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Our understanding of atomic physics, of what we call the quantum theory of atomic 

systems, had its origins at the turn of the century and its great synthesis and 

resolutions in the nineteen-twenties. It was a heroic time. It was not the doing of any 

one man; it involved the collaboration of scores of scientists from many different 

lands, though from first to last the deeply creative and subtle and critical spirit of 

Niels Bohr guided, restrained, deepened, and finally transmuted the enterprise. It was 

a period of patient work in the laboratory, of crucial experiments and daring action, of 

many false starts and many untenable conjectures. It was a time of earnest 

correspondence and hurried conferences, of debate, criticism, and brilliant 

mathematical improvisation.  

 

 

A Time of Creation  

For those who participated, it was a time of creation; there was terror as well as 

exaltation in their new insight. It will probably not be recorded very completely as 

history. As history, its re-creation would call for an art as high as the story of Oedipus 

or the story of Cromwell, yet in a realm of action so remote from our common 

experience that it is unlikely to be known to any poet or any historian. In other ways, 

there will be such times again Most of us are convinced that today, in our present 

probings in the sub-atomic and sub-nuclear world; we are laying the groundwork for 

another such time for us and for our sons. The great growth of physics, the vast and 

increasingly complicated laboratories of the mid-twentieth century, the increasing 

sophistication of mathematical analysis, have altered many of the conditions of this 

new period of Crisis. We do not think that they will have altered its heroic and 

creative character.  

 

When quantum theory was first taught in the universities and institutes, it was taught 

by those who had participated, or had been engaged spectators, in its discovery. Some 

of the excitement and wonder of the discoverer was in their teaching; now, after two 

or three decades, it is taught not by the creators but by those who have learned from 

others who have learned from those creators. It is taught not as history, not as a great 

adventure in human understanding, but as a piece of knowledge, as a set of 

techniques, as a scientific discipline to be used by the student in understanding and 

exploring new phenomena in the vast work of the advance of science, or its 

application to invention and to practical ends. It has become not a subject of curiosity 

and an object of study but an instrument of the scientist to be taken for granted by 

him, to be used by him, to be taught to him as a mode of action, as we teach our 

children to spell and to add.  

 

What we must attempt to do in these talks is wholly different. This is no school to 

learn the arts of atomic physics. Even those prior arts— the experimental tools, the 
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mathematical powers, the theories, inventions, instruments, and techniques which 

defined the - problems of atomic physics, which established the paradoxes, described 

the phenomena, and underlay the need for synthesis—are not known to us of our own 

experience. We must talk of our subject not as a community of specialised scientists 

but as men concerned with understanding, through analogy, description, and an act of 

confidence and trust, what other people have done and thought and found. So men 

listen to accounts of- soldiers returning from a campaign of unparalleled hardship and 

heroism, or of explorers from the high Himalayas, or of tales of deep illness, or of a 

mystic’s communion with his God. Such stories tell little of what the teller has to tell. 

They are the threads which bind us in community and make us more than separate 

men.  

 

Here, then, we have our atoms. Their ingredients have been made manifest by 

Rutherford and his a-particles, as have the forces that act between the ingredients, and 

by probing with electrons and with Light as well as with a-particles. There is the 

nucleus, with almost the whole of the atom’s mass and almost none of its size, and 

with a charge which is measured by the atomic number, equal to the number of 

electrons that surround the nucleus in the normal atom. We have the simple laws of 

attraction and repulsion, familiar from the large-scale, everyday experience with 

electricity. Unlike charges attract and like repel; and the forces, like Newton’s, 

decrease inversely with the square of their separation.  

 

In Rutherford’s day it seemed reasonable, as it no longer entirely does today in facing 

our modern physics, to subdivide the problem of atomic structure into three questions: 

what are the ingredients of the atom; what are the forces, and the laws of force, acting 

between these ingredients; how in response to those forces do the ingredients move? 

We know that even in atomic problems this division is not completely rigorous; but 

the refinements are minor and have largely proved tractable. They consist of taking 

into account the effect of the motion of the particles themselves on the forces between 

them and, in some cases, the distortion of the properties of particles, very small itself 

in the atomic structures, by the presence of other particles and the forces that they 

exert. It is surely not wholly true of the nucleus that these distortions are small; and in 

the strange objects which emerge so readily when nuclei undergo violent collisions 

we have persuasive, if indirect, evidence for that.  

 

The atom, then, has a massive charged nucleus; the atom as a whole is neutral and 

10,000 to 100,000 times as far across as its tiny nuclear core. The rest of the atom is 

composed of electrons and electric fields - electrons that are the universal ingredients 

of matter, the determinants of almost all its chemical properties and of most of its 

familiar physical properties as well. There will be as many electrons in the atom as the 

atomic number, the nuclear charge; this makes the atom as a whole neutral. There will 

be one electron in hydrogen and thirteen in aluminium and ninety-two in uranium. 

These are the ingredients; and the laws of force, complex only in the last refinements, 

are basically simple. The electron feels an attractive Coulomb force exerted by the 

nucleus, attractive since the electron and nucleus are oppositely charged, and once 

again falling off with distance in the same way as gravitational forces according to 

Newton’s law. For hydrogen, this means a simpe situation: two bodies with a force 

between them identical in structure with that which the sun exerts on the planets; two 

bodies small enough compared to the atom’s size so that they almost never touch, and 

the properties of their contact can have little influence. The law of forces has been 
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verified not only by probing with particles, by which it was originally discovered, but 

by probing with electrons themselves, in the first instances by the beta rays of 

naturally radioactive substances. For other atoms there is in addition the electrical 

repulsion between the several electrons, balancing to some extent the nuclear 

attraction. And there is, further, the well-known mathematical complication of 

describing quantitatively the behaviour of a system with many particles.  

 

But with hydrogen this should not be so. Here we have essentially a single light body 

moving in a simple and well-known force. The description of this system should be a 

perfect example of Newtonian dynamics, and should, in its refinements, be intelligible 

in terms of all that the nineteenth century had discovered about the behaviour of 

charged particles in motion and the electromagnetic radiation produced when they are 

accelerated.  

 

 

Unfamiliar Answers  

But it did not turn out that way. To what appeared to be the simplest questions, we 

will tend to give either no answer or an answer which will at first sight be reminiscent 

more of a strange catechism than of the straightforward affirmatives of physical 

science. If we ask, for instance, whether the position of the electron remains the same, 

we must say ‘no’; if we ask whether the electron’s position changes with time, we 

must say ‘no’; if we ask whether the electron is at rest, we must say ‘no’; if we ask 

whether it is in motion, we must say ‘no’. The Buddha has given such answers when 

interrogated as to the conditions of a man’s self after his death; but they are not 

familiar answers for the tradition of seventeenth- and eighteenth-century science.  

 

Let us review, then, what a hydrogen atom should be like if we could apply Newton’s 

laws and the whole classical picture of matter in motion to the simple model. The 

electron is held to its nucleus as the earth is to the sun, or as is Venus. It should 

revolve in an ellipse, as Kepler found and Newton explained. The size of the ellipse 

could be varied from atom to atom as the orbits of the planets are different, depending 

on how it was formed and what its history, and so should the shape of the orbits, 

whether they are narrow or round. There should be no fixed size for a hydrogen atom 

and no fixed properties; and when we disturb one by one of our probings, or when it is 

disturbed in nature, we would not expect it to return to a size and shape at all similar 

to that from which it started. This is not all—there are more recondite points. When a 

charge moves in anything but a straight line, it should send out electromagnetic 

radiation. This is what we see in every radio antenna. As far as our model goes, this 

radiation should in time sap the energy of the electron to make up for the energy that 

has been sent out in the form of light waves; and the ellipses on which the electron 

moves should get smaller and smaller as it gets nearer to its attractive sun and loses its 

energy. For a system about the size of the hydrogen atom as we know it in nature, a 

few hundredths of a millionth of an inch across, this process should go very rapidly; 

and the atom should become far, far smaller than atomic dimensions in very much 

less than a millionth of a second. The colour of the light that the electron radiates 

should be determined by the period of its revolution; it too should be random, 

differing from orbit to orbit, differing from time to time as the orbits shrink and alter. 

This is the picture which classical physics—Newtonian physics—predicts for the 

hydrogen atom, if Rutherford’s model is right.  
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It could hardly be further from the truth. By all we know, hydrogen atoms if 

undisturbed are all identical. They are the same size and each has the same properties 

as any other, whatever its history, provided only that it has had a chance to recover 

from any disturbance. They last indefinitely. We think of them, rightly, as completely 

stable and unchanging. When they are undisturbed, they do not radiate light or any 

other electromagnetic radiation, as indeed they could not if they are to remain 

unaltered. When they are disturbed, they sometimes do radiate, but the colour of the 

light that they emit is not random and continuous but falls in the sharp lines of the 

hydrogen spectrum. The very stability, extent, and definiteness is not at all 

understandable on the basis of classical physics; and indeed on the basis of classical 

physics there is no length that we can define in terms of the masses and charges of the 

ingredients of the atom, and that is even roughly of the actual dimensions of the atom.  

 

 

Lack of Continuity  

In other respects, too, the atomic system shows a peculiar lack of continuity wholly at 

variance with the properties of Newtonian dynamics. If we probe atoms with a stream 

of electrons, for instance, the electrons will typically lose some of their initial energy, 

but these losses are not random in amount. They correspond to definite, well- defined 

energy gaps, characteristic for the atom in question, reproducible and not too hard to 

measure. When an atom is irradiated by light, an electron will be elected, if and only 

if the energy of that light exceeds a certain minimum known as the photo-electric 

threshold. Indeed, it was this discovery which led Einstein in the early years of the 

century to a finding about light almost equally revolutionary for our understanding of 

light and for our understanding of atomic systems.  

 

This finding, to be more precise, is that as one alters the frequency of the light that 

shines on a body, the energy of the electrons ejected increases linearly with the 

frequency; linearly—that means proportionally. The constant of proportionality, 

which connects energy with frequency, is the new symbol of the atomic domain. It is 

called Planck’s constant, or the quantum of action, and it gives a measure of energy in 

terms of frequency. It is the heraldic symbol over the gateway to the new world; and it 

led Einstein to the bold, though at the time hardly comprehensible, conclusion that 

light, which we know as an electromagnetic disturbance of rapidly changing electrical 

fields, which we know as a continuous phenomenon propagating from point to point 

and from time to time like a wave, is also and is nevertheless corpuscular, consisting 

of packets of energy determined by the frequency of the light and by Planck’s 

constant. When a material system absorbs light, it absorbs such a packet, or quantum, 

of energy, neither less nor more; and the discontinuous nature of the energy 

exchanges between an atom and an electron is paralleled by the discontinuous nature 

of the energy exchanged when radiation is absorbed or emitted.  

 

We shall have to come back more than once to light as waves, and light as quanta; but 

how radical a problem of understanding this presents can be seen at once from all of 

classical optics, from the work of Huygens and its mathematical elaboration by 

Fresnel, and even more completely from its electromagnetic interpretation by 

Maxwell. We know that light waves interfere. We know, that is, that if there are two 

sources of light the intensity of the light to be found at some other place will not 

necessarily be just composed of the sum of that which comes from the two sources; it 

may be more and it may be less. We know from unnumbered attempts how to 
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calculate, and how to calculate correctly, what the interference of the sources will turn 

out to be. If we have light impinging on a screen which is opaque and there are two 

holes in the screen, not too large and not too far apart in the terms of the wave length, 

the wavelets that come from one of the holes will be added to those that come from 

the other. Where two crests of these wavelets coincide, we shall have more light than 

the sum of the two. Where a crest and a trough coincide, we shall have less; and so we 

observe and understand and predict and are quite confident of these phenomena of 

interference.  

 

 

The Quantum and the Hole  

Try for a moment to describe this in the terms of the passage of particles of quanta. If 

one of those quanta which characterise both the emission of light at the source and its 

detection—let us say, by the eye or by the photographic plate or photo-cell on the far 

side of the screen—if a quantum passes through one of the holes, how can the 

presence of the other hole through which it did not pass effect its destiny? How can 

there be any science or any prediction if the state of affairs remote from the trajectory 

of the quantum can determine its behaviour? Just this question and our slow answer to 

it will start us on the unravelling of the physics of the atomic world.  

 

The first great step, taken long before the crisis of quantum theory, was to find a way 

of describing atomic behaviour, not forgetting the mechanics and electrodynamics of 

the past, but knowing that one had here to do with something new and different, and 

necessarily postponing the question of the connection of that which is new wi.th the 

old laws. This is Bohr’s first theory. It has given us the symbol of the atomic world: 

the nucleus and a series of circles and ellipses represent in a pictorial way the states of 

the atom. We use it today, though we know in far more detail and far more completely 

what Bohr knew when he proposed it, that it could be at best a temporary and partial 

analogy. This was Bohr’s first postulate: that in every atom there were stationary 

states whose stability and uniqueness could not be understood in terms of classical 

dynamics. The lowest one, the one with the least energy, the ground state, is truly 

stable. Unless we disturb it, it will last unaltered. The others are called excited states, 

and they may be excited by collision or radiation or other disturbance. They, too, are 

stable in a sense incomprehensible in terms of Newton’s theory. Their stability is not 

absolute though. Just as these states could be reached by transition induced by 

collision or disturbance, so an atom may return to states of lower energy, whether by 

further collision or spontaneously. In these spontaneous changes it gives out that 

radiation which is the analog of the radiation which in classical theory would make all 

motion unstable. In simple cases, the energy of these stationary states and some of the 

properties such as their shape are identical with or similar to the energy and some of 

the properties of Newtonian orbits. But this stops being true when we go even from 

hydrogen to helium, with its two electrons. It is only partially true in hydrogen; and 

the rules which Bohr laid down for determining the character of the orbits that would 

correspond to stationary states, the so-called quantum conditions, were from the first 

recognised by him as incomplete and provisional. We know now that the states are in 

fact nothing like orbits at all; that the element of change with time, which is inherent 

in an orbit, is missing from these states; and that in fact the very notion of an orbit can 

be applied to the motion of matter only when the stationary state is not defined, and 

that a stationary state can exist only when there is no possibility of describing an orbit 

at all.  
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That was the first rule. And what is the second? The second rule is that an atom can 

change only by passing from state to state; that its energy changes by the difference in 

energy between the states; and that, when this exchange of energy occurs in the 

absorption, emission or scattering of light, the frequency of the light will be related to 

the energy by the relation of Einstein and of Planck. The energy will be the frequency 

multiplied by the quantum of action; thus atomic spectra directly reveal energy 

differences between states, and by this the whole field of spectroscopy becomes 

evidence for the location and the properties of atomic states, and we begin to learn 

what properties of these states are like those of classical orbits and what are unlike.  

 

But what are we to think of the transitions themselves? Do they take place suddenly? 

Are they very quick motions, executed in going from one orbit to another? Are they 

causally determined? Can we say, that is, when an atom will pass from one of its 

states to another as we disturb it; and can we find what it is that determines that time? 

To all these questions, the answer would turn out to be ‘no’. What we learned to ask 

was what determined not the moment of the transition but the probability of the 

transition. What we needed to understand was not the state of affairs during the 

transition but the impossibility of visualising the transition—an even more radical 

impossibility than with the states themselves—in terms of the motion of matter. We 

learned to accept, as we later learned to understand, that the behaviour of an atomic 

system is not predictable in detail; that of a large number of atomic systems with the 

same history in, let us say, the same state, statistical prediction was possible as to how 

they would act if they were let alone and how they would respond to intervention; but 

that nowhere in our battery of experimental probings would we find one to say what 

one individual atom would in fact do. We saw in the very heart of the physical world 

an end of that complete causality which had seemed so inherent a feature of 

Newtonian physics.  

 

How could all this be and yet leave the largely familiar world intact as we knew it? 

Large bodies are, of course, made up of atoms. How could causality for bullets and 

machines and planets come out of acausal atomic behaviour? How could trajectories, 

orbits, velocities, accelerations, and positions re-emerge from this strange talk of 

states, transitions, and probabilities? For what was true yesterday would be true still, 

and new knowledge could not make old knowledge false. Is there a possible unity 

between the two worlds and what is its nature?  

 

This is the problem of correspondence. Whatever the laws which determine the 

behaviour of light or of electrons in atoms or other parts of the atomic world, as we 

come closer and closer to the familiar ground of large-scale experience, these laws 

must conform more and more closely to those we know to be true. This is what we 

call the principle of correspondence. In its formulation the key is the quantum of 

action, whose finiteness characterises the new features of atomic physics. And so the 

physicist says that, where actions are large compared to the quantum of action, the 

classical laws of Newton and Maxwell will hold. What this tends to mean in practice 

is that when mass and distances are big compared to those of the electron and the 

atom’s size, classical theory will be right. Where energies are large and times long 

compared to atomic energies and times, we shall not need to correct Newton. Where 

this is so, the statistical laws of atomic physics will lead to probabilities more and 

more like certitudes, and the acausal features of atomic theory will be of no moment, 
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and in fact lost in the lack of precision with which questions about large events will 

naturally be put.  

 

In Bohr’s hands and those of the members of his school, this correspondence princip)e 

was to prove a powerful tool. It did not say what the laws of atomic physics were, but 

it said something about them. They must in this sense be harmonious with, and 

ultimately reducible to, those of large-scale physics. And when to this principle was 

added the growing conviction that the laws of atomic physics must deal not with the 

Newtonian position, velocity, and acceleration that charactensed a particle but with 

the observable features of atoms—the energies and properties of stationary states, the 

probabilities of transitions between these states—the ground-work was laid for the 

discovery of quantum mechanics.  

The principle of correspondence—this requirement that the new laws of atomic 

mechanics should merge with those of Newtonian mechanics for large bodies and 

events—thus had great value as an instrument of discovery. Beyond that, it illustrates 

the essential elements of the relation of new discovery and old knowledge in science; 

the old knowledge, as the very means for coming upon the new, must in its old realm 

be left intact; only when we have left that realm can it be transcended.  

 

A discovery in science, or a new theory, even when it appears most unitary and most 

all-embracing, deals with some immediate element of novelty or paradox within the 

framework of far vaster, unanalysed, unarticulated reserves of knowledge, experience, 

faith, and presupposition. Our progress is narrow; it takes a vast world unchallenged 

and for granted.  

 

This is one reason why, however great the novelty or scope of new discovery, we 

neither can, nor need, rebuild the house of the mind very rapidly. This is one reason 

why science, for all its revolutions, is conservative. This is why we will have to accept 

the fact that no one of us really will ever know very much. This is why we shall have 

to find comfort in the fact that, taken together, we know more and more. 


