finance from 
its own funds. Those who have the responsibility of 
administering the grants in aid of research for both 
pure and applied scl.ence will need all their wisdom and 
experience to make a wise allocation of funds to secure 
the maximum of results for the minimum of expenditure. 
It is fatally easy to spend much money in a direct frontal 
attack on some technical problem of importance when 
the solntion may depend on some addition to knowledge 
which can be gained in some other field of scientific 
inquiry possibly at a trifling cost. It is not in any 
sense my purpose to criticise those bodies which ad
minister funds for fostering pure and applied research, 
but to emphasise how difficult it is to strike the correct 
balance between the expenditure on pure and applied 
science in order to achieve the best results in the long run. 

It is my intention here to refer very briefly to some 
of the main features of that great advance in know
ledge of the nature of electricity and matter which 
is one of the salient features of the interval since the 
last meeting of this Association in Liverpool. 

In order . to view the extensive territory which has 
been conquered by science in this interval, it is desirable 
to give a brief summary of the state of knowledge of 
the constitution of matter at the beginning of this 
epoch. Ever since its announcement by Dalton the 
atomic theory has steadily gained ground, and formed 
the philosophic basis for the explanation of the facts 
of chemical combination. In the early stages of its 
application to physics and chemistry it was unnecessary 
to have any detailed knowledge of the dimensions 
or structure of the atom. It was only necessary to 
assume that the atoms acted as individual units, and 
to know the relative masses of the atoms of the different 
elements. In the next stage, for example, in the 
kinetic theory of gases, it was possible to explain the 
main properties of gases by supposing that the atoms 
of the gas acted as minute perfeCtly elastic spheres. 
During this period, by the application of a variety of 
methods, )llany of which were due to Lord Kelvin, 
rough estimates had been obtained of the absolute 
dimensions and mass of the atoms. These brought out 
the minute size and mass of the atom and the enormous 
number of atoms necessary to produce a detectable 
effect in any kind of measurement. From this arose 
the general idea that the atomic theory must of 
necessity for ever remain unverifiable by direct ex
periment, and for this reason it was suggested by one 
school of thought that the atomic theory should be 
banished from the teaching of chemistry, and that the 
law of multiple proportions should be accepted as the 
ultimate fact of chemistry. 

While the vaguest ideas were held as to the possible 
structure of atoms, there was a general belief among 
the more philosophically minded that the atoms of 
the elements could not be regarded as simple un
connected units. The periodic variations of the 
properties of the elements brought out by Mendeleeff 
were only explicable if atoms were similar structures 
in some way constructed of similar material. We 
shall see that the problem of the constitution of atoms 
is intimately connected with our conception of the 
nature of electricity. The wonderful success of the 
electromagnetic theory had concentrated attention on 
the medium or ether surrounding the conductor of 
electricity, and little attention had been paid to the 
actual carriers of the electric current itself. At the 
same time the idea was generally gaining ground that 
an explanation of the results of Faraday's experiments 
on electrolysis was only possible on the assumption 
that electricity, like matter, was atomic in nature. 
The name "electron " had even been given to this 
fundamental unit by Johnstone Stoney, and its 
magnitude roughly estimated, but the full recognition 
of the significance and importance of this conception 
belongs to the new epoch. 

For the clarifying of these somewhat vague ideas, 
the proof in r897 of the independent existence of the 
electron as a mobile electrified unit, of mass minute 
compared with that of the lightest atom, was of 
extraordinary importance. It was soon seen that the 
electron must be of a constituent of all the atoms of 
matter, and that optical spectra had their origin in 
their vibrations. The discovery of the electron and 
the proof of its liberation by a variety of methods 
from all the atoms of matter was of the utmost 
significance, for it strengthened the view that the 
electron was probably the common unit in the structure 
of atoms which the periodic variation of the chemical 
properties had indicated. It gave for the first time 
some hope of the success of an attack on that most 
fundamental of all problems-the detailed structure of 
the atom. In the early development of this subject 
science owes much to the work of Sir J. J. Thomson, 
both for the boldness of his ideas and for his ingenuity 
in developing methods for estimating the number of 
electrons in the atom, and in probing its structure. 
He early took the view that the atom must be an 
electrical structure, held together by electrical forces, 
and showed in a general way lines of possible ex
planation of the variation of physical and chemical 
properties of the elements, exemplified in tlie periodic 
law. 

In the meantime our whole conception of the atom 
and of the magnitude of the forces which held it 
together were revolutionised by the study of radio
activity. The discovery of radium was a great step 
in advance, for it provided the experimenter with 
powerful sources of radiation specially suitable for 
examining the nature of the characteristic radiations 
which are emitted by th(! radioactive bodies in general. 
It was soon shown that the atoms of radioactive matter 
were undergoing spontaneous transformation, and that 
the characteristic radiations emitted, namely, the a-, (3-, 
and y-rays, were an accompaniment and consequence 
of these atomic explosions. The wonderful succession 
of changes that occur in uranium and thorium, more 
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than thirty in number, was soon disclosed and simply in
terpreted on the transformation theory. The radioactive 
elements provide us for the first time with a glimpse into 
Nature's laboratory, and allow us to watch and study, 
but not to control, the changes that have their origin in 
the heart of the radioactive atoms. These atomic ex
plosions involve energies which are gigantic compared 
with those involved in any ordinary physical or chemical 
process. In the majority of cases an a-particle is 
expelled at high speed, but in others a swift electron 
is ejected often accompanied by a ( -ray, which is a 
very penetrating X-ray of high frequency. The proof 
that the a-particle is a charged helium atom for the 
first time disclosed the importance of helium as one 
of the units in the structure of the radioactive atoms, 
and probably also in that of the atoms of most of the 
ordinary elements. Not only then have the radio
active elements had the greatest direct influence on 
natural philosophy, but in subsidiary ways they have 
provided us with experimental methods of almost equal 
importance. The use of a-particles as projectiles with 
which to explore the interior of the atom has definitely 
exhibited its nuclear structure, has led to artificial 
disintegration of certain light atoms, and promises to 
yield more information yet as to the actual structure 
of the nucleus itself. 

The influence of radioactivity has also extended to 
yet another field of study of fascinating interest. We 
have seen that the first rough estimates of the size 
and mass of the atom gavelittle hope that we could 
detect the effect of a single atom. The discovery that 
the radioactive bodies expel actual charged atoms of 
helium with enormous energy altered this aspect of 
the problem. The energy associated with a single 
a-particle is .so great that it can readily be detected by 
a variety of methods. Each a-particle, as Sir William 
Crookes first showed, produces a flash of light easily 
visible in a dark room when it falls on a screen coated 
with crystals of zinc sulphide. This scintillation 
method of counting individual particles has proved 
invaluable in many researches, for it gives us a method 
of unequalled delicacy for studying the effects of single 
atoms. The u-particle can also be detected electrically 
or photographically, but the most powerful and 
beautiful of all methods is that perfected by Mr. 
C. T. R. Wilson for observing the track through a gas, 
not of an u-particle alone, but of any type of penetrating 
radiation which produces ions or of electrified particles 
along its path. The method is comparatively simple, 
depending on the fact, first discovered by him, that 
if a aas saturated with moisture is suddenly cooled 
each "'of the ions produced by the radiation becomes 
the nucleus of a visible drop of water. The water
drops along the track of the u-particle are c.learly 
visible to the eye, and can be recorded photographically. 
These beautiful photographs of the effect produced by 
single atoms or single electrons appeal, I think, greatly 
to all scientific men. They not only afford con
vincing evidence of the discrete nature of these particles, 
but also give us new courage and confidence that the 
scientific methods of experiment and deduction are to 
be relied upon in this field of inquiry ; for many of the 
essential points brought out so clearly and concretely 
in these photographs were correctly deduced long before 
such confirmatory photographs were available. At the 

same time, a minute studv of the detail disclosed in 
these photographs gives us" most valuable information 
and new clues on many recondite effects produced by 
the passage through matter of these flying projectiles 
and penetrating radiations. 

In the meantime a number of new methods had been 
devised to fix with some accuracy the mass of the 
individual atom and the number in any given quantity 
of matter. The concordant results obtained by widely 
different physical principles gave great confidence in 
the correctness of the atomic idea of matter. The 
method found capable of most accuracy depends on 
the definite proof of the atomic nature of electricity 
and the exact valuation of this fundamental unit of 
charge. We have seen that it was early surmised that 
electricity was atomic in nature. This view was con
firmed and extended by a study of the charges carried 
by electrons, u-particles, and the ions produced in gases 
by X-rays and the rays from radioactive matter. It 
was first shown by Townsend that the positive or 
negative charge carried by an ion in gases was invariably 
equal to the charge carried by the hydrogen ion in 
the electrolysis of water, which we have seen was 
assumed, and assumed correctly, by Johnstone Stoney 
to be the fundamental unit of charge. Various methods 
were devised to measure the magnitude of this funda
mental unit ; the best known and most accurate is 
Millikan's, which depends on comparing the pull of 
an electric field on a charged droplet of oil or mercury 
with the weight of the drop. His experiments gave a 
most convincing proof of the correctness of the electronic 
theory, and gave a measure of this unit, the most 
fundamental of all physical units, with an accuracy 
of about one in a thousand. Knowing this value, we 
can by the aid of electrochemical data easily deduce 
the mass of the individual atoms and the number of 
molecules in a cubic centimetre of any gas with an 
accuracy of possibly one in a thousand, but certainly 
better than one in a hundred. When we consider the 
minuteness of the unit of electricity and of the mass 
of the atom, this experimental achievement is one of 
the most notable even in an era of great advances. 

The idea of the atomic nature of electricity is very 
closely connected with the attack on the problem of 
the structure of the atom. If the atom is an electrical 
structure it can only contain an integral number of 
charged units, and, since it is ordinarily neutral, the 
number of units of positive charge must equal the 
number of negative. One of the main difficulties in 
this problem has been the uncertainty as to the relative 
part played by positive and negative electricity in the 
structure of the atom. We know that the electron 
has a negative charge of one fundamental unit, while 
the charged hydrogen atom, whether in electrolysis 
or in the electric discharge, has a charge of one positive 
unit. But the mass of the electron is only Ij184o of 
the mass of the hydrogen atom, and though an ex
tensive search has been made, not the slightest evidence 
has been found of the existence of a positive electron 
of small mass like the negative. In no case has a 
positive charge been found associated with a mass less 
than that of the charged atom of hydrogen. This 
difference between positive and negative electricity is 
at first sight very surprising, but the deeper we pursue 
our inquiries the more this fundamental difference 
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between the units of positive and negative electricity 
is emphasised. In fact, as we shall see later, the atoms 
are quite unsymmetrical structures with regard to the 
positive and negative units contained in them, and 
indeed it seems certain that if there were not this 
difference in mass between the two units, matter, as 
we know it, could not exist. 

It is natural to inquire what explanation can be 
given of this striking difference in mass of the two 
units. I think all scientific men are convinced that the 
small mass of the negative electron is to be associated 
entirely with the energy of its electrical structure, 
so that the electron may be regarded as a disembodied 
atom of negative electricity. We know that an 
electron in motion, in addition to possessing an electric 
field, also generates a magnetic field around it, and 
energy in the electromagnetic form is stored in the 
medium and moves with it. This gives the electron 
an apparent or electrical mass, which, while nearly 
constant for slow speeds, increases rapidly as its velocity 
approaches that of light. This increase of mass is in 
good accord with calculation, whether based on the 
ordinary electrical theory or on the theory of relativity. 
Now we know that the hydrogen atom is the lightest 
of all atoms, and is presumably the simplest in structure, 
and that the charged hydrogen atom, which we shall 
see is to be regarded as the hydrogen nucleus, carries 
a unit positive charge. It is thus natural to suppose 
that the hydrogen nucleus is the atom of positive 
electricity, or positive electron, analogous to the 
negative electron, but differing from it in mass. 
Electrical theory shows that the mass of a given charge 
of electricity increases with the concentration, and the 
greater mass of the hydrogen nucleus would be 
accounted for if its size were much smaller than that 
of the electron. Such a conclusion is supported by 
evidence obtained from the study or the close collisions 
of a-particles with hydrogen nuclei. It is found that 
the hydrogen nucleus must be of minute size, of radius 
less than the electron, which is usually supposed to be 
about ro- 13 ern.; also the experimental evidence is 
not inconsistent with the view that the hydrogen 
nucleus may actually be much smaller than the electron. 
While the greater mass of the positive atom of electricity 
may be explained in this way, we are still left with the 
enigma why the two units of electricity should differ 
so markedly in this respect. In the present state of 
our knowledge it does not seem possible to push this 
inquiry· further, or to discuss the problem of the 
relation of these two units. 

We shall see that there is the strongest evidence 
that the atoms of matter are built up of these two 
electrical units, namely the electron and the hydrogen 
nucleus or proton, as it is usually called when it forms 
part of the structure of any atom. It is probable 
that these two are the fundamental and indivisible 
units which build up our universe, but we may reserve 
in our mind the possibility that further inquiry may 
some day show that these units are complex, and 
divisible into even more fundamental entities. On the 
views we have outlined, the mass of the atom is the 
sum of the electrical masses of the individual charged 
units composing its structure, and there is no need to 
assume that any other kind of mass exists. At the 
same time, it is to be borne in mind that the actual 

mass of an atom may be somewhat less than the sum 
of the masses of component positive and negative 
electrons when in the free state. On account of the 
very close proximity of the charged units in the nucleus 
of an atom, and the consequent disturbance of the 
electric and magnetic fields surrounding them, such a 
decrease of mass is to be anticipated on general theo
retical grounds. 

We must now look back again to the earlier stages 
of the present epoch in order to trace the development 
of our ideas on the detailed structure of the atom. 
That electrons as such were important constituents 
was clear by 19oo, but little real progress followed 
until the part played by the positive charges was 
made clear. New light was thrown on this subject by 
examining the deviation of a-particles when they 
passed through the atoms of matter. It was found 
that occasionally a swift a-particle was deflected from 
its rectilinear path through more than a right angle 
by an encounter with a single atom. In such a collision 
the laws of dynamics ordinarily apply, and the relation 
between the velocities of the colliding atoms before 
and after collision are exactlv the same as if the tw0 
colliding particles are regar'ded as perfectly elastic 
spheres of minute dimensions. It must, however, be 
borne in mind that in these atomic collisions there is 
no question of mechanical impacts such as we observe 
with ordinary matter. The reaction between the two 
particles occurs through the intermediary of the power
ful electric fields that surround them. Beautiful 
photographs illustrating the accuracy of these laws of 
collision between an a-particle and an atom have been 
obtained by Messrs. Wilson, Blackett, and others, 
while :Mr. Wilson has recently obtained many striking 
illustrations of collisions between two electrons. Re
membering the great kinetic energy of the a-particle, 
its deflexion through a large angle in a single atomic 
encounter shows clearly that very intense deflecting 
forces exist inside the atom. It seemed clear that 
electric fields of the required magnitude could be 
obtained only if the main charge, of the atom were 
concentrated in a minute nucleus. From this arose 
the conception of the nuclear atom, now so well known, 
in which the heart of the atom is supposed to cons:st 
of a minute but massive nucleus, carrying a positive 
charge of electricity, and surrounded at a distance by 
the requisite number cf electrons to form a neutral 
atom. 

A detailed study of the scattering of a-particles at 
different angles, by Geiger and Marsden, showed that 
the results were in close accord with this theory, and 
that the intense electric forces near the nucleus varied 
according to the ordinary inverse square law. In 
addition, the experiments allowed us to fix an upper 
limit for the dimensions of the nucleus. For a heavv 
atom like that of gold the radius of the nucleus, if 
supposed to be spherical, was less than one-thousandth 
of the radius of the complete atom surrounded by its 
electrons, and certainly less than 4x Io- 12 em. All 
the atoms were found to show this nuclear structure, 
and an approximate estimate was made of the nuclear 
charge of different atoms. This type of nuclear atom, 
based on direct experimental evidence, possesses some 
very simple properties. It is obvious that the number 
of units of resultant positive charge in the nucleus 
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fixes the number of the outer planetary electrons in 
the neutral atom. In additioR, since these outer 
electrons are in some way held in equilibrium by the 
attractive forces from the nucleus, and, since we are 
confident from general physical and chemical evidence 
that all atoms of any one element are identical in their 
external structure, it is clear that their arrangement 
and motion must be governed entirely by the magnitude 
of the nuclear charge. Since the ordinary chemical 
and physical properties are to be ascribed mainly to 
the configuration and motion of the outer electrons. it 
follows that t.he properties of an atom are defined by 
a whole number representing its nuclear charge. It 
thus becomes of great importance to determine the 
value of this nuclear charge for the atoms of all the 
elements. 

Data obtained from the scattering of a-particles, 
and also from the scattering of X -rays by light elements, 
indicated that the nuclear charge of an element was 
numerically equal to about half the atomic weight in 
terms of hydrogen. It was fairly clear from general 
evidence that the hydrogen nucleus had a charge one, 
and the helium nucleus (the a-particle) a charge two. 
At this stage another discovery of great importance 
provided a powerful method of attack on this problem. 
The investigation by Laue on the diffraction of 
X-rays by crystals had shown definitely that X-rays 
were electromagnetic waves of much shorter wave
length than light, and the experiments of Sir William 
Bragg and W. L. Bragg had provided simple methods 
for studying the spectra of a beam of X-rays. It was 
found that the spectrum in general shows a continuous 
background on which is superimposed a spectrum of 
bright lines . At this stage H . G. J. Moseley began a 
research with the intention of deciding whether the 
properties of an element depended on its nuclear charge 
rather than on its atomic weight as ordinarily supposed. 
For this purpose the X-ray spectra emitted by a number 
of elements were examined and found to be all similar 
in type . The frequency of a given line was found to 
vary very nearly as the square of a whole number which 
varied by unity in passing from one element to the 
next. Moseley identified this whole number with the 
atomic or ordinal number of the elements when arranged 
in increasing order of atomic weight, allowance being 
made for the known anomalies in the periodic table and 
for certain gaps corresponding to possible but missing 
elements. He concluded that the atomic number of 
an element was a measure of its nuclear charge, and the 
correctness of this deduction has been recently verified 
by Chadwick by direct experiments on the scattering of 
a-particles. Moseley's discovery is of fundamental im
portance, for it not only fixes the number of electrons in 
all the atoms, but also shows conclusively that the pro
perties of an atom, as had been surmised. are determined 
not by its atomic weight but by its nuclear charge. A 
relation of unexpected simplicity is thus found to hold 
between the elements. No one could have anticipated 
that with few exceptions all atomic numbers between 
hydrogen I, and uranium 92, would correspond to 
known elements. The great power of Moseley's law in 
fixing the atomic number of an element is well illus
trated by the recent discovery by Coster and Hevesy in 
Copenhagen of the missing element of atomic number 
72, which they have named "haJnium." 

Once the salient features of the structure of atoms 
have been fixed and the number of electrons known, 
the further study of the structure of the atom falls 
naturally into two great d ivisions : one, the arrange
ment of the outer electrons which controls the main 
physical and chemical properties of an element, and the 
other, the structure of the nucleus on which the mass 
and radioactivity of the atom depend. On the nuclear 
theory the hydrogen atom is of extreme simplicity, con
sisting of a singly-charged positive nucleus with only 
one attendant electron. The position and motions of 
the single electron must account for the complicated 
optical spectrum, and whatever physical and chemical 
properties are to be attributed to the hydrogen atom. 
The first definite attack on the problem of the electronic 
structure of the atom was made by Niels Bohr. He 
saw clearly that , if this simple constitution was assumed, 
it is impossible to account for the spectrum of hydrogen 
on the classical electrical theories, but that a radical 
departure from existing views was necessary. For this 
purpose he applied to the atom the essential ideas of 
the quantum theory which had been developed by 
Planck for other purposes, and had been found of great 
service in explaining many fundamental difficulties in 
other branches of science. On Planck's theory, radia
tion is emitted in definite units or quanta, in which 
the energy E of a radiation is equal to hv where v is the 
frequency of the radiation measured by the ordinary 
methods and h a universal constant. This quantum of 
radiation is not a definite fixed unit like the atom of 
electricity, for its magnitude depends on the frequency 
of the radiation. For example, the energy of a 
quantum is small for visible light, but becomes large 
for radiation of high frequency corresponding to the 
X-rays or the y-rays from radium. 

Time does not allow me to discuss the underlying 
meaning of the quantum theory or the difficulties con
nected with it. Certain aspects of the difficulties were 
discussed in the presidential address before this Associa
tion by Sir Oliver Lodge at Birmingham in 1913. It 
suffices to say that this theory has proved of great value 
in several branches of science, and is supported by a 
large mass of direct experimental evidence. 

In applying the quantum theory to the structure of 
the hydrogen atom Bohr supposed that the single 
electron could move in a number of stable orbits, con
trolled by the attractive force of the nucleus, without 
losing energy by radiation. The position and character 
of these orbits were defined by certain quantum rela
tions depending on one or more whole numbers. It 
was assumed that radiation was only emitted when the 
electron for some reason was transferred from one stable 
orbit to another of lower energy. In such a case it was 
supposed that a homogeneous radiation was emitted of 
frequency v determined by the quantum relation E = hv 
where E was the difference of the energy of the electron 
in the two orbits. Some of these possible orbits are 
circular, others elliptical, with the nucleus as a focus, 
while if the change of mass of the electron with velocity 
is taken into account the orbits, as Sommerfeld showed, 
depend on two quantum numbers, and are not closed, 
but consist of a nearly elliptical orbit slowly rotating 
round the nucleus. In this way it is possible not only 
to account for the series relations between the bright 
lines of the hydrogen spectrum, but also to explain the 
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fine structure of the lines and the very complicated 
changes observed when the radiating atoms are ex
posed in a strong magnetic or electric field. Under 
ordinary conditions the electron in the hydrogen atom 
rotates in a circular orbit close to the nucleus, but if 
the atoms are excited by an electric discharge or other 
suitable method, the electron may be displaced and 
occupy any one of the stable positions specified by the 
theory. In a radiating gas giving the complete 
hydrogen spectrum there will be present many different 
kinds of hydrogen atoms, in each of which the electron 
describes one of the possible orbits specified by the 
theory. On this view it is seen that the variety of 
modes of vibration of the hydrogen atom is ascribed, 
not to complexity of the structure of the atom, but to 
the variety of stable orbits which an electron may 
occupy relative to the nucleus. This novel theory of 
the origin of spectra has been developed so as to apply 
not to hydrogen alone but to all the elements, and has 
been instrumental in throwing a flood of light on the 
relations and origin of their spectra, both X-ray and 
optical. The information thus gained has been applied 
by Bohr to determine the distribution of the electrons 
round the nucleus of any atom. The problem is ob
viously much less complicated for hydrogen than for a 
heavy atom, where each of the large number of electrons 
present acts on the other, and where the orbits described 
are much more intricate than the orbit of the single 
electron in hydrogen. Notwithstanding the great diffi
culties of such a complicated system of electrons in 
motion, it has been possible to fix the quantum numbers 
that characterise the motion of each electron, and to 
form at any rate a rough idea of the character of the 
orbit. 

These planetary electrons divide themselves up into 
groups, according as their orbits are characterised by 
one or more equal quantum numbers. Without going 
into detail a few examples may be given to illustrate 
the conclusions which have been reached . As we have 
seen, the first element, hydrogen, has a nuclear charge of 
1 and :.; electron; the second, helium, has a charge 2 and 
2 electrons, moving in coupled orbits on the detailed 
nature of which there is still some uncertainty. These 
two electrons form a definite group, known as the K 
group, which is common to all the elements except 
hydrogen. For increasing nuclear charge the K group 
of electrons retains its characteristics, but moves with 
increasing speed, and approaches closer to the nucleus. 
As we pass from helium of atomic number 2 to neon, 
number ro, a new group of electrons is added consisting 
of two sub-groups, each of four electrons, together 
called the L group. This L group appears in all atoms 
of higher atomic number, and, as in the case of the K 
group, the speed of motion of the electrons increases, 
and the size of their orbits diminishes with the atomic 
number. When once the L group has been completed 
a new and still more complicated M group of electrons 
begins forming outside it, and a similar process goes on 
until uranium, which has the highest atomic number, is 
reached. 

It may be of interest to try to visualise the concep
tion of the atom we have so far reached by taking for 
illustration the heaviest atom, uranium. At the centre 
of the atom is a minute nucleus surrounded by a 
swirling group of 92 electrons, all in motion in definite 

orbits, and occupying but by no means filling a volume 
very large compared with that of the nucleus. Some 
of the electrons describe nearly circular orbits round 
the nucleus ; others, orbits of a more elliptical shape 
with axes rotating rapidly round the nucleus. The 
motion of the electrons in the different groups is not 
necessarily confined to a definite region of the atom, 
but the electrons of one group may penetrate deeply 
into the region mainly occupied by another group, 
thus giving a type of inter-connexion or coupling 
between the various groups. The maximum speed of 
any electron depends on the closeness of the approach 
to the nucleus, but the outermost electron will have a 
minimum speed of more than rooo kilometres per 
second, while the innermost K electrons have an 
average speed of more than rso,ooo kilometres per 
second, or half the speed of light. When we visualise 
the extraordinary complexity of the electronic system 
we may be surprised that it has been possible to find 
any order in the apparent medley of motions. 

In reaching these conclusions, which we owe largely 
to Prof. Bohr and his co-workers, every available kind 
of data about the different atoms has been taken into 
consideration. A study of the X-ray spectra, in par
ticular, affords information of great value as to the 
arrangement of the various groups in the atom, while 
the optical spectrum and general chemical properties 
are of great importance in deciding the arrangements 
of the superficial electrons. While the solution of the 
grouping of the electrons proposed by Bohr has been 
assisted by considerations of this kind, it is not empirical 
in character, but has been largely based on general 
theoretical considerations of the orbits of electrons that 
are physically possible on the generalised quantum 
theory. The real problem involved may be illustrated 
in the following way. Suppose the gold nucleus be 
in some way stripped of its attendant seventy-nine 
electrons and that the atom is reconstituted bv the 
successive addition of electrons one by one. Acco'rding 
to Bohr, the atom will be reorganised in one way only, 
and one group after another will successively form and 
be filled up in the manner outlined. The nucleus atom 
has often been likened to a solar system where the sun 
corresponds to the nucleus and the planets to the 
electrons. The analogy, however, must not be pressed 
too far. Suppose, for example, we imagined that some 
large and swift celestial visitor traverses and escapes 
from our solar system without any catastrophe to itself 
or the planets. There will inevitably result permanent 
changes in the lengths of the month and year, and our 
system will never return to its original state. Contrast 
this with the effect of shooting an electron or a-particle 
through the electronic structure of the atom. The 
motion of many of the electrons will be disturbed by 
its passage, and in special cases an electron may be 
removed from its orbit and hurled out of its atomic 
system. In a short time another electron will fall into 
the vacant place from one of the outer groups, and this 
vacant place in turn will be filled up, and so on until 
the atom is again reorganised . In all cases the final 
state of the electronic system is the same as in the 
beginning. This illustration also serves to indicate 
the origin of the X-rays excited in the atom, for these 
arise in the process of re-formation of an atom from 
which an electron has been ejected, and the radiation 
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of highest frequency arises when the electron is removed 
from the K group. 

It is possibly too soon to express a final opinion on 
the accuracy of this theory which defines the outer 
structure of the atom, but there can be no doubt that 
it constitutes a great advance. Not only does it offer 
a general explanation of the optical and X-ray spectra 
of the atom, but it accounts in detail for many of the 
most characteristic features of the periodic law of 
J\riendeleeff. It gives us for the first time a clear idea 
of the reason for the appearance in the family of 
elements of groups of consecutive elements with similar 
chemical properties, such as the groups analogous to 
the iron group and the unique group of rare earths. 
The theory of Bohr, like all living theories, has not 
only correlated a multitude of isolated facts known 
about the atom, but has shown its power to predict 
new relations which can be verified by experiment. 
For example, the theory predicted the relations which 
must subsist between the Rydberg constants of the 
arc and spark spectra, and generally between all the 
successive optical spectra of an element, a prediction 
so strikingly confirmed by Paschen's work on the 
spectrum of doubly ionised aluminium and Fowler's 
work on the spectrum of trebly ionised silicon. Finally, 
it predicted with such great confidence the chemical 
properties of the missing element, number 72, that it 
gave the necessary incentive for its recent discovery. 

While the progress of our knowledge of the outer 
structure of atoms has been much more rapid than 
could have been anticipated, we clearly see that only 
a beginning has been made on this great problem, and 
that an enormous amount of work is still required 
before we can hope to form anything like a complete 
picture even of the outer structure of the atom. We 
may be confident that the main features of the structure 
are clear, but in a problem of such great complexity 
progress in detail must of necessity be difficult and 
slow. 

We have not so far referred to the verv difficult 
question of the explanation on this of the 
chemical combination of atoms. In fact, as yet the 
theory has scarcely concerned itself with molecular 
structure. On the chemical side, however, certain 
advances have already been made, notably by G. N. 
Lewis, Kosse!, and Langmuir, in the interpretation of 
the chemical evidence by the idea of shared electrons, 
which play a part in the electronic structure of two• 
combined atoms. There can be little doubt that the 
next decade will see an intensified attack by physicists 
and chemists on this very important but undoubtedly 
very complicated question. 

Before leaving this subject, it may be of interest to 
refer to certain points in Bohr's theory of a more 
philosophical nature. It is seen that the orbits and 
energies of the various groups of electrons can be 
specified by certain quantum numbers, and the nature 
of the radiation associated with a change of orbit can 
be defined. But at the same time we cannot explain 
why these orbits are alone permissible under normal 
conditions, or understand the mechanism by which 
radiation is emitted. It may be quite possible to 
formulate accurately the energy relation of the electrons 
in the atom on a simple theory, and to explain in 
considerable detail all the properties of an atom, 

without any clear understanding of the underlying 
processes which lead to these results. It is natural to 
hope that with advance of knowledge we may be able 
to grasp the details of the process which leads to the 
emission of radiation, and to understand why the orbits 
of the electrons in the atom are defined by the quantum 
relations. Some, however, are inclined to take the 
view that in the present state of knowledge it may be 
quite impossible in the nature of things to form that 
detailed picture in space and time of successive events 
that we have been accustomed to consider as so im
portant a part of a complete theory. The atom is 
naturally the most fundamental structure presented 
to us. Its properties must explain the properties of 
all more complicated structures, including matter in 
bulk, but we may not, therefore, be justified in expect
ing that its processes can be explained in terms of 
concepts derived entirely from a study of molar 
properties. The atomic processes involved may be so 
fundamental that a complete understanding may be 
denied us. It is early yet to be pessimistic on this 
question, for we may hope that our difficulties may any 
day be resolved by further discoveries. 

We must now turn our attention to that new and 
comparatively unexplored territory, the nucleus of 
the atom. In a discussion on the structure of the 
atom ten years ago, in answer to a question on the 
structure of the nucleus, I was rash enough to say 
that it was a problem that might well be left to the 
next generation, for at that time there seemed to be 
few obvious methods of attack to throw light on its 
constitution. While much more progress has been 
made than appeared possible at that time, the problem 
of the structure of the nucleus is inherently more 
difficult than the allied problem already considered of 
the structure of the outer atom, where we have a 
wealth of information obtained from the study of 
light and X-ray spectra and from the chemical pro
perties to test the accuracy of our theories. 

In the case of the nucleus, we know its resultant 
charge, fixed by Moseley's law, and its mass, which is 
very nearly equal to the mass of the whole atom, 
since the mass of the planetary electrons is relatively 
very small and may for most purposes be neglected. 
We know that the nucleus is of size minute compared 
with that of the whole atom, and can with some con
fidence set a maximum limit to its size. The study 
of radioactive bodies has provided us with very valu
able information on the structure of the nucleus, for 
we know that the a- and ,8-particles must be expelled 
from it, and there is strong evidence that the very 
penetrating y-rays represent modes of vibration of 
the electrons contained in its structure. In the long 
series of transformations which occur in the uranium 
atom, eight a-particles are emitted and six electrons, 
and it seems clear that the nucleus of a heavy atom 
is built up, in part at least, of helium nuclei and 
electrons. It is natural to suppose that many of the 
ordinary stable atoms are constituted in a similar way. 
It is a matter of remark that no indication has been 
obtained that the lightest nucleus, namely, that of 
hydrogen, is liberated in these transformations, where the 
processes occurring are of so fundamental a character. 
At the same time, it is evident that the hydrogen 
nucleus must be a unit in the structure of some atoms, 
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and this has been confirmed by direct experiment. 
Dr. Chadwick and I have observed that swift hydrogen 
nuclei are released from the elements boron, nitrogen, 
fluorine, sodium, aluminium, and phosphorus when 
they are bombarded by swift a-particles, and there is 
little room for doubt that these hydrogen nuclei form 
an essential part of the nuclear structure. The speed 
of ejection of these nuclei depends on the velocity 
of the a-particle and on the element bombarded. It 
is of interest to note that the hydrogen nuclei are 
liberated in all directions, but the speed in the back
ward direction. is always somewhat less than in the 
direction of the a-particle. Such a result receives a 
simple explanation if we suppose that the hydrogen 
nuclei are not built into the main nucleus but exist 
as satellites probably in motion round a central core. 
There can be no doubt that bombardment by 
a-particles has effected a veritable disintegration of 
the nuclei of this group of elements. It is .significant 
that the liberation of hydrogen nuclei only occurs in 
elements of odd atomic number, namely, 5, 7, 9, II, 13, 
15, the elements of even number appearing quite un
affected. For a collision of an a-particle to be effective, 
it must either pass close to the nucleus or actually 
penetrate its structure. The chance of this is ex
cessively small on account of the minute size of the 
nucleus. For example, although each individual 
a-particle will pass through the outer structure of more 
than roo,ooo atoms of aluminium in its path, it is 
only about one a-particle in a million that gets close 
enough to the nucleus to effect the liberation of its 
hydrogen satellite. 

This artificial disintegration of elements by a-particles 
takes place only on a minute scale, and its observation 
has only been possible by the counting of individual 
swift hydrogen nuclei by the scintillations they produce 
in zinc sulphide. 

These experiments suggest that the hydrogen nucleus 
or proton must be one of the fundamental units which 
build up a nucleus, and it seems highly probable that 
the helium nucleus is a secondary building unit com
posed of the very close union of four protons and two 
electrons. The view that the nuclei of all atoms are 
ultimately built up of protons of mass nearly one and 
of electrons has been strongly supported and extended 
by the study of isotopes. It was early observed that 
some of the radioactive elements which showed distinct 
radioactive properties were chemically so alike that 
it was impossible to effect their separation when mixed 
together. Similar elements of this kind were called 
"isotopes" by Soddy, since they appeared to occupy 
the same place in the periodic table. For example, a 
number of radioactive elements in the uranium and 
thorium series have been found to have physical and 
chemical properties identical with those of ordinary 
lead, but yet to have atomic weights differing from 
ordinary lead, and also distinctive radioactive pro
perties. The nuclear theory of the atom offers at 
once a simple interpretation of the relation between 
isotopic elements. Since the chemical properties of 
an element are controlled by its nuclear charge and 
little influenced by its mass, isotopes must correspond 
to atoms with the same nuclear charge but of different 
nuclear mass. Such a view also offers a simple 
explanation why the radioactive isotopes show different 

radioactive pro"perties, for it is to be anticipated that 
the stability of a nucleus will be much influenced by 
its mass and arrangement. 

Our knowledge of isotopes has been widely extended 
in the last few years by Aston, who has devised an 
accurate direct method for. showing the presence of 
isotopes in the ordinary elements. He has found that 
some of the elements are" pure "-i.e. consist of atoms 
of identical mass-while others contain a mixture of 
two or more isotopes. In the case of the isotopic 
elements, the atomic mass, ordinarily measured by 
the chemist, is a mean value depending on the atomic 
masses of the individual isotopes and their relative 
abundance. These investigations have not only shown 
clearly that the number of distinct species of atoms is 
much greater than was supposed, but have also brought 
out a relation between the elements of great interest 
and importance. The atomic masses of the isotopes 
of most of the elements examined have been found, 
to an accuracy of about one in a thousand, to be 
whole numbers in terms of oxygen, r6. This indicates 
that the nuclei are ultimately built up of protons of 
mass very nearly r and of electrons. It is natural 
to suppose that this building unit is the hydrogen 
nucleus, but that its average mass in the complex 
nucleus is somewhat less than its mass in the free state 
owing to the close packing of the charged units in the 
nuclear structure. We have already seen that the 
helium nucleus of mass 4 is probably a secondary unit 
of great importance in the building up of many atoms, 
and it may be that other simple combinations of 
protons and electrons of mass 2 and 3 occur in the 
nucleus, but these have not been observed in the free 
state. 

While the mass of the majority of the isotopes are 
nearly whole numbers, certain cases have been observed 
by Aston where this rule is slightly departed from. 
Such variations in mass may ultimately prove of great 
importance in throwing light on the arrangement and 
closeness of packing of the protons and electrons, and 
for this reason it is to be hoped that it may soon prove 
possible to compare atomic masses of the elements 
with much greater precision even than at present. 

While we may be confident that the proton and the 
electron are the ultimate units which take part in the 
building up of all nuclei, and can deduce with some 
certainty the number of protons and electrons in the 
nuclei of all atoms, we have little, if any, information 
on the distribution of these units in the atom or on 
the nature of the forces that hold them in equilibrium. 
While it is known that the law of the inverse square 
holds for the electrical forces some distance from the 
nucleus, it seems certain that this law breaks down 
inside the nucleus. A detailed study of the collisions 
between a-particles and hydrogen atoms, where the 
nuclei approach very close to each other, shows that 
the forces between nuclei increase ultimately much 
more rapidly than is to be expected from the law of the 
inverse square, and it may be that new and unexpected 
forces may come into importance at the very small 
distances separating the protons and electrons in the 
nucleus. Until we gain more information on the 
nature and law of variation of the forces inside the 
nucleus, further progress on the detailed structure of 
the nucleus may be difficult. At the same time, there 
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are still a number of hopeful directions in which an 
attack may be made on this most difficult of problems. 
A detailed study of the y-rays from radioactive bodies 
may be expected to yield information as to the motion 
of the electrons inside the nucleus, and it may be, as 
Ellis has suggested, that quantum laws are operative 
inside as well as outside the nucleus. From a study 
of the relative proportions of the elements in the 
earth's crust, Harkins has shown that elements of 
even atomic number are much more abundant than 
elements of odd number, suggesting a marked difference 
of stabilitv in these two classes of elements. It seems 
probable that any process of stellar evolution must be 
intimately connected with the building up of complex 
nuclei from simpler ones, and its study may thus be 
expected to throw much light on the evolution of the 
elements. 

The nucleus of a heavy atom is undoubtedly a very 
complicated system, and in a sense a world of its own, 
little, if at all, influenced by the ordinary physical and 
chemical agencies at our command. When we consider 
the mass of a nucleus compared with its volume it seems 
certain that its density is many billions of times that 
of our heaviest element. Yet, if we could form a 
magnified picture of the nucleus, we should expect that 
it would show a discontinuous structure, occupied but 
not filled by the minute building units, the protons and 
electrons, in ceaseless rapid motion controlled by their 
mutual forces. 

Before leaving this subject it is desirable to say a 
few words on the important question of the energy 
relations involved in the formation and disintegration 
of atomic nuclei, first opened up by the study of 
radioactivity. For example, it is well known that the 
total evolution of energy during the complete disinte
gration of one gram of radium is many millions of 
times greater than in the complete combustion of an 
equal weight of 'coal. It is known that this energy is 
initially mostly emitted in the kinetic form of swift a
and ,&-particles, and the energy of motion of these 
bodies is ultimately converted into heat when they 
are stopped by matter. Since it is believed that the 
radioactive elements are analogous in structure to 
the ordinary inactive elements, the idea naturally arose 
that the atoms of all the elements contained a similar 
concentration of energy, which would be available for 
use if only some simple method could be discovered of 
promoting and controlling their disintegration. This 
possibility of obtaining new and cheap sources of 
energy for practical purposes was naturally an alluring 
prospect to the lay and scientific man alike. It is quite 
true that, if we were able to hasten the radioactive 
processes in uranium and thorium so that the whole 
cycle of their disintegration could be confined to a few 
days instead of being spread over thousands of millions 
of years, these elements would provide very convenient 
sources of energy on a sufficient scale to be of consider
able practical importance. Unfortunately, although 
many experiments have been tried, there is no evidence 
that the rate of disintegration of these elements can 
be altered in the slightest degree by the most powerful 
laboratory agencies. With increase in our knowledge 
of atomic structure there has been a gradual change of 
our point of view on this important question, and there 
is by no means the same certainty to-day as a decade 

ago that the atoms of an element contain hidden stores 
of energy. It may be worth while to spend a few 
minutes in discussing the reason for this change in 
outlook. This can best be illustrated by considering 
an interesting analogy between the transformation of 
a radioactive nucleus and the changes in the electron 
arrangement of an ordinary atom. It is now well 
known that it is possible by means of electron bombard
ment or by appropriate radiation to excite an atom in 
such a way that one of its superficial electrons is dis
placed from its ordinary stable position to another 
temporarily stable position further removed from the 
nucleus. This electron in course of time falls back into 
its old position, and its potential energy is converted 
into radiation in the process. There is some reason for 
believing that the electron has a definite average life in 
the displaced position, and that the chance of its return 
to its original position is governed by the laws of prob
ability. In some respects an " excited " atom of this 
kind is thus analogous to a radioactive atom, but of 
course the energy released in the disintegration of a 
nucleus is of an entirely different order of magnitude 
from the energy released by return of the electron in 
the excited atom. It may be that the elements, 
uranium and thorium, represent the sole survivals in 
the earth to-day of types of elements that were common 
in the long-distant ages, when the atoms now composing 
the earth were in course of formation. A fraction of 
the atoms of uranium and thorium formed at that time 
has survived over the long interval on account of their 
very slow rate of transformation. It is thus possible to 
regard these atoms as having not yet completed the 
cycle of changes which the ordinary atoms have long 
since passed through, and that the atoms are still in the 
"excited " state where the nuclear units have not yet 
arranged themselves in positions of ultimate equili
brium, but still have a surplus of energy which can only 
be released in the form of the characteristic radiation 
from active matter. On such a view, the presence of 
a store of energy ready for release is not a property of 
all atoms, but only of a special class of atoms like the 
radioactive atoms which have not yet reached the final 
state for equilibrium. 

It may be urged that the artificial disintegration of 
certain elements by bombardment with swift a-particles 
gives definite evidence of a store of energy in some of the 
ordinary elements, for it is known that a few of the 
hydrogen nuclei, released from aluminium for example, 
are expelled with such·swiftness that the particle has a 
greater individual energy than the a-particle which 
causes their liberation. Unfortunately, it is very 
difficult to give a definite answer on this point until we 
know more of the details of this disintegration. 

On the other hand, another method of attack on 
this question has become important during the last 
few years, based on the comparison of the relative 
masses of the elements. This new point of view can 
best be illustrated by a comparison of the atomic 
masses of hydrogen and helium. As we have seen, it 
seems very probable that helium is not an ultimate unit 
in the structure of nuclei, but is a very close combina
tion of four hydrogen nuclei and two electrons. The 
mass of the helium nucleus, 4·oo in terms of 0 = 16, is 
considerably less than the mass, 4·03, of four hydrogen 
nuclei. On modern views there is believed to be a very 
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close connexion between mass and energy, and this loss 
in mass in the synthesis of the helium nucleus from 
hydrogen nuclei indicates that a large amount of energy 
in the form of radiation has been released in the building 
of the helium nucleus from its components. It is easy 
to calculate from this loss of mass that the energy set 
free in forming one gram of helium is large even com
pared with that liberated in the total disintegration 
of one gram of radium. For example, calculation 
shows that the energy released in the formation of one 
pound of helium gas is equivalent to the energy emitted 
in the complete combustion of about eight thousand 
tons of pure carbon. It has been suggested by Edding
ton and Perrin that it is mainly to this source of energy 
that we must look to maintain the heat emission of the 
sun and hot stars over long periods of time. Calcula
tions of the loss of heat from the sun show that this 
synthesis of helium need only take place slowly in order 
to maintain the present rate of radiation for periods 
of the order of one thousand million years. It must 
be acknowledged that these arguments are somewhat 
speculative in character, for no certain experimental 
evidence has yet been obtained that helium can be 
formed from hydrogen. 

The evidence of the slow rate of stellar evolution, 
however, certainly indicates that the synthesis of 
helium, and perhaps other elements of higher atomic 
weight, may take place slowly in the interior of hot 
stars. While in the electric discharge through hydrogen 
at low pressure we can easily reproduce the conditions 
of the interior of the hottest star so far as regards the 
energy of motion of the electrons and hydrogen nuclei, 
we cannot hope to reproduce that enormous density of 
radiation which must exist in the interior of a giant 
star. For this and other reasons it may be very difficult, 
or even impossible, to produce helium from hydrogen 
under laboratory conditions. 

If this view of the great heat emission in the forma
tion of helium be correct, it is clear that the helium 
nucleus is the most stable of all nuclei, for an amount 
of energy corresponding to three or four a-particles 
would be required to disrupt it into its components. 
In addition, since the mass of the proton in nuclei is 
nearly 1·ooo instead of its mass 1·0072 in the free state, 
it follows that much more energy must be put into the 
atom than will be liberated by its disintegration into 
its ultimate units. At the same time, if we consider 
an atom of oxygen, which may be supposed to be built 
up of four helium nuclei as secondary units, the change 
of mass, if any, in its synthesis from already formed 
helium nuclei is so small that we cannot yet be certain 
whether there will be a gain or loss of energy by its dis
integration into helium nuclei, but in any case we are 
certain that the magnitude of the energy will be much 
less than for the synthesis of helium from hydrogen. 
Our information on this subject of energy changes in 
the formation or disintegration of atoms in general 
is as yet too uncertain and speculative to give 
any decided opinion on future possibilities in this 
direction, but I have endeavoured to outline some of 
the main arguments which should be taken into 
account. 

I must now bring to an end my survey, I am afraid 
all too brief and inadequate, of this great period of 
advance in physical science. In the short time at my 

disposal it has been ·impossible for me, even if I had the 
knowledge, to refer to the great advances made during 
the period under consideration in all branches of pure 
and applied science. I am well aware that in some 
departments the progress made may justly compare 
with that of my own subject. In these great additions 
to our knowledge of the structure of matter every 
civilised nation has taken an active. part, but we may 
be justly proud that Great Britain has made many 
fundamental contributions. With this country I must 
properly include the Dominions overseas, for they 
have not been behindhand in their contributions to 
this new knowledge. It is, I am sure, a matter of 
pride to this country that the scientific men of the 
Dominions have been responsible for some of the most 
fundamental discoveries of this epoch, particularly in 
radioactivity. 

This tide of advance was continuous from 1896, but 
there was an inevitable slackening during the War. 
It is a matter of good omen that, in the last few years, 
the old rate of progress has not only been maintained 
but even intensified, and there appears to be no obvious 
sign that this period of great advances has come to an 
end. There has never been a time when the enthusiasm 
of the scientific workers was greater, or when there was 
a more hopeful feeling that great advances were 
imminent. This feeling is no doubt in part due to the 
great improvement during this epoch of the technical 
methods of attack, for problems that at one time 
seemed unattackable are now seen to be likely to fall 
before the new methods. In the main, the epoch under 
consideration has been an age of experiment, where 
the experimenter has been the pioneer in the attack 
on new problems. At the same time, it has been also 
an age of bold ideas in theory, as the quantum theory 
and the theory of relativity so well illustrate. 

I feel it is a great privilege to have witnessed this 
period, which may almost be termed the renaissance 
of physics. It has been of extraordinary intellectual 
interest to watch the gradual unfolding of new ideas 
and the ever-changing methods of attack on difficult 
problems. It has been of great interest, too, to note 
the comparative simplicity of the ideas that have 
ultimately emerged. For example, no one could have 
anticipated that the general relation between the 
elements would prove to be of so simple a character as 
we now believe it to be. It is an illustration of the fact 
that Nature appears to work in a simple way, and that 
the more fundamental the problem, often the simpler 
are the conceptions needed for its explanation. The 
rapidity and certitude of the advance in this epoch 
have largely depended on the fact that it has been 
possible to devise experiments so that few variables 
were involved. For example, the study of the structure 
of the atom_has been much facilitated by the possibility 
of examining the effects due to a single atom of matter, 
or, as in radioactivity or X-rays, of studying processes 
going on in the individual atom which were quite 
uninfluenced by external conditions. 

In watching the rapidity of this tide of advance in 
physics 'I have become more and more impressed by 
the power of the scientific method of extending our 
knowledge of Nature. Experiment, directed by the 
disciplined imagination either of an individual, or still 
better, of a group of individuals of varied mental 
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outlook. is able to achieve results which far transcend the 
imagination alone of the greatest natural philosopher. 
Experiment without imagination, or imagination with
out recourse to experiment, can accomplish little, 
but, for effective progress, a happy blend of these two 
powers is necessary. The unknown appears as a dense 
mist before the eyes of men. In penetrating this 
obscurity we cannot invoke the aid of supermen, but 
must depend on the combined efforts of a number of 
adequately trained ordinary men of scientific imagina
tion. Each in his own special field of inquiry is enabled 
by the scientific method to penetrate a short distance, 
and his work reacts upon and influences the whole body 
of other workers. From time to time there arises an 
illuminating conception, based on accumulated know
ledge, which lights up a large region and shows the 
connexion between these individual efforts so that a 
general advance follows. The attack begins anew on 
a wider front, and often with improved technical 
weapons. The conception which led to this advance 
often appears simple and obvious when once it has 
been put forward. This is a common experience, and 
the scientific man often feels a sense of disappointment 
that he himself had not foreseen a development which 
ultimately seems so clear and inevitable. 

The intellectual interest due to the rapid growth of 
science to-day cannot fail to act as a stimulus to young 
men to join in scientific investigation. In every branch 
of science there are numerous problems of fundamental 
interest and importance which await solution. We 
may confidently predict an accelerated rate of progress 
of scientific discovery, beneficial to mankind certainly 
in a material, but possibly even more so in an intellectual 
sense. In order to obtain the best results, certain 
conditions must, however, be fulfilled. It is necessary 
that our universities and other specific institutions 

should be liberally supported, so as not only to be in 
a position to train adequately young investigators of 
promise, but also to serve themselves as active centres 
of research. At the same time there must be a reason
able competence for those who have shown a capacity 
for original investigation. Not least, peace throughout 
the civilised world is as important for rapid scientific 
development as for general commercial prosperity. 
Indeed, science is truly international, and for progress 
in many directions the co-operation of nations is as 
essential as the co-operation of individuals. Science, 
no less than industry, desires a stability not yet achieved 
in world conditions. 

There is an error far too prevalent to-day that science 
progresses by the demolition of former well-established 
theories. Such is very rarely the case. For example, 
it is often stated that Einstein's general theory of 
relativity has overthrown the work of Newton on 
gravitation. No statement could be further from the 
truth. Their works, in fact, are scarcely comparable, 
for they deal with different fields of thought. So far 
as the work of Einstein is relevant to that of Newton, 
it is simply a generalisation and broadening of its basis ; 
in fact, a typical case of mathematical and physical 
development. In general, a great principle is not 
discarded, but so modified that it rests on a broader 
and more stable basis. 

It is clear that the splendid period of scientific 
activity which we have here reviewed owes much of its 
success and intellectual appeal to the labours of those 
great men in the past, who wisely laid the sure founda
tions on which the scientific worker builds to-day, or 
to quote from the words inscribed in the dome of the 
National Gallery, "The works of those who have stood 
the test of ages have a claim to that respect and 
veneration to which no modem can pretend." 

Scientific Problems and Progress.1 

SUMMARIES OF ADDRESSES OF PRESIDENTS OF SECTIONS OF THE BRITISH ASSOCIATION. 

THE ORIGIN OF SPECTRA. 

T HE focus of Prof. McLennan's remarks in his pre
sidential address to Section A (Mathematics and 

Physics), to be delivered on September I7, is Bohr's 
theory of the origin of radiation and of atomic structure. 
Evidence in support of the theory is drawn largely 
from recent researches on the spectra of the elements. 

Among the subjects discussed are the significance 
of the fine structure of the spectral lines of hydrogen 
and the recent attempts to devise a model of the 
helium atom capable of accounting for the character
istics of the helium spectrum. 

In dealing with the question of the genesis of atoms 
of various types, illustrations are given of the view 
recently put forward by Bohr that the fundamental 
process that must apply consists in the successive 
binding of electrons by a nucleus originally naked. 
Bohr's scheme of electronic orbits for the atoms of 
different elements provides a means of establishing a 

1 All the presidential addresses are published in fuJI in '' The Advance
ment of Science: x923" (London: John 

connexion between spectral series formulre of different 
types and the energy levels in atoms and, also, of 
deducing the values of resonance and ionisation 
potentials, hitherto undetermined, for a number of 
elements. Special attention is paid to the elements 
of the lead-tin and chromium-manganese groups. 

A number of illustrations are given of the Kossel
Sommerfeld Displacement Law, and the importance 
of the recent work of Fowler and of Paschen in this 
connexion is emphasised. Spectroscopic data, recently 
obtained, that are likely to lead to extensions of this 
work are also discussed. 

In dealing with the magnetic properties of certain 
contiguous elements, anomalies are referred to that 
apparently do not find so ready an explanation with 
Bohr's scheme of electronic orbits for the atoms of 
successive elements as the Kossel-Sommerfeld Dis
placement Law. Reference is also made to the prin
ciple of quantisation in space recently brought into 
prominence by the interesting experiments of Gerlach 
and Stern and by the work of R. W. Wood and Ellett. 
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