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In exploring the atomic world, we have travelled to a new country, strange for. those 

who have lived in the familiar world of Newtonian physics, strange even to Newton’s 

own view of wonder and pre-vision. ‘God, in the beginning’, he wrote, ‘created such a 

certain number of Atoms…’ 

 

We have our atoms; we are trying to understand them. We have the simplest of the 

atoms, hydrogen, with a single proton for its nucleus and a single electron to make it 

up. But the ingredients do not follow Newton’s laws of motion. Atoms of hydrogen 

appear to be all alike; they have a fixed size; they are stable and not transitory; the 

light that they emit is not what an electron circling in ever smaller ellipses would 

radiate. They have a stability that does not derive from Newtonian mechanics. When 

they are disturbed by light or electrons or other matter, they take up energy in definite 

quanta characteristic for the atom. They are described in terms of states, states that are 

not orbits, though they have some of the properties of some special orbits. The states 

are stable, or almost stable. Transition between them, occasioned by disturbance, or 

occurring spontaneously with the emission of light, occurs by chance. We do not 

know the cause of the individual transition but only, at best, their probable 

distribution in time; nor do we have, in terms of space and time and trajectory, any 

picture whatever of what these transitions may be. These acausal atoms compose the 

familiar woi1d of large bodies, orbits, and Newton’s laws. The laws that describe 

atomic behaviour, the stationary states and transitions, reduce by correspondence, 

when applied to large systems, to Newton’s laws.  

 

The discovery of these laws by Heisenberg could itself have led to all we now know 

of quantum theory, but it was supplemented as a matter of history by new discoveries 

in related fields which make the task of understanding and exposition smpler and 

more direct. Yet even these are both unfamiliar and abstract; I fear that no exposition 

can be wholly without difficulty.  

 

 

Duality of Wave and Particle  

Our problem has to do with the so-called duality of wave and particle. On the one 

hand we have light, described in detail as a continuous electromagnetic wave with 

electric and magnetic fields, changing with a frequency that determines the light’s 

colour, and with an amplitude that determines its intensity. The waves of light differ 

from radio waves only in one respect: their wave length is much shorter. They differ 

obviously from the waves we see on water, which are the more or less regular 

displacement of matter. But when we talk here of waves, in this account of wave-

particle duality, as we shall have to, it will mean something quite abstract, something 

common to light and radio and water waves.  
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It will mean a state of affairs distributed in space and propagating with time, 

sometimes a harmonic like a pure note of sound and sometimes irregular like noise. It 

will mean that these disturbances in general add, so that two crests reinforce, and a 

crest and a trough tend to cancel. It will mean that the sum of two effects may not be 

greater than either, but smaller, as the phases of crest and trough indicate. It will mean 

that, if we leave more than one alternative for a particle or for light to go from one 

place to another, the chance of arriving may be greater than the sum of the chances or 

smaller than the sum of the chances, because of this interference of the waves that 

represent the alternatives.  

 

When we deal with light, we deal with such waves; but we also deal, as Einstein 

discovered, with something sharp, discreet, and discontinuous—the light quantum. 

Whenever light acts on matter, or is produced by it, we find packets of defined energy 

and impulse, related to their frequency and their wave number by the universal 

proportionality of the quantum of action. How were these quanta to be. thought of? 

Were they guided by the waves? Were they the waves? Were the waves an illusion, 

after all?  

 

This turned out to be a universal quandary. De Brogue suggested and later Davison 

found that there were waves associated with electrons. Specifically Davison’s 

experiment showed that electrons, too, when they are scattered by the regular 

disturbance of a natural crystal, exhibit the same signs of interference, the same 

unmistakable signature of the super-position of waves as light and as X-rays; and later 

experiments showed that this is true of all the other particles as well—protons, 

neutrons, and the atoms themselves. It would be true of large objects also were it not 

that their wave length is small, because of smallness of Planck’s constant, and 

becomes completely insignificant compared with their dimensions and with any 

practical possibility of determining their location and outline.  

 

 

The Heart of Atomic Theory  

All the questions which puzzled men about the relations of Einstein’s quanta and 

Maxwell’s waves were thus to be equally sharp and equally troublesome for the wave 

and particle properties of matter. The resolution of these questions is the heart of 

atomic theory. They were brought to the point of crisis by another great discovery—

Schroedinger’s discovery of his wave equation.  

 

In its original, bold form this was the discovery of a simple law for the propagation of 

electron waves—a natural generalisation of the connection between wave number and 

impulse, between energy and frequency, a generalisation nevertheless adequate to 

describe the gross features of atomic systems and most of the familiar properties of 

matter. This equation had many sorts of solutions. Some were stationary, unchanging 

in time, with a frequency and energy that corresponded to the stationary states of 

atoms. This same equation had other solutions of a very different kind, representing 

the trajectory of an electron as it might be seen crossing the Wilson cloud chamber. It 

had still other solutions, compounded by addition of several stationary states with 

their several proper frequencies. These were not stationary but varied in time with 

frequencies corresponding to the spectrum of atoms and molecules.  
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But what were these waves? What did they describe? How were they related to the 

ways in which we observe and study atomic systems, to Rutherford’s probings, to the 

collisions and disturbances of atoms? Schroedinger understood that in some sense the 

world of classical physics would emerge from his equation, whenever the wave 

lengths were small enough; then the trajectories for bodies and planets would be like 

the geometric paths of light, the rays of optics. But what would the waves mean when 

this was not the case?  

 

It would have been no answer to this question to attempt to interpret the waves as an 

essentially mechanical disturbance in some underlying mechanical medium; for the 

questions which needed answering had to do with the problems of stationary states, 

and the behaviour of electrons, and not with a sub-stratum inaccessible to observation. 

Nor was such a path followed. The discouraging outcome of an analogous attempt 

with electromagnetic waves was conclusive. It did not seem reasonable, nor in fact 

has it ever proved possible, at a time when the very foundations of classical 

mechanics were being altered, to reinterpret this revolution in classical mechanical 

terms.  

 

There was another false start. It was at one time suggested that the waves, as they 

spread and moved, in some sense represented the changing shape, extension, and flow 

of the electron itself; when the disturbance grew larger the electron grew larger; when 

the wave moved faster the electron moved faster. But to this interpretation there was 

an insuperable obstacle. Whenever we looked for the position of the particle, looked 

not directly with the eye, but with the natural extension of looking with a microscope, 

we did not find it spread out; we never found part of it in the place where we were 

looking. Either it was there or it was not there—the whole or none of it. Whenever we 

tried to measure the velocity of an electron or its impulse, we never found that part of 

it was moving with one speed and part with another; there was always one electron, 

one velocity, one answer to an experimental inquiry. The spreading of the waves in 

space thus did not mean that the electron itself spread; it meant that the probability or 

likelihood of our finding the electron, when we look for it, spread as the wave does.  

 

And thus it was that these waves were recognised as describing a state of affairs, as 

summarising information we had about the electron, as very much more abstract 

waves indeed than we had hitherto encountered in physics. Their interpretation was 

statistical as well as abstract: where a disturbance was large, there we were likely to 

find the electron if we looked for it; where it was small, unlikely. If the disturbance 

had ripples in which a certain wave length was prominent, a measurement of the 

momentum would be likely to give us a value corresponding to that wave length. This 

clearly is qualitative talk. Quantitative rules for assigning a wave function to describe 

the outcome of an observation— or of other certain forms of knowledge, such as that 

of an atom in its state of lowest energy—needed to be, could be, and were developed; 

and they are a part of quantum theory. Their exposition presupposes some 

mathematical talk and calls at least for a blackboard. Similarly, the simple rules which 

relate the magnitude or properties of a wave function to the expectations that it 

implies for one or another observation are a rigorous and necessary part of the theory. 

But with these bonds to tie the wave to our knowledge and to interpret it for our 

prediction, the basis of the new physics has been laid.  

 

 



 4 

Statistical Physics  

It is a statistical physics, as indeed might have been expected from the statistical 

features of atomic transitions. Its predictions are in the form of assertions of 

probability and only rarely and especially in the form of certitudes. With this in mind, 

let us look again at our problem of interference, and of the two holes.  

 

Let us think of an opaque screen with two holes in it. Let us think of light, if we will; 

or, better still, let us think of electrons of a given velocity and therefore a given wave 

length and direction. We can do two experiments with a source of electrons. In one, 

each hole in turn will be open for a little, while the other is closed; in the other, both 

holes will be open together. If we register the electrons on the far side of the screen, 

for instance, with a photographic plate, we see that the two patterns are radically 

different. In the one case, we have a transmission through each of the holes 

separately, with the characteristic diffraction pattern for that wave length and for 

holes of that diameter. These patterns are just added to one another on the 

photographic film. But if both holes are open at the same time, something else 

happens. The waves that come through one interfere with those that come through the 

other; spots that were blackened before are now untouched and new spots appear 

where the electrons do arrive.  

 

If we try to think of this in terms of following the electrons through one or the other of 

the holes, we cannot understand how it can make any difference whether that hole 

through which the electron did not pass is open or shut; yet it does. If we argue that 

the effect can be traced to the interaction of electrons passing through the two holes, 

we can disprove this by noting that the pattern is not affected by reducing the number 

of electrons to the point where there almost never are two passing through the two 

holes at the same time. What we are observing is something characteristic of the 

behaviour of single particles, not of the interaction of several.  

 

We are thus led to say that in this experiment a knowledge of which hole the electron 

passed through is in principle inaccessible to us, that it is just the possibility of its 

passing through one or the other that leads to the characteristic new interference 

phenomena, the new light spots and the new dark spots on the photographic film. We 

conclude that, if we should make provision for registering through which hole the 

electron went, such as looking for it or observing the small push that it gives to the 

screen as it passes through, we would destroy the interference effects. We would then 

have the same result as if we had in fact opened and shut the holes successively. We 

see the connection between these conclusions and the description of the state of 

affairs by a wave field in qualitative terms, rather closely paralleling the arguments 

that were made quantitative in the uncertainty principle of Heisenberg.  

 

For we note that, if we were sure that the electron passed through one of the holes, the 

wave field would have to be restricted to that region; and that, if this were true, it 

would have to be composed not of a single wave length, or approximately a single 

one, but of waves of enough different wave lengths so that they can reinforce each 

other at one hole and vanish at the other; and we know that such waves have lost the 

coherent quality necessary for interference. A little more generally, the waves of a 

single wave length will correspond to an electron of a definite velocity or impulse, but 

in an ill-defined or undefined position the waves that are localised to represent a 

definition of position will be broadly scattered in wave length and represent an 
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undefined velocity or impulse. This complementary restriction on the degree to which 

a wave field can represent both a well-defined position and a well-defined impulse is 

universal; it is measured by the quantum of action. It holds not only for electrons but 

for the more complicated waves that describe complex systems, for atoms and nuclei 

and more composite bits of matter and more elementary ones. And the very fact that 

no wave field can give that complete definition of the position and velocity of an 

object which was taken for granted in classical physics is also a description of the 

limitation on the observations which in the real world we shall manage to make. It 

represents the fact that, when we study a system, making an experiment or an 

observation on it, we may—and in general we will, if we have prior knowledge before 

the experiment—be losing in whole or in part that prior knowledge. The experiment 

itself—that is, the physical interactions between the system and the equipment that we 

are using to study it—will not only alter what we previously knew, but will in general 

alter it in a way which cannot be followed without invalidating the measurement or 

observation we have undertaken.  

 

To cite but one example: if in the problem of the two holes we try to detect which 

hole the electron has passed through by noticing the push that it gives to the screen at 

that point, we shall have to leave a part of the screen free to respond to the push; and 

by this we lose all certitude as to where that part of the screen was when that electron 

passed through it. Many complex and detailed studies have been made of how this 

limitation of knowledge occurs in an experiment; but since the principle of 

complementarity, and the general adequacy of a wave field to describe a state of 

affairs, underlies the description of both the object and the instrument of observation, 

these examples only illustrate and make vivid what must generally be true: the 

universal limitation, in contrast to classical physics, of the extent to which all aspects 

of a physical system can be defined for the same system in the same instance.  

 

In observing atomic systems, in observing a system where the finiteness of the 

quantum of action plays an important part, we have a wide range of choice in the kind 

of probe, the kind of experiment, the kind of experimental equipment we wish to 

make. To any of these, if it is a good experiment, there will be a meaningful answer 

which tells us what the state of affairs is. From this, and from the wave field which 

represents it, we can then make statistical predictions of what will happen in a 

subsequent experiment. The potentialities of measurement are varied. We can do one 

thing or another; there are no inherent limits on the choice of actions on the part of the 

observer.  

 

This is a very different view of reality from Newton’s giant machine. It is not causal; 

there is no complete causal determination of the future on the basis of available 

knowledge of the present. The application of the laws of quantum theory restricts, but 

does not in general define, the outcome of an experiment. This means that every 

observation on a system reveals some new knowledge as to what its state is that did 

not exist before, and could not by analysis and mathematical computation have been 

obtained. It means that every intervention to make a measurement, to study what is 

going on in the atomic world, creates, despite all the universal order of this world, a 

new, a unique, not fully predictable, situation.  
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Schroedinger’s Equation  

Even in a brief account other points need to be mentioned. We have almost lost the 

concept of equations of motion, having discovered that the very terms in which they 

are formulated—position, velocity, acceleration, and force—are not simultaneously 

applicable and do not, taken together, correspond to things that we know about the 

electron with enough accuracy to be meaningful for an atomic system. Instead what 

we can have is a knowledge of the state, summarising for us what we have found by 

observation; and the analogue of the equation of motion must tell us how, in response 

to forces acting within the system or upon it, this state will change with time. This, it 

turns out, is just what Schroedinger’s equation does. And once again this equation, 

when applied to the -familiar contexts of massive bodies and great distances, where 

the quantum of action is in fact negligibly small, will describe for us waves so 

reasonably concentrated in space, so little dispersed about their average wave length, 

that the Newtonian orbit reappears in its unaltered, classical path.  

 

But this condition—this emergence of an orbit—is a long way from the wave that 

describes the normal state of an atom. State and orbit, like position and impulse, are 

complementary notions; where one applies, the other cannot be defined, and for a full 

description we must be able to use now one, now the other, depending on the 

observation and the questions that we put.  

 

When we speak here of observer and object, of instrument or probe, and system to be 

probed, we are not talking of the mind of man. We are talking of a division between 

the object of study and the means used to study it. That division can be made in more 

than one way. We may regard the a-particles that Rutherford used as an instrument, 

and their response as a measure of the state of affairs. We may regard the a-particle as 

a part of the system we are studying, and the slits that define its path or the fields that 

deflect it and the screens that detect it as the instrument. But whichever we do, the 

observation will always be transformed into some large-scale happening—some flash 

of light, some triggering of a circuit, some pointing of a pointer on the dial of an 

instrument—which is well defined and familiar and unambiguous, and where the 

question of our freedom to do one or another observation on it no longer is relevant. 

The atomic world has not lost its objective quality; but it attains this by means of 

those interlockings with experiment which we use to define one or another of its 

properties and to measure them.  

 

It needs to be clear that what is described here is not an expression of mood or 

preference or taste; it is an exact, beautiful, quantitative, immensely versatile, and 

immensely successful science. It is what students learn when they prepare themselves 

for further researches in physics, or what engineers learn whose engineering involves 

a knowledge of the solid state of physical materials, or what chemists learn if they 

wish to understand the subtler features of chemical bonding or chemical kinetics, or 

astronomers if they wish to know what things are like in the interior of the stars. One 

could go much farther in describing this discipline, even without mathematics; but the 

words would before long become cumbersome and unfamiliar and almost a 

misinterpretation of what in mathematical terms can be said with beauty and 

simplicity.  

 

Even some of the more paradoxical features of quantum theory turn out to be related 

to practical matters of real importance. One of the earliest to be noted and the oddest 
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is this: if, in familiar life, we roll a ball up a hill and it does not have enough vigour to 

get over the top, it will roll back on the same side; it will not get through the hill. But 

if we bombard such a hill with a-particles or electrons they may have a small chance 

of getting through, even when they cannot get over. This has a close analogy with the 

fact that very small objects do not cast sharp shadows in a beam of light. Light 

because of its wave nature bends around them. It corresponds to the fact that when we 

let electrons or other particles of definite energy encounter a barrier, neither the 

kinetic nor the potential energy alone can be completely well defined; and indeed, 

were we to try to detect the electron just as it passes through the hill, we should need 

an experiment that could give the electron enough energy to be quite legitimately on 

top of the hill. This penetration of barriers is not without importance. It accounts for 

the fact that the a-particles that Rutherford used could sometimes, after millions of 

years, escape from the nuclei through a high hill where electrostatic repulsion had 

imprisoned them. It accounts for the fact that in the sun and other stars nuclei having 

only very moderate energy occasionally come into contact and react. Thus the stars 

light the heavens, and the sun warms and nourishes the earth.  

 

Another consequence of the wave-like character of all matter is that, when particles 

with very low velocity and very long wave length bombard other particles of matter, 

they may interact far more often than if these interactions were limited to their coming 

in contact. The very lack of definition of their relative position makes interaction 

possible, in some cases over distances characterised not by their dimensions but by 

their wave length. This is the circumstance which, among many others, enables the 

rare Uranium-235, as it occurs in natural uranium, to catch up enough of the neutrons 

which fly about to sustain a chain reaction in an atomic reactor.  

 

There are even some odd things about the identity and the identifiability of the 

electrons themselves. That they are all similar we know. Their inherent properties, 

their charge, their mass when at rest, are the same. We wish that we understood this 

better; some day, no doubt, we shall; but we know that it is true. But if classical 

physics were the whole story, we could still, if we wished, always identify an 

electron, and know that it was the same as the one we had seen before. We could 

follow it, not, it is true, without trouble, but without paradox, without inconsistency, 

from where we first found it through its collisions and interactions and deflections and 

changes by keeping in touch with its trajectory. If it hit another electron, we would 

know which it was that came out in one direction and which in another. In fact this is 

not really true, except in those special instances where the collision is of such low 

energy that the two electrons can be described by waves which never overlap at the 

same place at the same time. As soon as that is no longer the case, we lose in principle 

all ability to tell one electron from another; and in atomic physics, where the electrons 

of an atom, and even the electrons of neighbouring atoms, are not well defined in 

position and can often occupy the same volume, we have no way of identifying the 

individual particle. This, too, has consequences. When two electrons collide, the wave 

that represents one of them and the wave that represents the other may, and do, 

interfere; and this gives rise to novel effects and new forms for the interactions 

produced by their electric repulsion. It is responsible for the permanent magnetism of 

magnets. It is responsible for the bonding of organic chemistry and for the very 

existence in any form that we can readily imagine of living matter and of life itself.  
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These examples are not given to perplex and bemuse. They are rather illustrations of 

how even the most paradoxical and unexpected consequences of the new mechanics, 

of wave-particle duality, and of complementarity are involved in an understanding of 

important and familiar features of the natural world, and of how massive is the system 

of understanding and knowledge of which they are a part.  

 


