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ABSTRACT 

A non-mathematical account of a theory in which particles are pictured not 
as points but as spatially extended periodic disturbances in a classical 
"background" field - objects which vary in form and size according to the 
interactions they encounter and which, in particular, abruptly collapse to much 
smaller disturbances when they are detected. This "quasi-classical" theory treats 
the classical and quantum domains on the same fundamental footing: it can be 
shown that, when the particle sizes are small compared with their separations, 
they must satisfy classical laws such as Newton's equations of motion and 
Maxwell's electrodynamics, but when a particle is close to, or overlaps, the source 
of interaction its time evolution is given by quantum formulae such as the 
SchrOdinger equation. 
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1. INTRODUCTION 

The conventional framework of modern physics, based on relativity and 
quantum theory, is enormously successful in its account of a very wide spectrum 
of physical phenomena, ranging all the way from sub-nuclear and atomic 
structure and processes to the nature and evolution of the whole Universe. It is, 
indeed, so successful that one can easily become complacent and suppose that, as 
far as the foundations of the subject arc concerned, pretty well the last word has 
been said. But, after many years of teaching classical and quantum physics at all 
levels from elementary to advanced, the author has become increasingly unhappy 
with those foundations - unhappy enough, at any rate, to be tempted to explore 
alternative approaches. 

The first source of concern is the concept known as "quantization". This 
idea originated in 1900, when Planck showed that the frequency spectrum of 
thermal radiation could be accounted for if one supposed that the energies of the 
oscillators emitting and absorbing the radiation were restricted to the values nto, 
where n is an integer, <o is the angular frequency of a particular oscillator (2x 
times the number of vibrations per second) and ft is a new fundamental constant 
of nature. In 1912 Bohr extended the notion of quantization to the hydrogen atom, 
whose stability and allowed energy values could be explained if one assumed that 
the angular momentum of its electron were restricted to some integral multiple of 
h. The ultimate, and currently accepted, formulation of the idea came in the 
modem quantum theory of the mid-1920's, when it was shown how one could 
"quantize" the theory for any microscopic physical system by writing down the 
classical point-particle equations for the system and then declaring that its 
dynamical variables, such as each particle's position or momentum, were not 
ordinary numbers but mathematical operators acting on the "wave function" or 
"state vector" representing the state of the system. Planck's constant A then 
appears as a quantity characterizing the algebraic properties of these operators -
for example, as a measure of the extent to which the operators for position and 
momentum fail to "commute" with each other in multiplication. The question is: 
what is the physical meaning of the quantization procedure? What is the 
significance of this abstract mathematical "recipe" which (although very 
successful in predicting the outcomes of countless experiments) appears to create 
a fundamental schism between classical and quantum physics? Or, nutting it 
another way: what is Planck's constant? 

The next question - and one that has received far more attention that the 
first - is that of the physical meaning of a quantum state and, in particular, the 
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problem of understanding what happens when we make a measurement on a 
microscopic system. There are. among physicists, many opinions on this subject -
mainly because, since there is at present no way of distinguishing empirically 
between these different viewpoints, the interpretation of the quantum formalism 
is to some extent A matter of taste. The conventional view is that the wave 
function is not a physically real object but merely a "knowledge function" from 
which one can calculate the probabilities of various outcomes in an ensemble of 
repeated experiments, and that one cannot (and should not try to) probe more 
deeply than this into what is really going on. But there are some physicists 
(including the author) who would like to be able to visualise what actually 
happens in an individual microscopic system or process - even if, as is often the 
case, there is an element of unpredictability in the outcome. If, as in the 
conventional view, the wave function is only a knowledge function, one would of 
course expect it to change when we make a measurement and thus change our 
knowledge; but if it is a real object the act of measurement must cause an abrupt 
physical "collapse" to a different function - a type of time evolution which cannot 
be described by quantum theory as it stands. 

The nature of these two questions - the meaning of quantization, and the 
measurement problem - suggests that, to find answers to them, it may be 
necessary to step outside the conventional formulation of quantum theory and 
make a fresh start. Rather than merely trying to interpret the existing 
formalism, one should, as it were, take an empty canvas and then proceed to build 
up from first principles a picture of natural phenomena, restricting oneself as far 
as possible to concepts and laws which are forced upon one by the results of 
observation and experiment - that is, to adopt an inductive approach rather than 
the deductive (and usually quite abstract and mathematical) one which is 
characteristic of the style of much modem theoretical physics. This paper is 
devoted to the exploration of such a new approach; and, as we will see, it offers 
new viewpoints not only on the central questions of quantum theory but also on 
the concepts and laws of classical physics - in particular, on the concept of mass. 
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2. PARTICLES IN SPACE AND TIME 

One conventional theoretical idea which we do adopt is that the "*rena" in 
which natural events occur is the continuous spacetime envisaged in Einstein's 
special theory of relativity. We imagine that, for the purposes of describing 
natural phenomena (the occurrence of events, particle trajectories, etc.). it is 
possible to set up a frame of reference using standard measuring rods and, 
distributed throughout the frame wherever they are needed, standard clocks. For 
simplicity we restrict ourselves to inertia! frames, that is. frames from which a 
particle not subject to forces exerted by nearby objects is observed to be 
unaccslerated (empirically, frames which are not accelerated with respect to the 
"fixed stars"). We adopt Einstein's assumption, confirmed directly and indirectly 
in many experiments, that the laws of physics take the same form in any inertial 
frame of reference. In particular, the speed of light in vacuum, c, is a universal 
frame-invariant constant; we use this fact to synchronize our standard clocks and 
to define the distance between two points as numerically equal to the time taken 
for light to travel from one point to the other (that is, we choose the "light-
second" as our unit of length, so c is defined as equal to 1). 

We observe that our "arena" is populated by stationary or moving objects of 
various kinds, and that these objects are composed of "elementary" particles of 
relatively few different types (electrons, protons, neutrons and so forth). In 
many experiments, these particles appear to behave like highly localized objects 
with definite tracks in space; we can, for example, observe the trail of bubbles 
made by an electron moving inside a bubble chamber and describe how its 
position (given by coordinates x, y, z) varies as a function of time u 

It is convenient to represent the time 
evolution of various systems on space-time 
diagrams, of which considerable use will be 
made in what follows. In such diagrams, 
which give the "history" of a system over 
some time interval, time is plotted horizontally 
and distance along one or more directions at 
right angles to the time axis, so that a vertical 
cross section gives, as it were, a "snapshot" 
of the system at a particular instant. In such a 
diagram, the motion of a highly localized 
particle, approximated as a point, is depicted as a continuous "world line". For 
example. Figure 1 is a spacetime diagram representing the motion of two particles, 
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between which there is a mutual repulsive interaction, moving along the x axis, at 
first towards, and then away from, each other. The velocity of a particle at any 
time is given by the gradient of the world line at that time. It is the business of 
classical physics to record the world lines of particles under the influence of 
other particles, and from such observations to formulate general laws such as 
Newton's laws of motion and gravitation and Maxwell's laws of electrodynamics. 

There are, however, other experiments in which particles appear to behave 
quite differently. 
The classic example 
is Young's 2-slit 
interference 
experiment (Fig. 2). 
When Young 
performed this 
experiment with 
light in 1800. it 
came to be regarded 
as decisive evidence 
for the wave nature 
of light; but modern 
experiments of the same type show that particles such as electrons and neutrons 
display similar behaviour, and therefore also exhibit a spatially extended, 
wavelike nature in some experimental situations. In Young's experiment, waves 
emerging from a slit SQ in an opaque screen fall on a second screen having two 
slits Sj and S 2 ; in the space between the second screen and the detector D, the 
wavelets from S } and S 2 interfere with each other, producing maximum or 
minimum intensity at various points according to whether "crests" in the Sj 
wavelets coincide with "crests" or "troughs" in the S 2 wavelets. One thus obtains a 

series of interference fringes at D, as indicated by the dashed pattern P. 
It is very important to realize that such effects arise not from the mutual 

interference of two or more particles with each other, but, on the contrary, from 
interference between parts of the wave pattern corresponding to a single 
particle. Young-type experiments have been performed with particle sources 
which are so feeble that there can be only one particle in the apparatus at any 
one time, and they exhibit interference effects, in the following sense. Any one 
particle can be detected only at one particular position in the detector D (say a 
photographic plate or a bubble chamber), and it is impossible to predict exactly 
where in D it will initially appear, but, in a series of repetitions of such "one-

Figure 2 
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particle-at-a-time* experiments, it is found that the probability that a particle will 
be detected at a certain point in D is proportional to the intensity at that point of 
the interference pattern that would be obtained if a strong source were used - that 
is, the dashed pattern P represents a probability distribution for the detection of a 
single particle. Experiments of this type have been done with electrons and with 
photons (the particles in a beam of light) and it is found in both cases that, as 
more and more single particles are recorded by D. the usual interference pattern 
is gradually built up. 

Let us now try to develop a picture of an elementary particle (say an 
electron} which enables us to visualize what is happening in an individual 
experiment of this type, involving only one particle (in contrast to quantum 
theory which, strictly, refers to an ensemble of repeated experiments). If we 
insist on such a description, then the observation that a particular aspect of the 
particle's behaviour - even if it is only a probability distribution - depends on the 
presence and spacing of the two slits implies that, before it is detected, the particle 
must in some sense be spatially large enough to go through both slits. We 
therefore picture the particle as a spatially extended, wavelike disturbance, or 
"wave packet" • a travelling pulse of oscillation in some "background field" which 
pervades all space for all time. 

What happens when the particle is detected? The fact that the particle 
initially appears at only one position in the letector implies that, at the instant of 
detection, it must suffer a physical collapse to something which is much smaller. 
Moreover, while we continue to observe it (for example, by repeated detection in a 
thick photographic film or a bubble chamber, producing a visible track) it stays 
small. If, however, we were to allow the particle to emerge from the detector and, 
after travelling unobserved for some distance, to encounter a second two-slit 
apparatus, it could once again display its extended, wavelike nature; we therefore 
conclude that the "something" resulting from the first collapse must be simply a 
small wave packet - which, if left alone, will eventually spread once more to a 
wave packet of macroscopic size. 

This picture is quite different from that of conventional quantum theory, 
where a particle is regarded as a point object which, however, does not have well-
defined position and momentum (these quantities are elevated to abstract 
"operators in Hilbert space"): one cannot therefore visualize the trajectory of the 
point panicle and. in the case of Young's experiment, one is not allowed to ask 
questions such as "through which slit did the point particle really go?" In the 
present approach we can at least visualize what happens to the particle in a 
Young's experiment, provided we are prepared to accept the postulate that the act 
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of detection causes a physical collapse of the wave packet. The mechanism of such 
a collapse is at present quite obscure - it is, perhaps, a consequence of the 
irreversible process, involving a large number of detector particles, which is 
required to make an "indelible _.-ord" in any kind of detector, at this stage we 
simply adopt it as an empirically-based postulate which arises from a "direct 
reading" of what appears to occur in experiments such as two-slit interference. 
The acceptance of this postulate is the price we have to pay for insisting on a 
visualizable theory of what happens in individual processes; that price has to be 
weighed against the price of accepting quantum theory, where one has to 
abandon any such attempt at visualization. 

Our working hypothesis is, then, that a particle is a wave packet whose size 
and form vary according to what is done to the particle; let us now explore some of 
the consequences of that hypothesis. 

3. THE CLASSICAL DOMAIN 
We begin by considering what we call the "classical domain", that is, the 

class of physical systems in which the sizes of the wave packets for all particles 
are small compared with their separations, or with their distances from some 
external source of interaction. 

(a) The Free Particle 
The simplest case is, of course, that of a single particle free of external 

influences and, therefore, unaccelerated. We now try to describe its wavelike, or 
periodic, nature using a 
spacetime diagram. First, 
however, we consider the 
description of more 
familiar kinds of waves, 
such as water waves or 
ripples, and simplify 
matters by supposing 
that the waves are 
moving with constant 
speed w in the x 
direction. The 
"crest line", or world line 
associated with a 
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particular crest in the wave pattern (Fig. 3a) is a straight line of slope w 
(necessarily less than the speed of light (=1). represented by the dotted line). If 
we were to change our inertial frame of reference - say by observing the water 
waves from a moving helicopter - the slope would of course change, and. in 
particular, if the helicopter were to fly at the same speed as the waves, the crest 
lines for the waves would become parallel to the t axis, and the wave pattern would 
apparently be stationary (Figure 3b). However, the wavelength X of the water 
waves - the distance between adjacent crests - would not be appreciably changed 
as viewed from different inertial frames (provided the frame velocities are small 
compared with the speed of light). 

The waves associated with particles - "matter waves" - have a quite different 
behaviour. Their wavelengths can be measured by interference effects similar, 
in principle, to Young's experiment (in practice, one uses diffraction of the waves 
by the regularly spaced atoms in a crystal) and it is found that, for a particle with 
speed v, the wavelength X is inversely proportional to v, and, in fact, becomes 
infinitely large if one uses an inertial frame in which the particle is at rest. This 
can be explained only if we assume that matter waves have a speed w = 1/v, which 
is greater than the speed of light (since the particle speed v is necessarily less 
than I). The 
appropriate space-
tims diagram is 
shown in Figure 4a, 
with the crest lines 
now having a slope 
greater than that 
for light; the 
"snapshot" at a 
certain time given 
by a vertical 
cross-section once 
again yields a 
wavelike pattern 
as shown at the left; 
but it is clear that, as 
v becomes smaller, 
the crest-line slope 
increases, and so 
does the wavelength 

->t 
A|«|>MM4<. 
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X, as observed experimentally. 
In particular, in the particle's rest frame, the crest lines become vertical 

and the wavelength infinite (Figure 4b). The disturbance can now be pictured as 
a pulsation of the background field within the boundaries of the wave packet 
(indicated by dashed lines) such that, for any pair of spatial points within the 
packet, the oscillations are "in phase" - that is. they stay exactly in step with each 
other. This pulsation can be characterized by its period T, the time taken for one 
complete cycle of oscillation, or, more conveniently, by its "angular frequency" <•> 
- defined as 2x times the number of vibrations per second, or (2x/T). We call this 
angular frequency, measured in the rest frame, the "mass" m of the particle. The 
use of the name "mass", which implies the property of inertia, will be justified 
below. 

We can now calculate the wavelength of matter waves as observed in an 
arbitrary inertial frame, in which the particle has speed v. Going back to Figure 
4a, we note that, if v is small compared with 1, the period of the oscillations (given 
by the time between adjacent intersections of the crest lines with the t axis) will 
not be altered very much from its value (2x/m) in the rest frame; during one 
period, a given crest, travelling at speed w = 1/v. will advance a distance equal to 
the wavelength, so 

2JC 2K X = wx — = . m m v 

We thus obtain the observed (1/v) dependence of the wavelength - a result 
derived by de Broglie in 1925 from a theory in which waves with the same space-
time form as in Figure 4a were regarded as "pilot waves" accompanying a point 
particle and influencing its behaviour (in the present approach, of course, there 
is no point particle). 

The frequency of the oscillations as observed from an arbitrary inertial 
frame will be referred to as the "total energy" of the free particle (= m plus 
"kinetic energy"), while 2% times the number of intersections per unit length 
made by its crest lines with a spatial axis is termed the "momentum" component 
along that axis. Both are, of course, constant in time for a free particle. 

It is found empirically that the elementary particles appear only with 
certain discrete values of mass, corresponding to a definite spectrum of 
characteristic pulsation frequencies as viewed from their rest frames; this 
spectrum is presumably determined by the unknown dynamics of the background 
field, but at this stage (as is true also in conventional theory) we simply have to 
accept the mass spectrum as an empirical fact. The spectrum also includes 
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photons, the particles of which light and other electromagnetic radiations arc 
composed; according to special relativity these always travel with unit speed and 
have no rest frame, and they are therefore formally assigne< a zero mass, 
although they have finite energy and momentum. 

In figure 5 is presented a spacetime picture showing the crest-line patterns 
for an extended particle of non-zero mass, travelling along the x-axis and 
occupying a wide "world tube", which encounters a stationary detector and is 
detected twice; at each detection there is an abrupt collapse to a packet of smaller 

• x 

Figure 5" 

size, followed by the gradual spreading which, as can be readily shown, must 
occur for any free wave packet. 
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(b) Interaction 
Let us now turn to the question of interaction between particles and, as a 

simple case to start with, the earlier 1 
example of two charged particles 
with a mutually repulsive interaction, 
travelling along the x axis and 
initially approaching each other. 
In conventional classical theory, 
the particles are described as 
points and their subsequent 
history is given by the curving 
world lines of Figure 1; how are 
they to be described in our new 

approach? The two particles, 
being spatially extended, must 
occupy curving world tubes in a space-time diagram; and it is clear that, since the 
slope of the crest lines for a particle at a given time is inversely proportional to its 
velocity at that time, there must be, along each world tube, a systematic change in 
crest-line slope, as indicated in Figure 6. 

What is the mechanism for these changes in the wave patterns of the two 
particles? Since we do not want to postulate a mysterious "action at a distance" 
effect, we adopt Faraday's view that a charged particle is surrounded by a "field" of 
some kind • a physical change in the surrounding "vacuum" - and that this field 
then acts on other charged particles. In the present approach, it is natural to 
regard this "field" as a change of some kind in the "background field" which, we 
would like to think, is the seat of all physical phenomena. It is also natural to 
assume that the cause of interaction between two charged particles is an 
electromagnetic disturbance travelling between them through the background 
field - that is, a disturbance similar to that corresponding to light - because we 
know from our experience of radio waves that a rapidly oscillating charge sends 
out a disturbance which can set a second, remote charge into oscillation, and 
which travels with the same speed as light. 

The primitive element of all such electromagnetic processes is the 
interaction of a single photon with a single electron, studied by Compton in 1922. 
Consider what happens when a photon encounters an electron, so that the two 
disturbances temporarily occupy the same volume of space (Figure 7). To a first 
approximation, they pass through each other and emerge unchanged; but that 
cannot be all that happens, because it is found that sometimes the particles arc 
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scattered from each other, as in the collision of two billiard balls, and travel off in 
new directions. Such scattering cannot occur if, in the region of overlap, the 
amplitudes of photon and electron are merely added (as, for example, the 
amplitudes of parts of a single disturbance adu i.i an interference experiment) -
but suppose tl.at they create a new disturbance propottional to the product of the 
two amplitudes. This kind of multiplication of amplitudes to create a new one is 
called "modulation". It occurs, for instance, in electronic circuits which are 
designed to multiply oscillating voltages; a well-known example is FM (frequency 
modulation) radio transmission, where the oscillations of the audio signal and a 
high-frequency "carrier" wave are multiplied to yield a transmitted wave of 
varying frequency. We postulate that the fundamental cause of electromagnetic 
interaction is the modulation of charged-particle disturbances by electromagnetic 
disturbances, or photons - that is, the occurrence in the equations governing the 



13 

background field of a term in which electron and photon amplitudes are 
multiplied. 

To see how such modulation could cause scattering, consider Figure 7. 
Modulation of the incoming electron by the photon creates a new oscillation 
(represented by the vertical crest lines) which, like an electron, has negative 
charge but, because, in space-time, both wavelength and frequency are changed 
by modulation, has a mass slightly greater than that of the electron. It is 
therefore not one of the allowed stable oscillations of the background field, and 
quickly breaks up (right half of Figure 7) into oscillations which are stable, 
namely a new electron and new photon disturbance - and, since these can go off 
in any direction, the overall result is the mutual scattering of an electron and a 
photon. 

One very important property of the modulation process is that it 
automatically conserves both the total energy and the total momentum of the 
particles involved. It follows that in any electromagnetic process, regarded as a 
sequence of modulations (or their "inverses", in each of which a charged particle 
yields a photon and another charged particle), the total energy and momentum 
are conserved. 

YJCX. us now return to our original problem, the repulsive interaction 
between two charged particles (Figure 6), which we can think of as due to the 
exchange of electromagnetic disturbances between the particles - if you like, the 
tossing back and forth of a large number of photons. The emission of a single 
photon by one charged particle, 
and its subsequent absorption 
by another, is depicted in the 
space-time diagram of Figure 8; 
its effect is to change the space-
time orientation of the crest 
lines - and hence the velocity -
of each particle. The gradual 
change of crest-line orientation 
shown in Figure 6 then results 
from the exchange of a very 
large number of photons with 
all possible energies and 
directions, each causing a small 
change in the slope cf the crest 
lines. riqure 8 
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Now, using the fact that energy and momentum are conserved in each 
modulation process, it is easy to show that, if two or more photons are exchanged, 
the effective masses of the two charged particles (that is, the frequencies of 
oscillation in their respective rest frames) must change from the free-particle 
value: for the case of a repulsive interaction, the effective masses must increase. 
One would expect that this change in effective mass would be greater for those 
pprts of an extended particle which are closer to the source of interaction (the 
other particle) than those which are further away, because the strength of the 
interaction must in some sense decrease with relative distance. This is just what is 
observed in Figure 6; the spacing between the crest lines on the "near" side of 
each particle is smaller than that on the far side, and, we recall, the spacing 
between crest lines, which is the period of oscillation, is inversely proportional to 
the frequency, or effective mass. 

We have therefore developed a picture, or mechanism, for the systematic 
acceleration, or deflection, of a charged particle as the result of interaction with a 
second "source" particle. The "continuous modulation" of the particle's wave 
pattern by photons exchanged with the "source" gives rise to a spatial gradient 
across the particle in its effective mass, in which the spacing between crest lines 
differs on the two sides of its world tube; the orientation of the crest lines must 
therefore change with time and so, since crest-line slope is inversely 
proportional to velocity, the particle's velocity must change. The whole process is, 
of course, mutual; the source particle must, by the same mechanism, also undergo 
acceleration. For the case of an attractive interaction, the effective mass becomes 
less than the rest mass m, creating by the same argument an acceleration of the 
two particles towards each other. 

(c) Maxwell Electrodynamics 
Let us now make this argument quantitative. We will restrict ourselves to 

the simple case of two particles under a weak mutual electrostatic interaction, and 
to slow motion in one spatial dimension, illustrated in Figure 6; discussion of the 
more general case (high particle velocity, three-spatial dimensions, inclusion of 
magnetic effects, etc.) may be found in the references mentioned at the end of the 
paper. 

We consider the change in slope of the crest lines for one of the particles 
(called the "test" particle), choosing for simplicity the region in spacetimc where 
the panicle initially has zero velocity (the dotted region of Figure 6, for which an 
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enlargement is given in 
Figure 9). The vertical crest 
line, of length 6x. 
concsponds to zero velocity; 
if the particle were free, 
the next crest line would 
also be vertical and would 
occur at a time At = 2x/m S* 
to the right. But the effect 
of interaction is to increase 
the effective mass, and thus 
to reduce the spacing 
between crest lines to a 
smaller value dependent 
on x. We write the change 
in effective mass at the 
bottom of the world tube 
as the product q«t>, where q 
is the electric charge of the 
particle and • , the "potential", depends somehow on the charge and distance of the 
other particle; using a similar notation, the change in effective mass at the top of 
the world tube is q(+ + 5+), where 8+ is the increase in potential over a distance Sx 
(actually 8$ will in this case be negative, since the top is further away from the 
source than the bottom). The difference CB between the top and bottom spacings 
is thus 

*ut 
r At = 2 * 

P;< ure. 

2% 2* _ 2* 
m+q($+5$) " m+q$ ~ m 

1 1 
-!«£<••«•> ! - £ • 

?r [ l - i<•+«•)-d m m m * ) J m 2 
qh<s> 

where we assume that q$ is small compared with m. Now since the crest line 
AB has a slope 1/Av, where Av is the velocity acquired in time At, we have 

Av = Angle CAB CB_ 2* o» _ 
Sx m 2«'fa 

At 8$ 
m ^ 8x 
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or, dividing by At, 

Av q 6$ 
At m Si 

We thus see directly that the particle's acceleration, Av/At. is proportional 
to the spatial gradient 6$/5x in the potential 4 produced by the source, as 
anticipated in the earlier qualitative remarks. Moreover, the acceleration is 
inversely proportional to the quantity m, which was defined originally as the 
rest-frame angular frequency for a free particle. This shows that the quantity m 
does indeed have the property of inertia, and justifies our calling it the particle's 
"ma' a"; for a given potential gradient and charge, m is clearly a measure of the 
resistance of the particle to a change in its state of motion. We have, in effect, 
derived Newton's second law of motion, force = mass x acceleration, for the case of 
an electrostatic force, and determined the force as - q 5$/fix. 

It is to be emphasized that our definition of mass is an absolute one, as a 
frequency which can be determined in the laboratory (from the measurement of 
a particle's do Broglie wavelength) - in contrast to the conventional definition, 

which merely specifies mass ratios: the ratio (m . / m . ) of the masses of two bodies 
is defined as the inverse ratio of their accelerations, (aj /a 2 ) , when they are 

subjected to the same force, so to complete the definition one has to choose a quite 
arbitrary standard of mass, the "standard kilogram". In the present approach, no 
mass standard is required. Moreover, it is seen that "force" becomes a secondary 
concept, and so does the "electric field" E = - 8^/Sx; the fundamental concept 
describing interaction is the potential 4, which specifies the extent to which a 
particle's wave pattern is distorted by the changes in effective mass resulting 
from the exchange of photons. The potential also becomes an absolute quantity, in 
contrast to the conventional classical view that the potential is merely a 
mathematical, and to some extent arbitrary, device introduced to simplify 
calculations. In fact, as Aharonov and Bohm pointed out in 19S9, there are 
situations in which a particle experiences a potential without a gradient, so that, 
although it is not deflected, its phase pattern is changed in a way that can be (and 
now has been) detected in Young-type interference experiments. 

We turn now to the "other hair of the problem, which is to determine how 
$ depends on the properties associated with the "source" panicle, such as its 
electric charge q' and its approximate distance r. To calculate + properly, one 
would have to quantify what we have called "continuous modulation" - that is, to 
sum in detail over the effects of all the photon exchanges between the two 
particles and calculate the resulting change in effective mass. At present, this is 
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too difficult a problem to tackle (it has not yet been done properly even in 
conventional theory), and so we must content ourselves with some simple 
dimensional arguments. 

Since the potential $ should be proportional to q'. we can say that the 
change in effective mass of the "test" particle must be given by qq'f(r,...), where 
f(r,...) is some function, to be determined, of the distance r and possibly other 
variables associated with the "source" particle. But, in our approach, mass is 
defined absolutely as frequency, and so qq'f(r,...) must have the dimension of 
inverse time, or, since we have set the speed of light equal to 1, inverse length. 
We now make an additional assumption: that the universal parameter describing 
the strength of the electromagnetic interaction • that is. the product qq' - is 
dimensionless; this is tantamount to assuming that there is no 'fundamental 
length' or 'fundamental time' associated with electromagnetism - or that the only 
relevant dimensioned quantities are those already identifiable as masses, distance 
between the particles, and so forth. It implies that f(r,...) must have dimensions of 
inverse length (or inverse time); since the only length relevant to the problem is 
r. it must be proportional to (1/r). We thus find that $ is proportional to (q'/r), 
and that the force, which is proportional to the spatial gradient of • , must vary as 
(1/r ) - that is, it is of the familiar "inverse square" form. 

The above argument can readily be extended to the general case where 
particles can move with high velocities and there are magnetic, as well as electric, 
effects; in doing this, one relies heavily on the restrictions imposed by Einstein's 
special theory of relativity. The first half of our argument, on the description of 
the deflection of a particle due to a potential, yields the "Loientz force" law and 
the "homogeneous", or source-independent. Maxwell equations (including 
Faraday's law of electromagnetic induction); the second half may be generalized 
(again assuming that the "strength parameter" is dimensionless) to give the 
"inhomogeneous", or source-dependent Maxwell equations. It is thus possible to 
derive the whole formalism of classical electrodynamics from our qualitative 
picture of interaction - in contrast to the conventional approach, in which that 
formalism has to be treated as a set of postulates about the behaviour of electric 
and magnetic fields. 

It is also worth pointing out that a similar approach can be applied to 
gravitation - which, like electromagnetism, is a "long-range" interaction and so 
has effects describable in what we have called the "classical domain", where the 
sizes of particles are small compared with their separations. The difference is that 
the "gravitational charge" of a particle is empirically found (to an extraordinarily 
high degree of precision) to be proportional to its inertial mass. The change in 
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effective mass in a gravitational field (a change which is negative, since the field 
is attractive) is therefore proportional to the mass itself; and therefore, since the 
rates of all clocks depend ultimately on the masses, or frequencies, of the particles 
from which they are constructed, a gravitational field must cause a slowing-down 

of any clock, or a 
"red shift*'. One may, 
indeed, picture the 
acceleration of a 
particle in a 
gravitational field 
(Figure 10) as a 
consequence of the 
spatial gradient in 
the "red shift" 
across its world 
Cube. One cannot. 
however, develop 
an exact formalism 
along the same 
lines as for 
electrodynamics, 
because the red 
shift upsets the 
clock synchroniza
tion procedure 
which is crucial 
to special 
relativity, and 
one must 
reformulate the 
whole problem in 

terms of the 
"curved spacetime" 
of Einstein's General Theory of Relativity 
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Figure 10 
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4. THE QUANTUM DOMAIN 
We now drop the restriction that particles must be well-separated from each 

other, and consider systems where they are close together and even overlap each 
other • as. for example, in the hydrogen atom, where the proton wave packet lies 
inside the electron wave packet, and the two particles form a "bound state". As is 
well-known, such a system cannot be described by a classical point-particle 
picture, and, in the conventional approach, it is necessary to introduce an 
additional "quantization" postulate, involving Planck's constant K to explain its 
stability and the observed discrete set of allowed values for its total energy. Our 
aim. at present only partially realized, is to show that such microscopic systems 
can be described in terms of the same picture that was used to treat the classical 
domain, without introducing any new fundamental postulates - and, in particular, 
without any use of the mysterious, ad hoc "quantization" postulate of conventional 
quantum theory. 

First of all, it is clear that no special "quantization" postulate is needed to 
explain either the stability of a hydrogen atom or the occurrence of only a 
discrete set of allowed energies for the atom, because these properties follow 
directly from the assumption that an electron is an extended, periodic disturbance 
and the fact that this disturbance is confined to a small region of space in the 
immediate vicinity of the proton (regarded here as a small, heavy source of 
attractive potential). The electron wave will be repeatedly reflected back onto 
itself from the edges of the confining region, or "potential well", and so 
interference will occur, just as in Young's experiment. If you were to consider an 
electron wave of arbitrarily chosen frequency moving to and fro in the well, the 
initial wave and its successive reflected waves will, in general, be out of step with 
each other, in a more-or-less random way; on the average, wherever a crest 
appears for one wave there will usually be a trough in some other wave, and the 
two will cancel each other. The net result of such "destructive interference" is to 
reduce the amplitude of the oscillation to zero everywhere inside the well, that is, 
no state can be formed. But if the frequency has one of a set of values such that 
the initial wave and all its reflections are in step with each ether, they will 
combine to produce a so-called "standing wave" - a wave pattern in which, at one 
or more spatial points ("antinodes") there is maximum amplitude of oscillation, 
while at others ("nodes") the amplitude is zero. 

The formation of such standing electron waves in a potential well is 
analogous to the creation of standing mechanical waves in the vibration of, say, a 
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violin string, where the allowed frequencies arc in the ratio 1:2:3:4:„. , but is a 
little more complicated because the wave speed w is greater than 1 and varies with 
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Figure II 

position inside the well. Figure 11 presents a spacetime picture for a particle 
moving in a one-dimensional potential well; the continuous curved lines 
represent the world lines described by wave crests and the dashed lines those by 
wave troughs. Two possible states are shown: that on the left is the simplest 
possible standing wave, in which there is an antinode in the middle of the well, 
because, for the initial wave and all its reflections, all crests arrive at the same 
time, and so do all troughs. If the energy is increased somewhat, it is possible to 
achieve the next standing wave (shown on the right), which has a node at the 
centre and antinodes at two points roughly midway between the centre and the 
edges of the well. 

We picture the same kind of thing happening in the case of a hydrogen 
atom, although matters are a little mote complicated because it is a three-
dimensional object and, of course, has a potential of (1/r) form. The allowed 
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energies, or frequencies, of the atom are simply those for which it is possible to 
set up three-dimensional standing waves. The state of lowest energy, or "ground 
state'' is stable simply because there is no state of lower energy to which it can 
change - one cannot have fewer than zero nodes! The upper, "excited" states are 
only semi-stable, because they last for a while but eventually undergo transitions 
to the ground state, the excess energy being carried off in the form of photons. 

How can this sort of argument be made quantitative? Whereas, in the 
classical domain, one can picture phenomena purely in terms of changes in the 
crest-line pattern associated with a particle, here it is clearly important to 
consider also the amplitude of the oscillation of the background field, which may 
vary t-j a complicated way for, say, the electron wave in a hydrogen atom. Let us 
denote this amplitude by the symbol %; it is a function of both position and time: 
X = x(*> y> z> 0- It is not possible to measure % itself, in the same sense that one can 
measure, say, the electric field at a certain position and time; but one can attach 
an empirical significance to the square of its magnitude, lx' - In order to explain 
what happens in, for example, a Young's experiment, it is necessary to specify 
that lx(x, y, z, t)l AxAyAz is the probability that, if the particle is detected at time t, 
it will be found to collapse to a small volume (AxAyAz) centred on the spatial point 
(x, y, z) • that is, Ixi gives a probability distribution of the type exemplified by the 
pattern P in Figure 2. 

Our amplitude x ' s m some ways similar to the one-particle wave function 
y(x, y, z, t) of conventional quantum mechanics; but it is important to note the 
differences. Whereas ¥ is a "knowledge function" embodying only the prediction 
of the probabilities of various outcomes in an ensemble of repeated experiments, % 
is a physically real classical field representing the state at time t of an individual 
system. And (in contrast to what was said in the previous paragraph) 
l4*(x, y, z, t)l dxdydz is the probability of finding the point particle at (x, y, z) at 
time t (strictly, within the infinitesimal volume (dx dy dz) centred on (x, y, z)). 

The question now is: how does the disturbance % for a particle vaiy in our 
spacetime "arena" when the particle is subject to the potential 4 produced by some 
external source? We already have the answer to this question for the case of the 
classical domain, where the particle is small compared with its distance from the 
source: it is given by the changing pattern of crest lines in, for example, Figure 6, 
and is described mathematically by the Lorentz force. In the quantum domain, 
however, the amplitude of % is important as well as its phase pattern, and we 
require a differential equation for % itself to describe how its form varies with 
time. 
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It turns out that it is possible to derive such a differential equation using 
essentially the same ideas that went into the calculation of the Lorentz force - that 
is, from the distortion of X resulting from the local change in effective mass, 
represented by the potential 4> (for details, sec the final paper cited at the end). 
Here wc merely display the equation: 

l*--*"W+ 8y* + to?)*** 

and make some comments on it It tells us that, if we know the spatial form of x at 
a given instant of time, and can therefore work out its second derivatives (the 
"gradient of the gradient" of %), w e can calculate the spatial form of % at a slightly 
later time and so, by repeating the process, map the whole evolution of x •* * 
function of time. It thus enables us to trace the complete "history" of a 
disturbance in %, even in the case where the disturbance overlaps the source. In 
particular, it can be used to calculate the allowed stationary states of a hydrogen 
atom, and yields results which are in quantitative agreement with experiment -
and with the predictions of conventional quantum theory. 

The differential equation for % is very similar to the familiar one-particle 
Schrodinger equation of quantum theory - the only difference being that 
Planck's constant ft does not appear in it (of course ft could not appear, because we 
have not used any "quantization" postulate). The main reason for this difference 

is that conventional theory uses the ordinary "practical" mass m (defined relative 
to the standard kilogram) whereas we have from the outset used the absolute 
definition of mass m as the frequency of a free particle in its rest frame. The 
relation between these quantities is m = mc/ft; if one takes the viewpoint that our 

absolute m is more fundamental than the quite arbitrarily defined m, then ft 
should be regarded, not as a fundamental constant of nature, but simply as a 
property of the standard kilogram. We have, in effect, replaced ft as a "scale " of 
energy quantization with the absolute scale provided by the fundamental 
periodicity of elementary particles, characterized by the mass m. 

It should, finally, be mentioned that the Schrodinger equation applies only 
to systems in which particles have small velocities, it is, however, possible to 
derive a fully relativistic one-particle equation (the Dirac equation) by the 
present approach, and so to remove that restriction. 
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5. CONCLUSION 
We have thus made some progress towards the achievement of a unified 

theory of classical and quantum phenomena. Both are described in terms of a 
single underlying picture of a particle as an extended periodic disturbance which 
changes in size and form according to the external influences that act upon it. 
There is no schism between the classical and quantum domains: the solutions of 
the SchrOdinger equation go over smoothly into wave packets governed by the 
Lorentz force when the separation between particles becomes large compared 
with their sizes, and, conversely, characteristic "quantum" effects, such as the 
quantization of energy and angular momentum, appear only when a particle 
moves in a potential whose characteristic "length scale" is small enough to 
become comparable with the particle's de Broglie wavelength. No extraneous 
"quantization" postulate is required, and moreover it is possible to visualize what is 
happening in an individual microscopic system in terms of the changes in form 
of a particle's wave packet. 

The approach also provides some "bonuses" in that it throws new light on 
the concepts of classical physics. Mass. conventionally regarded just as a 
parameter attached to a particle which specifies its inertial property, becomes a 
physical frequency which governs the wavelike behaviour of particles and is 
directly accessible from experiment. The electromagnetic potential is elevated 
from a mathematical (and to some extent arbitrary) device to a measure of the 
change in effective mass resulting from interaction • and this, in turn, leads 
directly to derivations of classical laws such as Newton's law of motion and the 
equations of Maxwell electrodynamics, which, conventionally, are taken simply as 
postulates. 

But, encouraging though these successes may be, there is still a very long 
way to go before our approach can become a fully viable theory. One burning 
question is whether the approach is capable of treating multi-particle systems in 
the quantum domain, as opposed to the much simpler case of a single particle in a 
potential; conventionally, such systems are treated by the (postulated) N-particlc 
SchrOdinger equation, which governs a wave function defined not in ordinary 
three-dimensional space but in an abstract 3N-dimensional "configuration space". 
Another is its quantitative application to the problems which are so successfully 
handled by quantum electrodynamics - ranging from the detailed theory of 
processes like Compton scattering to extraordinarily precise calculations of the 
magnetic properties of elementary particles. 

And, even if these can be encompassed, there remains what is probably the 
biggest problem of all: the question of the physical collapse which, we have 
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assumed, is caused by the detection of a particle - what is its mechanism, and why 
is the result of any'given collapse essentially unpredictable? And (arising from 
the pioneering work of the late John Bell) how can we understand the apparent 
non-locality involved in measurements on two particles emanating from a 
common source? In reply to these questions, the author can do little more than to 
point out that the background field which is the basis of this approach must be a 
nonlinear field (a linear background field could not incorporate interaction!), and 
that very little is known, in general terms, about the behaviour of such fields. 
One intriguing thing we do know, however, is that nonlinear classical 
deterministic systems often exhibit "chaotic" behaviour - that is, their behaviour 
can differ enormously if one makes the minutest changes in their initial 
conditions; perhaps the origin of the unpredictability associated with detection is 
to be found in the chaotic behaviour of the % field. 

It is clear that this new approach bristles with difficult problem? -
although these are primarily problems of physics and mathematics, rither than 
of philosophy, because it is what might be called a "realist" approach in which 
one tries to visualize processes in terms of essentially classical concepts. One may 
well wonder, then, about the appropriateness of this paper for a philosophy 
seminar! But it may be helpful to people grappling with the meaning of quantum 
theory - in which there are undoubtedly very deep philosophical problems - to be 
aware of alternative approaches whose aim is to match the predictive power of 
quantum theory without incurring its mathematical abstraction and difficulties of 
interpretation. 
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