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It is inherent in the very notion of culture and of tradition that there is a cumulative 

aspect to human life. The past underlies the present, qualifies and moderates it, in 

some ways limits it and in some ways enriches it. We understand Shakespeare better 

for having read Chaucer, and Milton for having read Shakespeare. We appreciate 

Trevelyan more for knowing Thucydides. We see Cezanne with better eyes for having 

looked also at Vermeer, and understand much more in Locke for knowing Aristotle, 

St. Matthew for knowing Job. But in actual fact we rather seldom bring a knowledge 

of the earlier to our first acquaintance with the later; and if it is true that Job throws 

light on Matthew, it is also true that Matthew throws light on Job. We can understand 

a great deal of what is written today, knowing little explicitly of what has been written 

in the past. We can and do know a great deal of what Shakespeare means and intends 

without any knowledge of those earlier men who altered and educated his sensibility.  

 

The cumulative character of science is very different and very much more essential. It 

is one of the reasons for the great difficulty of under standing any science in which 

one has not largely become an expert— the science of which Hobbes wrote: ‘Of that 

nature, as none can understand it to be, but such as in good measure have attayned it’.  

 

 

New Domains of Experience  

There are at least two reasons for this: one has to do with the relation of later 

discoveries in science to earlier, and the other with the use that is made of earlier 

work in science as an instrument of progress. When we find out something new about 

the natural world this does not supersede what we knew before; it transcends it, and 

the transcendence takes place because we are in a new domain of experience, often 

made accessible only by the full use of prior knowledge. The work of Huygens and 

Fresnel on the wave properties of light is as necessary today as it ever was, although 

we know that there are properties of light which are left out in their account and their 

experience, properties which, in the context of atomic happenings, are decisive. 

Newton’s law of gravitation and his equations of motion apply to and underlie 

immense realms of physical experience and are not made wrong by the fact that in 

other and still vaster spheres they must be replaced by the broader laws of Einstein. 

The chemical theory of valency has been explained, elucidated, and, to some small 

degree, extended by an understanding in terms of the behaviour of electrons and 

nuclei of what goes on in chemical bonding; but the chemical theory of valency is not 

superseded and will presumably be used as long as man’s interest in chemistry 

continues. The foundations of solid fact and the laws which describe it persevere 

through the whole course of science, to be refined and adapted to new contexts but 

never to be ignored or cast out.  
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But this is only a part of the story. It is a recurring experience of scientific progress 

that what was yesterday an object of study, of interest in its own right, becomes today 

something to be taken for granted, something understood and reliable, something 

known and familiar—a tool for further research and discovery. Sometimes the new 

instrument which is used to extend experience is a natural phenomenon, only barely 

qualified or controlled by the experimenter. We are familiar with the use of calcite 

crystals to produce two separate beams of polarised light. We know that the cosmic 

rays are both an object of investigation in themselves and a tool of hitherto 

unparalleled power for probing the properties and transmutations of primordial matter 

here on earth and in the laboratory. Sometimes past knowledge is embodied not in a 

natural phenomenon but in an invention, or in elaborate pyramids of invention, a new 

technology.  

 

There are many well known and major examples of technological development during 

the last war which have added to the instruments of the investigator of the physical 

and biological world. We may recall two. Microwave radar—the generation, control, 

and detection of electromagnetic waves of relatively very short length—played a 

heroic part in the Battle of Britain. In the years since, it has provided powerful new 

means of investigating atomic, molecular, and even nuclear problems from which in 

actual fact subtle discoveries have been made about the laws of interaction of 

electrons and protons and neutrons. 

 

The nuclear reactor embodies in its technology very recently acquired understanding 

of the fission processes in uranium and of the behaviour of neutrons in their collisions 

with atomic nuclei; it is now an important tool whose controlled and well-understood 

radiations are telling us about properties of matter hitherto barely accessible. 

Artificially radioactive substances made in great profusion by atomic reactors enable 

us to follow the course of individual atoms in chemical and biological changes. In 

biology especially they may be an addition to our instrumental facilities and 

techniques comparable in importance with the microscope itself.  

 

 

An Addition to the Scientist  

It is an oversimplification to say that technologies based upon recently discovered 

natural phenomena are taken as wholly for granted and as wholly known, but this is 

essentially the truth. They are added to the experimenter as a good tool is added to the 

artisan; as the pencil in the writer’s hand ceases to be an object in itself and becomes 

almost a part of the writer; or as a horse under a good horseman becomes for the time 

being not an animal to be cared for and thought about but a part of the entity 

‘horseman’. Thus what has been learned and invented in science becomes an addition 

to the scientist, a new mode of perception, a new mode of his action.  

 

There are some cautions to be added to this. No experimenter takes his equipment 

quite so much for granted that he fails to check whether in fact it is performing as it is 

supposed to perform; but the notion of how it is supposed to perform is for him in 

general a fixed thing not calling for further enquiry. This may be true even when the 

invention is a sample of practical art rather than a sample of true understanding. The 

photographic plate has served as an instrument of science for decades, during which 

its behaviour was only very incompletely understood. Any machine can get out of 

order, and in a laboratory most machines do. The •horse is shod and bridled and fed 
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before he can become part of the horseman. Nevertheless we use what we have 

learned to go further. A perpetual doubting and a perpetual questioning of the truth of 

what we have learned is not the temper of science. If Einstein was led to ask not 

‘What is a clock?’, but ‘How, over great distances and with great precision, do we 

synchronise clocks?’, that is not an illustration of the scepticism of science; it 

exemplifies rather the critical reason creating a new synthesis from paradoxes, 

anomalies and bewilderments, which experiments carried on with new precision and 

in a new context brought into being.  

 

All this means that science is cumulative in a quite special sense. We cannot really 

know what a contemporary experiment means unless we understand what the 

instruments and the knowledge are that are involved in its design. This is one reason 

why the growing edge of science seems so inaccessible to common experience. Its 

findings are defined in terms of objects and laws and ideas which were the science of 

its predecessors. This is why the student spends many long years learning the facts 

and arts which, in the acts of science, he will use and take for granted—why this long 

tunnel, at the end of which is the light of discovery, is so discouraging for the layman 

to enter, be he an artist, scholar, or man of affairs.  

 

 

Work on Radioactive Substances  

This conversion of an object of study into an instrument has its classic 

exemplification in Rutherford and the a-particle. This is a trail we will follow for 

some time. It will lead us to the heart of atomic physics. The a-particle, emitted by 

many naturally radioactive substances, identical with the nucleus of helium, was 

indeed a strong right arm for Rutherford and all his school in probing the atomic 

world. Rutherford’s early works had been largely devoted to writing the wonderful 

natural history of the radioactive families—those which start with spontaneous 

changes in the heavy elements uranium and thorium. Part of the natural history was to 

discover the genetic relations between the various radioactive substances, some of 

them growing as a result of the decay of others and in turn giving rise to daughter 

products by further transmutation.  

 

The natural history involves a chemical identification of the radioactive substances, 

the determination of the rapidity of their decay and of the alternative modes of decay, 

which some of them exhibit. It involves the recognition of three fundamentally 

different kinds of radiation, all of which appear at one stage or another in these family 

histories. This identification, which we shall meet again in later contexts, means 

learning some of the basic properties of the particles emitted. This identification, as 

we shall shortly see, is made possible by the fact that even a single such particle has 

readily detectable effects.  

 

These properties include the mass of the particle and its electric charge. These have 

usually been found in the first instance by studying their behaviour in large—scale 

electric and magnetic fields and applying Newton’s laws to analyse their motion. 

These same methods give one a measure of the velocity or energy with which the 

particles are emitted, and of the loss of this energy as the particles pass through 

matter. Sometimes, at a later stage, the products of an atomic or nuclear disintegration 

can be more thoroughly studied. They may have more subtle electromagnetic 

properties than charge, such as a small magnetic moment. They may have structure or 
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size. But the basic identifications can all be made in terms of the response of the 

radiations to familiar, large-scale, experimentally controllable situations like the 

classical electric and magnetic fields of our laboratory courses.  

 

 

Sharpest Experimental Tool  

The a-particle of the naturally radioactive substances became for the middle years of 

Rutherford’s life the sharpest experimental tool; it was to be supplemented and to 

some extent superseded only when artificially accelerated nuclei became available 

during the nineteen- thirties. The essential features of the experiments that have told 

us most about atoms and nuclei and the ingredients of matter are two: one has to do 

with structure, and the other with scale. 

 

The structure of the experiment involves three parts: a probe, which is an object 

meant to explore or disturb matter in its natural state, typically with some degree of 

violence. This was the role of the a-particle. The second element is the target, which is 

some form of matter, whether pure or of controllable and manageable complications; 

and the third is the detector, which identifies and describes the objects emerging from 

the disturbance, whether they be the altered or the unaltered probe, or something 

knocked out of the target, or created in the collision, or something appearing long 

after the collision as evidence of a rearrangement of the collision products consequent 

upon the disturbance. This is not a universal pattern—this probe-target- detector 

assembly. The collision is not the only way of learning about atomic systems; but 

almost all of what we have learned has derived at least in part from such experiments 

and can be elucidated in terms of them.  

 

As to scale, it is the scale that determines the possibility of detection. The events that 

are so studied—the collisions, transmutations —can typically be studied event by 

event, atom by atom. The reason for this lies in two circumstances: one is that in 

nuclear transformations, and even more so in transformations induced by cosmic rays 

and super- accelerators, the energy characteristic of a single atomic process is 

enormous compared to the chemical energies, and is sufficient to produce 

recognisable physical and chemical changes in hundreds of thousands or even 

millions of atoms.  

 

The second circumstance lies in the art that has been devoted toward exploiting these 

energies in systems of detection. The detectors for Rutherford’s experiments are by 

now familiar. One is the scintillation screen, where an a-particle creates a flash of 

light easily visible through a microscope at the point where it hits the screen. Another 

is the beautiful cloud chamber of C. T. R. Wilson, which is, according to legend, an 

outcome of the inventor’s interest in the mist and clouds and rain of his native 

Scotland. In this cloud-chamber the track of a charged particle is marked by the 

occurrence of innumerable small yet readily visible droplets of water or other liquid 

close to where the particles passed. A third is the counter, in which the electrical 

disturbance produced in a gas by the passage of a charged particle gives rise to a 

substantial electrical discharge, which can be amplified and analysed by electronic 

circuitry.  

 

These detectors have been supplemented by many, many others; and the precision and 

power of electronic amplification and analysis have been developed into a great art. 
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The detector of atomic physics still characteristically is designed to take advantage of 

the ‘very great energy involved in the changes of a single atom, and of the power to 

amplify this energy almost at, will to make it accessible. The clicking counters and 

flashing lights and occasionally even the ringing bells of a modern nuclear laboratory 

make the doings of individual atoms very vivid and immediate, and make the subtle 

atoms of Epicurus or of Newton seem very private and remote.  

 

 

Foundation for a Revolution  

Rutherford and his probing a -particles and detectors are old history, dating back 

roughly some forty years. They are basic alike to atomic and nuclear physics, basic as 

a foundation for the great revolution in science which it is my principal purpose to 

describe, and for the further developments at the very forefront of contemporary 

discovery that have us today perplexed and bemused. With his a-particles, obtained 

from natural radioactivity, Rutherford discovered the atomic nucleus and the nuclear 

model of the atom; with some help from other evidence he discovered the mass and 

the charge of the various atomic nuclei and thus rationalised Mendelyeev’s table of 

the elements. With the a-particles, he was able to touch nuclear matter itself and 

measure its dimensions. He showed that it could be transmuted; he identified at least 

some of its ingredients.  

 

For the most part, a-particles when they pass through a bit of matter are not very 

much deflected or changed in direction; they are gradually slowed down; but 

occasionally a particle will change its direction of motion very greatly. It will be 

scattered through a large angle; it will act as though some great force had disturbed it, 

as though it had hit something quite small and quite hard. The law describing these 

deflections is Rutherford’s law; and to it he gave a simple meaning: there are forces 

acting on the a-particles; they are not unfamiliar to physics. They are the electric 

repulsion between the charge of the atomic nucleus and the charge of the a-particle—

the same force which manifests itself when two positively charged pith balls push 

each other apart in an elementary demonstration. The balls repel each other because 

the two charges are similar; and the repulsion is described by Coulomb’s law— very 

much the same law as Newton’s law of gravitation. The repulsion is inversely 

proportional to the square of the separation of the charges. The charge of the atomic 

nucleus is a multiple of that of the proton— the nucleus of hydrogen. The multiple is 

the atomic number, which determines the number of electrons in the atom, and almost 

all the chemical properties of the element, and the position in the periodic table of that 

element. The mass of the nucleus is almost the whole mass of the atom as expressed 

by its atomic weight. This charge and mass is concentrated in a small volume. 

Everywhere outside it, the a-particle feels only the electric field.  

 

By using a-particles fast enough to overcome the electric repulsion, and using light 

elements for which the charge and therefore the repulsion are not too great, 

Rutherford found that occasionally a-particles penetrated to a different domain 

entirely, where very strong forces, not electric forces, deflected them. In this way he 

found the dimensions of the nucleus itself: roughly one part in 10,000 of the 

dimensions of the atom as a whole. This characterised the nucleus as a region of 

incredibly high density, of many millions of tons per cubic inch. Rutherford 

discovered even more: he was able to show that when fast a-particles penetrated 

nuclear matter things other than a-particles emerged from the mêlée. In experiments 
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undertaken during the First World War, and justified by Rutherford as of greater 

importance than any contribution he could then make. to the prosecution of that war, 

Rutherford for the first time induced by human action the transmutation of an atomic 

nucleus, knocking out of the nucleus of nitrogen a nucleus of hydrogen, or proton, and 

starting a chain of events which led, among many things, to man’s release of atomic 

energy, to what may some day be judged the most compelling argument of all for 

putting an end to war itself.  

 

 

Following a Course of Discovery  

The story went on from there. Before we revert to the nuclear model of the atom and 

how oddly different its properties are from any we can understand on the basis of 

Newtonian physics, we may follow sketchily and partially this course of discovery 

with probe, target, and detector that Rutherford initiated and that has continued until 

the present day. Twenty years ago, using the same a-particles as probes, Chadwick 

managed to identify another survivor of the disturbance, another ingredient of the 

nucleus, the neutron, which has roughly the proton’s mass but no charge, and thus to 

lay the foundations for an elementary view of nuclear composition. The nucleus is 

made up of neutrons and protons.—enough protons to account for its charge, the 

atomic number; enough neutrons to account for the. excess of its atomic weight over 

its atomic number—held together in their tiny volume by strong forces wholly 

dissimilar from those of electricity and magnetism, whose description even today is a 

far from completely solved problem.  

 

Chadwick’s neutrons, in their turn, became probes, inducing nuclear transmutations 

very copiously, because they were not kept away from nuclei by the positive nuclear 

charge. Their use led, in the years just before the war, to Hahn’s discovery that, when 

uranium was transmuted by being hit by neutrons, among the products was barium, a 

large half of the original nucleus, but only about half—and thus to nuclear fission.  

 

Even this was only the beginning. In the very energetic particles of cosmic radiation, 

in the nuclei accelerated by giant modern accelerators to energies a hundredfold those 

of Rutherford’s a-particles, we have found new probes to elicit new phenomena; the 

story of sub-nuclear matter began to unfold and ramify. A whole new family of 

hitherto unknown, and, for the most part, unrecognised and unexpected objects began 

to emerge from the nuclear encounters. The first of these were the various mesons, 

some charged and some uncharged, about ten times lighter than the proton and some 

hundreds of times heavier than the electron. In the last years there have appeared in 

increasing variety objects heavier than the mesons, other objects heavier even than 

protons, whose names are still being changed, from month to month, by solemn 

conferences. Physicists call them vaguely, and rather helplessly, ‘the new particles’. 

They are without exception unstable, as is the neutron. They disintegrate after a time 

which varies from one millionth to less than a billionth of a second into other lighter 

components. Some of these components are in turn unfamiliar to physics and are 

themselves in turn unstable. We do not know how to give a clear meaning to this 

question. We do not know why they have the mass and charge that they do; why they 

and just they exist; why they disintegrate as they do; why in most cases they last as 

long as they do, or anything much about them. They are the greatest puzzle in today’s 

physics.  
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But all this is now; and these were not the puzzles of Rutherford’s day. To these we 

shall turn in the next lectures. They become manifest when we try to deduce and 

describe the properties of Rutherford’s atom in terms of Newtonian mechanics: This 

attempted description failed. The atoms of nature are radically, dramatically, unlike 

atoms, composed as Rutherford found of electrons and small nuclei, subject to the 

forces Rutherford discovered and described, and moving according to Newton’s laws. 

The failure of this classical description turned out to be a major clue, one of the few 

major clues, in the atomic story. We learned, before the story was finished, that more 

than Newtonian mechanics would have to be modified if we were to understand and 

describe our experience with atomic systems. We would have to alter our ideas on 

very fundamental points, on causality, for instance, and even on the nature of the 

objectivity of parts of the physical world. We were to be reminded, in a quite 

unexpected way, of the nature and limitations, as well as the power, of human 

knowledge itself. It is largely for this reason that the story of atomic discovery has 

appeared to me so full of instruction for us all, for layman as well as specialist. For it 

has recalled to us traits of old wisdom that we can well take to heart in human affairs.  

 

Before these great changes could be completed, and the strange situation elucidated, 

many new ideas and methods of description were to be introduced. We learned words 

new for us, like ‘quantum’, and ‘state’, words like ‘correspondence’ and 

‘complementarity’, words with a new meaning for physics. Of these the word 

‘correspondence’ came to stand for the conservative and traditional traits of the new 

physics, that bound it to the physics of the past; whereas ‘complementarity’ described, 

as we shall come to see, those new features, unknown to the physics of Newton, that 

have broadened and humanised our whole understanding of the natural world.  

 

Time and experience have clarified, refined, and enriched our understanding of these 

notions. Physics has changed since then. It will change even more. But what we have 

learned so far, we have learned well. If it is radical and unfamiliar an4 a lesson that 

we are not likely to forget, we think that the future will be only more radical and not 

less, only more strange and not more familiar, and that it will have its own new 

insights for the inquiring human spirit. 


