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Abstract
The discovery of the neutron by Chadwick in 1932 is discussed in detail. Pauli pointed out that the
profile for neutron decay indicates unequivocally that a third particle, in addition to the proton and
electron, is involved, which has since been referred to as the anti-neutrino . Fermi then argued that
the electron could not have been present in the neutron prior to decay. He based his conclusion on the
assumption that the laws of physics must be in accord with the Lorentz transformation, which Einstein
used as the cornerstone of his Special Theory of Relativity (STR). On this basis, it should be impossible
for a potential to exist which is capable of binding an electron to a proton in such a small space (500
Mev would be required according to Fermi’s calculation based on de Broglie’s p=h/λ relation). The
present work assesses this claim on the basis of recent theoretical developments which make use of the
exponentially damped Breit-Pauli-Schrödinger (XPBS) equation. Calculations of this type have been
successful in showing that the binding energy of an electron to a positron might be exactly equal to the
energy equivalent of an electron and positron (2moec2). The possibility of a non-zero  charge-tomass ratio is considered as a way to make the Breit-Pauli interactions relevant to the description of the
neutron’s internal structure.
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1. Introduction
In preceding work [1, 2], a model for describing processes involving the interaction of
electromagnetic radiation with matter has been examined whose main ingredient is the
assumption of an e+e- “molecular” structure of the photon. Accordingly, the hypothesis of
disintegrating matter is replaced with the assumption of indestructible particles, including
electrons and positrons, which in a specific state of binding can lose all their mass, thereby
defying experimental observation but still retaining their own existence.
The latter distinction seems subtle enough when formulated in this manner, but there is a
potentially critical difference. Put simply, if particles can be created from pure energy, there
is nothing fundamentally excluding the possibility that much larger objects can also be
formed by this mechanism. It has been argued, [3] for example, that whole universes could be
created from the “energy equivalent to just a few pounds of matter.” Later in the same article
it is pointed out that the key element in the author’s theory ‘is that quantum physics permits
the spontaneous creation of something from nothing.” If on the other hand, matter can never
be created or destroyed by any mechanism, but instead only disappears from view under
certain well-defined circumstances, the possibilities are much less fantastic. A much more
sober view of the universe emerges, and consequently it behooves us to find out which of the
above two hypotheses corresponds to the true facts.
It is thus important to see that the creation-annihilation concept does have definite relevance
beyond the subject of the interaction of photons with other particles. In the preceding work1
it was noted. for example, that the formation of protons and antiprotons from photon
collisions demonstrates that e+e- systems cannot be the only mass-less particle-antiparticle
binaries which must be assumed if one hopes to do without the latter hypothesis. Once one
has grasped the possibility that the creation-annihilation assumption may not actually be
needed to explain relatively low-energy phenomena, there is thus a challenge to follow
through on such argumentation in the high-energy regime as well.
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One is reminded that considerable impetus was given to the
creation-annihilation concept at the time when it first
became possible to carry out high-energy experiments in the
laboratory. It is therefore to be expected that as the available
energy from accelerators and related devices increases, the
number of phenomena requiring similar explanations will
tend to multiply, as has indeed been the case. New particles
with non-zero rest mass have been identified over the past
century, and these have provided fertile breeding ground for
new theories. In the present chapter the task of surveying
such high-energy experiments will be taken up, with
particular emphasis on the question of how the assumption
of the creation-and-annihilation of matter plays a role in the
theories which are used to describe them.
2. The Neutron
After the results of Rutherford's scattering experiments were
understood [4], one had the model of atoms containing a
relatively massive nucleus of positive charge being orbited
by a number of electrons. The simplest atom is hydrogen
with a single proton and electron. The heavier nuclei have
rest masses which are nearly integer multiples of that of the
proton, but charges which are always a smaller (exact)
multiple of the electronic charge. On this basis it was first
assumed that the nucleus itself generally contains both
protons and electrons. The discovery of the neutron in 1932
by Chadwick5 caused a shift in this position, however. The
neutron was found to have a slightly larger mass than the
proton and to have no electric charge. It is meta-stable with
a half-life of 1000 s, decaying into a proton and electron (or
“β-ray” in the earlier terminology). Other unstable nuclei
were also known to undergo β decay.
Several objections to the assumption of a proton-electron
constitution for the nucleus quickly arose on the basis of
these findings, however. The most important was based on
the fact that the energy spectrum of the emitted electron is
not mono-energetic, as would have to be expected from the
laws of conservation of energy and momentum when a
single particle decomposes into two fragments. One popular
interpretation for this observation was supported by Bohr [6].
He suggested that the usual conservation laws might no
longer be valid at high energies (0.8 MeV is released upon
the neutron’s decay). Pauli took a different view [7],
however, which has since been generally accepted, namely
that the continuous spectrum observed indicates that at least
one more particle must be involved in β decay. Accordingly,
the energy lost in the process can be divided between
several emitted particles in a continuous distribution without
violating the above conservation laws. The name “neutrino”
was subsequently coined by Fermi [8] for this new particle.
Other evidence was also found for the neutrino hypothesis,
however. If a neutron were to consist of only a proton and
an electron, it should possess integral spin and exhibit boson
statistics, so that a nucleus such as [14] N (containing seven
protons and seven neutrons) would behave as a fermion with
half-integral nuclear spin. Since the opposite behavior is
observed, it was suggested by Pauli that the neutrino (if
indeed it is a single particle) is also a fermion with halfintegral spin, and that its presence in the neutron thus
explains this aspect of the nuclear puzzle as well. This

argument eventually carried the day and the third neutron
decay product was later renamed the anti-neutrino  .
What needs to be emphasized in the present context is that
in the search for a quantitative theory of β decay, confidence
in the straightforward idea of the neutron being composed of
a proton, electron and antineutrino was eventually lost. This
development occurred primarily because of the realization
that the relatively small radius of the neutron implies that an
electron bound within it would have to possess an enormous
amount of kinetic energy. A figure of 100-500 MeV could
be computed for this quantity based on the de Broglie
relation, which connects the magnitude of this radius
(wavelength) with the electron’s momentum. Since the
known electromagnetic and gravitational forces are far too
weak to explain how the electron could enjoy a net
attraction inside the nucleus under these conditions, it was
clear that an impasse had been reached. In addition, the fact
that the magnetic moment of the neutron was measured [9] to
be much smaller than that of the electron seemed to be
totally inconsistent with such a composition.
The problem was ultimately circumvented by Fermi with his
suggestion that the electron might be annihilated in the
presence of a strong nuclear force. It is interesting to
consider Fermi's original remarks on this point, as given in
translated form by Wentzel.10 “The simplest way for the
construction of a theory which permits a quantitative
discussion of the phenomena involving nuclear electrons
seems then to examine the hypothesis that the electrons do
not exist as such in the nucleus before the ß emission occurs,
but that they, so to say, acquire their existence at the very
moment when they are emitted; in the same manner as a
quantum of light, emitted by an atom in a quantum jump,
can in no way be considered as pre-existing in the atom
prior to the emission process. In this theory, then, the total
number of the electrons and of the neutrinos (like the total
number of light quanta in the theory of radiation) will not
necessarily be constant, since there might be processes of
creation or destruction of those light particles.”
In at least one sense this was a significant departure from
the original hypothesis used to interpret positronium decay,
because up to that point charged particles were only thought
to undergo creation or annihilation pair-wise with their
respective antiparticles. If one continues to doubt, as in Refs
[1, 2]
, that electrons and positrons are really destroyed in
positronium decay, however, then it is only consistent to
question the very similar hypothesis made by Fermi in
explaining the β decay phenomenon. Yet if one insists on
the continuous existence of the electron in an alternative
theory, one must face up squarely to the need for finding a
potential which is strong enough to overcome the
undeniably high kinetic energy the electron would possess
in the small volume occupied by a nuc1eus. The problem is
more severe than this, however, because in taking this
approach one also must provide a suitable explanation for
the role of the anti-neutrino itself in β decay. Before
considering these points further, however, a few additional
details of the experimental observations should be carefully
considered.
A whole series of nuclear reactions could be found which
are closely related to one another. Written in the form of
reactions these are:
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will continue to be made below [11] . Nevertheless, it is well
to keep in mind that the definitions of atoms and elements
that Democritus and Boyle espoused exclude the neutron
from this classification because of its instability. With these
preparatory remarks, we can rewrite the five β decay
reactions given in eq. (II.1) in completely balanced form:

The notation is schematic, with p+ and n generally denoting
constituents of heavier nuc1ei actually present.
As always is the case, the classical chemist’s balanced
equation becomes a casualty of the assumption that matter
such as electrons or neutrinos can be created or destroyed.
None of the above five reactive equations is balanced in the
traditional sense. In the first, an electron and antineutrino
are created, while in the second, both (e-,e+) and (,  ) pairs
are created, with subsequent annihilation of e- and  in the
process of neutron formation. In the third, a (ν,  ) pair is
created and then the neutrino plus a captured electron from
an associated atom are destroyed. Finally, an (e-,e+) pair is
created in the fourth reaction, followed by the annihilation
of e- and  in the neutron formation, while in the last case
the neutron decomposition produces the same two particles,
only to have the antineutrino destroyed along with the
neutrino which induces the reaction.
The hypothesis of mass-less particle-antiparticle binary
systems is only partially successful in restoring particle
balance to these equations, but strict adherence to the
original definition of elements advocated by Boyle and
others before him completes the process. In particular, when
we surrender the idea that material particles can be created
or destroyed in such interactions, we are forced to conclude
that the neutron is not an element at all. Rather, it is a
compound of its known decay products, i.e. p+, e- and  ,
akin to a tri-atomic molecule in the usual chemical notation.
The fact that the inertial mass of the neutron is greater than
that of its separated constituents is perhaps surprising, but
according to the Einstein mass-energy equivalence principle
of his Special Theory of Relativity (STR), this is what one
must expect from the fact that the dissociation energy of the
neutron is negative (-0.8 MeV).
There is considerable precedent for such a situation, namely
in the description of excimer complexes, which has had a
great impact in the field of laser research. Excimers are
bound (meta-stable) molecular states for collections of
atoms with a ground state that is characterized by a
repulsive potential curve and is therefore unbound. The fact
that the neutron undergoes spontaneous decay is perfectly
consistent with this analogy. Only the energies involved are
far greater than those released in excimer lasers. In the
language of scattering theory, the neutron is thus a
resonance with a relatively long lifetime. The nature of the
forces which hold the neutron together in this meta-stable
state constitutes a major unanswered question in this model,
but in this respect the situation is wholly similar to that for
the e+e- tight-binding state which has been associated with
the photon in Ref [1].
For the sake of clarity the conventional use of the term
“elementary particle” for the neutron and related systems

In this way the number of distinct particle-antiparticle
binaries has been kept to three in number, namely e+e- ,  
and p+p-. The need for n n pairs is thereby avoided by virtue
of the tri-atomic composition ascribed to a single neutron
itself. Thus neutron-antineutron production involves the
interaction of each of the three elemental binary systems, i.e.

p p  ee  vv  (p  e  v )  (p  e  v)  n+n 2.2
The economy of the assumptions in the above model is
especially desirable when one attempts to construct a
quantitative theory which is capable of generating wavefunctions and properties for such mass-less particle
combinations. The elemental balance in the above equations
also has the advantage of making the additional assumption
of charge conservation unnecessary. Since charge is an
intrinsic property of each particle, never to be altered in the
course of physical transformations, its conservation is
always ensured thereby. In addition, we must continue to
assume that energy and each of the components of the net
linear and angular momentum are conserved in such
processes, consistent with STR and the mass-energy
equivalence principle. More generally, it can be said that
there is an unwritten rule in the physical sciences according
to which the number of theoretical assumptions should be
held to an absolute minimum. In practical terms, an
irrefutable contradiction based on experimental evidence
should be established before adding any new postulate to the
theoretical framework in whatever form. In this sense we
can take a lesson from the conservation laws of classical
physics, according to which a truly remarkable variety of
observations is understandable which is based on only three
fundamental principles [12].
3. The Neutrino
The neutrino is associated with many puzzles that are still
unresolved over 80 years after its discovery. It apparently
bears no electric charge and thus is unaffected by electric
fields. It also seems to be essentially mass-less, although
this conclusion itself has been the subject of much
controversy. During his lifetime Pauli compained13 that the
upper limit for its rest mass was set too high based on what
was already know then. For a long time it was something of
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a bookkeeping device, merely accounting for energy
otherwise missing in the β decay spectrum. In 1956 the first
successful experiment involving neutrinos as reactant
species was performed by Reines and Cowans [14] and this
achievement allowed considerably more confidence that the
particle was more than a theoretical construction. In essence,
Reines and Cowan [14] carried out the first antineutrino
absorption reaction [eq. II.1 (iv)] in the laboratory. Extreme
sensitivity was required. The actual mode of detection was
the appearance of a photon signaling the reaction of the
positron product with an electron, but the time between
positive events was typically 30 hours. As a result it was
clear that anti-neutrinos are extremely penetrating, with a
chance of one part in 10 [12] of being captured while passing
through the earth along a diametric ray. The almost
complete absence of ionization products observed during the
experiment also led to the conclusion that the particle has
virtually no magnetic moment, but this raised difficult
questions about what forces actually govern the neutrino’s
behavior. The lack of either electric charge or a magnetic
moment also left uncertain the exact relationship between 
and  themselves, since previously every other particle
could be distinguished from its anti-particle on the basis of
these properties.
An answer to this question was provided by Lee and Yang15
when they concluded that parity might not be conserved in
beta decay. A decisive experiment [16] suggested by their
work was carried out shortly thereafter by Wu et al. on the
longitudinal polarization of decay electrons emitted by the
60
Co nucleus in the presence of a strong magnetic field at
low temperature, using a method proposed earlier by Rose
and Gorter [17]. As [60] Co decays into [60] Ni the nuclear spin
changes by one unit from I=5 to 4, and is referred to as a
Gamov-Teller transition [18], as opposed to the other
possibility (Fermi transition) with I=0. Because only the
lowest-energy nuclear spin component is occupied in the
presence of a strong magnetic field at low temperature, it
was clear that the emitted electron must be ejected with its
spin parallel to that of the [60] Ni nucleus. Under these
conditions, a preferred direction for the departing electrons
could be detected, namely opposite to that of the nuclear
spin. One can summarize this result by saying that the
electron behaves predominantly as a left-handed screw in β
decay. In addition, subsequent studies of nuclear recoil
indicated that the anti-neutrinos turn exclusively as righthanded screws [19] in the same experiment.
Out of these investigations came a new theory of the
neutrino proposed independently by Lee and Yang [20],
Landau [21] and Salam [22], according to which the neutrino
and antineutrino could be distinguished on the basis of their
respective left- and right-handedness, or alternatively their
negative and positive helicities (defined as Iˑp/p). It was
referred to as the two-component theory of the neutrino
because it postulated that certain spin-momentum
orientations are forbidden to this particle. The idea was not
entirely new to theoretical physics as Weyl had proposed
something very similar [23] nearly 30 years earlier from
strictly mathematical considerations based on STR. Since
the parity P was not conserved in this theory, Pauli initially
criticized it [24]. The observed asymmetry in the [60] Co
experiments of Wu et a1. led him to reverse his position,25
however, although he went to some length at the time to
express his amazement at this development.

Charge conjugation is also violated according to the twocomponent neutrino theory, but Yang noted that the product
CP should still be conserved [26] i.e. by simultaneously
inverting the coordinate system and changing all particles
into their antiparticles, so that a left-handed  becomes an
(observable) right-handed  . A key assumption in this
theory was that the neutrinos have zero rest masses, a
possibility, which, as already mentioned, has thus far not
been refuted by experiment. The puzzle was later further
complicated, however, by new experiments [27] also
involving neutrinos, which provided strong evidence that
even CP is violated in β decay.
Since a theorem by Schwinger [28] Luders [29] and Pauli [30]
proved that the product of CP and the time reversal
operation T should be conserved under the most general of
circumstances, this observation seemed to indicate that
neither T itself nor any two of these operators together are
conserved in such processes.
The interpretation of the polarization phenomena discussed
above has received support from a wide variety of other
experimental observations, including studies on free neutron
decay [31] and on muons [32, 33]. In the first instance, it was
found that the proton is predominantly left-handed, which
ultimately led to the convention of referring to the particle
emitted in neutron decay as the antineutrino  rather than
the neutrino ν as originally suggested by Fermi. In this way
all anti-particles present in nuclei (and anti-nuclei) are righthanded, while their counterparts in charge conjugation are
left-handed. Another important distinction between  and 
was demonstrated by the fact that anti-neutrinos do not
undergo the capture reaction of eq. (II.1.v) upon interaction
with neutrons [34]. Attempts to observe a double beta decay
in which no anti- neutrinos are emitted [35] have also never
been successful. In the present context it should be noted
that this result is also consistent with the belief in a definite
composition for the neutron needed to achieve particle
balance in the five beta decay reactions listed in the
preceding section.
Another puzzle connected with neutrinos was discovered in
1964 by Bacahl and Davis [36] as a result of their
investigation of nuclear fusion processes on the sun. The
fusion reaction is closely related to eq. (2.1.iii), with
neutrinos being set free in the process. Detailed knowledge
of the solar reaction profile enables a relatively precise
calculation of the magnitude of the associated neutrino flux
reaching the earth, but the above experiments have
invariably indicated a large discrepancy in the computed
value. Less than half the expected neutrinos are ever
observed. In addition there is evidence that the neutrinos
involved in the β decay of muons are not the same [37] as
those associated with neutrons and heavy nuclei. One
distinguishes then between electron (e) and muon (µ)
neutrinos, and there is also theoretical evidence [38] that a
third type (or flavor) also exists, namely the tau neutrino
().
Yet the greatest puzzle of all in this connection seems to be
why such charge-less, extremely penetrating particles are
involved in almost every high-energy reaction ever
observed. Given this situation, the question of whether
neutrinos can be created or annihilated seems a secondary
issue, but one that nonetheless permeates any relevant
theoretical discussion of the nature of these particles,
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beginning with the Fermi theory of β decay put forward
nearly a century ago [8].
4. Nuclear Structure and The Strong Interaction
The theory of nuc1ear structure relies firmly on the assumed
elemental nature of the neutron [39] Any nucleus can be
described as containing a definite number of protons and
neutrons, thereby providing a means of discussing nuclear
reactions with balanced equations along the lines foreseen
by Boyle in his general theory of chemical transformations.
The fact that the neutron undergoes spontaneous emission
complicates this simple picture, however, suggesting an
alternative interpretation according to which the real
elements are the electron and neutrino, in addition to the
proton. The proton itself has been theorized [40] to decay as
well, but careful experiments [41] have never found any
positive evidence for this expectation. By any reckoning, the
proton is an extremely stable substance, with a lifetime far
longer than that of the neutron.
The question of the nature of the forces which hold nuclei
together is still largely open. One refers to them collectively
as the strong interaction, a term which above all takes
cognizance of the fact that the forces in question have
properties which are far different from either the
electromagnetic or gravitational type. In the time of
Rutherford, three nuclear decay modes were well known,
involving -, ß- and -rays respectively. In the meantime,
one can add at least two more decay products to this list,
namely neutrons and the small nuclei which result from
fission of their heavy counterparts. It is interesting to note
that the creation-annihilation hypothesis is only invoked to
explain two of these five possibilities, the β decay discussed
in the preceding two sections, as well as the gamma or
photon emission process. In the other three cases the decay
products have much larger rest masses, and thus are thought
to be present in the original nuclei prior to decomposition as
well as subsequent to it.
As noted previously, the justification for this distinction in
the case of electron (β) emission is the belief8,10 that no
potential could be sufficiently attractive to outweigh the
large kinetic energy such a light particle would have in the
confines of the nuclear volume. Yet the fact that the forces
binding nuclei together are a matter of some uncertainty
themselves lends a degree of tentativeness to this
conclusion. On the other hand, if we assume that neither the
electron nor anything else can be annihilated under any
circumstances, we are left with no choice but to look for a
potential that is capable of binding an electron so strongly.
In Refs. [1, 2], a similar line of reasoning has led to the
conclusion that the electron and positron form a much more
tightly bound system than anything inferred from a solution
of the electrostatic Schrödinger equation, which corresponds
to a binding energy of 1.02 MeV. For comparison purposes,
it is interesting to note that nuclei are bound together on the
average by roughly 8 MeV/nucleon, a number which is
somewhat larger but of the same order of magnitude as that
required in the interpretation of a tightly bound electronpositron system. Moreover, it is over 200 times smaller than
the p+p- binding energy which must be assumed on the same
basis, namely 1.85 GeV.
The possibility may thus exist that in searching for a
potential which binds particles with their antiparticles
together with such force as to cause a total loss of mass
relative to the reactant species, one is approaching the same

goal as has long been sought in the context of nuclear
interactions. Merely saying that the energies given off in the
particle-antiparticle interactions can be computed on the
basis of STR and the mass-energy equivalence relation does
not after all conform to the standards physicists have
adhered to in dealing with other types of elemental
processes. In almost every other conceivable situation, a
detailed description of the forces involved in causing
systems to be either attracted or repelled by one another has
become an important goal of subsequent research, and this
line of approach has been rewarded with genuine scientific
progress on numerous occasions in the past.
With this motivation, it is instructive to review what is
known about the strong interaction from experimental
studies of nuclear processes and what progress has been
made in interpreting these observations theoretically. To
begin with, one has a good idea from scattering experiments
what the associated potential must look like. One
distinguishes three types of fundamental processes, namely
pp, nn and pn scattering. Especially when Coulomb
repulsion effects are subtracted for proton pairs, it is found
that the potential that causes nuclear binding is essentially
the same in all three cases. On this basis the nuclear force is
assumed to be charge-independent and, by inference, quite
distinct from the electromagnetic force. Some evidence of at
least a secondary role for electromagnetism is suggested by
the existence of nuclear magnetic and quadrupole moments,
not to mention the positive electronic charge of all nuclei,
but it is felt that such effects can be dealt with separately.
One also might say that the discovery of the neutrino’s
involvement in nuclear reactions supports the chargeindependence assumption in view of this particle's lack of
either electric charge or magnetic moment.
Probably the most influential conclusion based on the above
experimental findings was drawn by Heisenberg [42] in 1932.
He postulated that the neutron and proton were simply two
different states of the same system (nucleon) which would
be perfectly degenerate in the (hypothetical) absence of the
electromagnetic interaction. Out of this hypothesis
ultimately evolved the theory of isospin [43, 44], which has
had a very great impact in both nuclear physics and the
corresponding study of elementary particles.
Some of the first attempts to describe the nuclear force
employed a non-relativistic Schrödinger equation45 and an
empirical potential of the type indicated by the scattering
data. The most famous of these treatments employs the
Yukawa exponential potential [46, 47] V(r)=
-Vo(/r) e-r/, where r is the distance between nucleons
(protons or neutrons), V0 characterizes the depth of the
potential and , its range. The non-relativistic kinetic energy
p2/2M is deemed appropriate for this purpose in view of the
relatively large rest masses of the nucleons. By varying the
two parameters V0 and , it is possible to fit a certain
number of experimental results on the basis of the
corresponding solutions of the Schrödinger equation, but the
Yukawa procedure has never evolved into a truly
quantitative theory of nuclear binding. Nonetheless the
simplicity of the model on which it is based has led to much
valuable insight into the subject. In particular, it emphasizes
the extremely short range of the effect through the
exponential form of the corresponding potential. For r»,
the potential is effectively damped to zero, whereas for r
it varies predominantly as r- [1]. In the latter respect it is
similar to the Coulomb potential, but the large magnitude of
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V0 gives it a much stronger weight in the short internuclear
distance region where the binding between nucleons is at its
greatest. True to the creation-annihilation concept, no
recognition is given to the possibility that either electrons or
antineutrinos are involved directly in the nuclear binding
process.
Another approach to the nuclear problem is modeled after
quantum electrodynamics, focusing on the idea that the
Coulomb force involves the exchange of photons between
the interacting charged species. Using arguments based on
the Heisenberg uncertainty principle, Yukawa postulated47
that the particle regulating the nuclear force must have a
correspondingly short range, which in turn keeps it from
being directly observable under normal circumstances. By
assuming a velocity close to the speed of light, Yukawa was
led to predict a rest mass for the new particle which was
intermediate between that of an electron and a proton (200
moe was first proposed). The Coulomb force's range is
thereby thought to be infinite, consistent with the null rest
mass of the photon. The theory received support from
experiment a decade later when the π mesons (+ and - ,
with a rest mass of 273.13 moe each) were discovered [48]
and shown to interact with nuclei. Attempts to construct a
quantitative theory analogous to quantum electrodynamics
were not generally successful, [49] however. The use of loworder perturbation theory to compute the mesonic
interactions was concluded to be inadequate [50], despite the
fact that a similar approach in quantum electrodynamics is
found to be quite accurate. The anomalous spin magnetic
moment of the electron amounts to a deviation of only one
part per thousand [51] from the uncorrected value of Dirac
theory, and can be predicted to an accuracy of six to seven
significant figures with the perturbative inclusion of
quantum electrodynamical effects. By contrast, the proton
magnetic moment was measured by Stern and coworkers [9,
52]
to be 2.5 times the theoretical value deduced on the basis
of the respective masses of the proton and electron.
Nonetheless, the π meson theory accounts for the known
observations at least qualitatively, and the concept of a
cloud of such (virtual) particles surrounding the proton has
received broad acceptance, especially after it was found to
be quite consistent with the results [53] of elastic scattering of
high-energy electrons by nucleons.
Another theory which has had a great impact in this field is
the nuclear shell model proposed by Goeppert Mayer [54] and
Jensen. [55] This work concentrates on certain regularities in
the properties of nuclei as a function of the numbers of their
constituent protons and neutrons, particularly the values of
the nuclear spin and of the electric quadruple and magnetic
dipole moments. It is possible to predict trends in these data
by assuming that protons and neutrons are added in shells
according to an Aufbau principle similar to that used in
atomic structure theory to explain observed trends in the
periodic table of the elements. The shell model traces its
origins to the independent-particle or Hartree model [56] and
also to the Wigner coupling scheme [57], which was
successful in classifying nuclear states with the aid of a
spin-independent zero-order Hamiltonian. Each shell can be
identified with definite angular momentum quantum
numbers l and j, with their familiar degeneracy factors
determining degrees of maximum occupancy in accordance
with the Pauli principle. Isomorphic pairs of shells are
reserved for the individual protons and neutrons, whereby
the stability of the proton shells always appears to be

somewhat lower, reflecting the effects of their participation
in the repulsive Coulomb interaction. On the basis of these
considerations it was possible to explain the occurrence of
certain “magic numbers” which had been noted empirically
for the atomic and mass numbers of nuclei in surveying the
aforementioned properties [39, 54, 55].
For the present discussion the most interesting aspect of the
shell model is the conclusion that forces are at work which
are akin to the spin-orbit coupling interaction familiar in the
classification of fine-structure effects observed in atomic
spectra. Terms of this nature arise from a perturbative
reduction of the Dirac equation, [58, 59] as shown by Breiti
[60]
, Pauli [61] and others [62]. The origin of the spin-orbit
interaction can be traced to the v x E term which appears as
an adjunct to the magnetic field [63] upon application of a
Lorentz transformation to the classical Maxwell equations
[64]
. The form of the spin-orbit interaction involved in
nuclear binding is quite distinct65 from the latter, however,
because the magnitude of the effect is found to be much
larger than one would expect on the basis of the small
magnetic moments of nucleons.
The fact that the quantum numbers employed in such
models are typical for a central potential has sometimes
been remarked [66] to be inconsistent (or at least not
obviously consistent) with the picture of the nucleus as a
collection of protons and neutrons, i.e. without a fixed
center comparable to that known for atoms. The success
with which the experimental data can be ordered on this
basis belies such criticism, but the ad hoc nature of its
central potential assumption combined with its inability to
obtain truly quantitative agreement with measured results
have tended to prevent the nuclear shell model from being a
complete triumph [67]. Nonetheless, the ability of such
methods to account in an extremely detailed manner for the
observed regularities in the properties of complex nuclei is a
fact which must be reckoned with in trying to construct a
more quantitative theory of nuclear structure in the future.
It is impossible to do justice to the progress made in
theoretical nuclear physics with such a brief survey, but at
least one more series of developments needs to be
considered in the present context. The liquid drop model,
which was proposed by Bohr [68] in 1936, points out
similarities between nuclear matter and the liquid state. This
model is based first and foremost on experimental
measurements of radii and binding energies of a large series
of nuclei, and as such is reminiscent of the theory of the
chemical bond introduced into molecular physics and
chemistry by Pauling [69]. Probably the most important result
of an experimental nature is the finding that the magnitudes
of nuclear radii are approximately proportional to the third
root of the atomic mass number [70], or alternatively, that the
nuclear volume increases proportionately to the number of
constituent nucleons. This is a very simple result which
gives the impression that, even more than in molecular
systems, for which a similar model is already very
successful, the components of nuclei are not at all
compressible. If one knows the volume of one nucleon (or
better, the volume of two nucleons that are tightly bound
together), it is possible to extrapolate this result to obtain the
size of the entire nucleus. This close-packing condition is
another important characteristic that must be derivable from
the nuclear potential. To this can be added that the
interactions between nucleons in the same shell are found to
be much stronger than between those in different shells.71
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What do the theories of nuclear structure tell us about the
forces involved in positronium decay? If the pervasive view
that nuclear forces occur primarily between elemental
protons and neutrons is correct, the answer must be that
there is little or no relation. On the other hand, if the neutron
is looked upon as a compound of its decay elements, the
electron, proton and antineutrino, a more significant
relationship can be anticipated. For one thing, it then
becomes essential to account for interactions between
electrons and protons inside the nucleus, in which case it is
not difficult to imagine that there might be similarities
between these forces and those which might conceivably
cause the electron and positron to be bound together much
more tightly than in positronium. Moreover, once this path
is taken, it is only consistent to assume that the antineutrino
also interacts strongly with either the electron or proton or
both.
The above possibilities will be explored in subsequent
sections, but for now it is worthwhile to consider how such a
neutron hypothesis would affect the simple bookkeeping
procedures used to describe nuclei in terms of the number of
constituent protons (Z) and neutrons (N). In the first place,
the number N becomes identical with the number of
electrons in the nucleus, as well as the number of antineutrinos. The number of protons is no longer Z, but Z+N,
while the total number of constituent particles is not Z+N,
but Z+3N. The latter difference is 2N and thus is always
even. This fact means there is no alteration in nuclear
statistics as a result of such an assumption, a point used by
Pauli [7] in postulating the existence of the neutrino in the
first place. Otherwise, particle balance in nuclear equations
is ensured in this approach (even in cases for which β-decay
occurs in one form or another) if one inserts the appropriate
particle-antiparticle binary systems as needed. When
photons are involved, this means adding mass-less e+especies as well. Conservation of energy can be handled in
the usual way, in accordance with STR.
The resulting elemental balance in the description of such
processes would be perfectly in line with the atomistic
theories originated thousands of years before, as well as the
more precise formulations proposed by Boyle and Dalton
much later. What is clearly missing in the discussion to this
point is a quantitative specification of the possible forces
which are involved, one that would allow an accurate
prediction of the differences in the masses of products and
reactants in such processes. In its simplest form, this would
mean the ab initio computation of the binding energy of the
deuteron relative to its constituent proton and neutron
separated to infinity, or even more fundamentally, with
respect to two protons, an electron and an antineutrino at
rest in their respective elemental states.
5. Metastable Particles
The hypothesis that the neutron is a tri-atomic compound
composed of each of its decay elements has far-reaching
consequences beyond the realm of nuclear physics. There
are many other meta-stable systems which are listed among
the elementary particles, the smallest of which are the two
muons and the three pions. They differ from the neutron
mainly in that their lifetimes are much shorter (10-10 - 10-16s)
and that their decomposition energies are far greater (over
100 MeV in the case of the muons). In addition, their decay
products do not include a proton, although electrons and
neutrinos are emitted. Beyond this there are a large number

of other meta-stable particles known, referred to as mesons
and baryons on the basis of their rest masses.
In 1964 Gell-Mann [72] and Zweig [73] suggested that all of
them could be interpreted as being composed of
hypothetical fermions called quarks (or aces74) and their
antiparticles. Probably the most novel aspect regarding this
suggestion is the assumption that the new particles should
possess
non-integral
electric
charges,
either
In the meantime the number of quarks and
anti-quarks has grown to twelve [72] and the idea has
achieved wide acceptance.
Fermi and Yang [75] and Sakata [76] tried to identify a
common denominator of elements in terms of the proton,
neutron and lambda from which to construct all other known
particles. This approach has only been partially successful,
primarily because certain combinations which appear
reasonable in this theory have never been observed. The
quark concept is clearly consistent with the view that all
matter consists of elements, but there is still some question
as to whether particles of non-integral electric charge
actually exist. One reads in the literature, to be sure, that
individual quarks have been discovered experimentally, but
the evidence is always indirect, referring to a successful
prediction derived from the theoretical model.
The idea that all observed meta-stable particles might be
composed of their decay products, either as elements or as
other combinations thereof, is not necessarily in conflict
with the quark model, although it is also not obviously
consistent with it either. Just because a proton might have a
quark composition, in other words, in no way precludes the
possibility that a quantitative theory which employs protons
as elements might not exist. The crucial test is whether the
properties of the various meta-stable particles can be
successfully computed with the help of any such theory. In
the present context this would mean computing the rest
masses of the muons and pions, for example, just as for the
neutron, deuteron and other heavier nuclei, in a similar
manner as one calculates binding energies and ionization
potentials of atoms and molecules with the help of quantum
electrodynamics.
There is a new aspect introduced by the study of the other
meta-stable particles, however, namely that they exhibit
multiple decay channels. Whereas the neutron is always
observed to produce a proton, electron and antineutrino
upon decomposition, several sets of decay products are
known for most other meta-stable systems. Does this not
speak against the concept of a unique composition for them
in terms of certain elements? Not necessarily, because if
mass-less particle-antiparticle binaries exist, other
possibilities must be taken into account. One only has to
look at a typical β decay process discussed earlier in Sect. II
to see how the addition of e+e-, p+p- or   species can result
in a particle balance in reactions which are conventionally
interpreted in terms of the creation-annihilation hypothesis.
The situation can be compared to that faced by the early
chemists several centuries ago when a new substance was to
be analyzed. A major distinction between the two cases
exists, however, namely that when very large decay energies
are involved, the masses of the participating systems cannot
be used unambiguously to confirm a given structure. In
other words, the concept of molecular weight is much less
useful in elementary particle physics than it is in chemical
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investigations. All one knows with certainty is that if the
rest mass of the combined system is less than that of its
components it is a bound system, otherwise it must be metastable. The experimental fact that all the particles which
decay into protons, electrons or neutrinos have rest masses
which are larger than the total for their respective
fragments again speaks clearly for the analogy with
molecular excimers mentioned earlier. It remains to be seen
whether a system of forces can be found which is capable of
temporarily binding electrons and neutrinos together in
muons and pions and the like, even though the total energy
/mass in the relevant states is much higher than that for the
corresponding decay particles at rest.
6. Magnetic Phenomena: Neutrino Interactions
The charge-to-mass ratios appearing in the Breit-Pauli
relativistic corrections are closely related to the magnetic
moments of the corresponding particles. The Bohr magneton
ß of a system is defined as h/4π times the charge-to-mass
ratio and the magnetic moment is usually measured in terms
of this quantity. Strictly speaking, the magnetic moment is a
vector proportional to the angular momentum of the particle,
and in classical theory the Bohr magneton would simply be
the corresponding proportionality constant. Magnetic
measurements on electrons in atoms have shown that such a
straightforward relationship is oversimplified, and have led
to the introduction of a supplemental factor, the
gyromagnetic ratio g. The discovery of spin angular
momentum [77] brought with it the equally surprising result
of g = 2 for the electron’s spin magnetic moment [63, 78].
Later on, it was found that the correct value is actually
slightly greater than this result, [51, 79, 80] however. Moreover,
the corresponding value for the proton [9, 52] was measured to
be several times larger than that of the electron.
The question that arises in the present context is whether the
observed g values should be included explicitly in the
Hamiltonian used to describe the particle-antiparticle states
which have been suggested above. Since the scaling results
to be discussed no longer hold if one multiplies the q/m
values in the Breit-Pauli terms with a different factor for
each type of particle, however, it seems clear that the
measured g values should not appear in such a Hamiltonian.
Moreover, this choice is also consistent with the accepted
explanation80 for the observed non-integral g values for spin
magnetic moments, namely that they arise because the
corresponding particle is affected by external factors (virtual
photons or virtual mesons) which prevent the measurement
of its properties in a pure (bare) state.
Having made this decision, it can be noted that the only
experimental constants appearing in the damped Breit-Pauli
Hamiltonian are the electric charges and rest masses of the
interacting particles. It is therefore clear how to define a
specific Hamiltonian for a system involving given numbers
of electrons and protons and their respective antipartic1es,
particularly the e+e- and p+p- combinations of primary
interest. There remains an important question, however,
namely how to deal with neutrino interactions. The obvious
approach is to simply substitute the corresponding values for
the charge and rest mass of such particles and to solve the
corresponding Schrödinger equation, but the observed
electrical neutrality of the neutrino seems to prec1ude any
chance of success for such a procedure. There is one
possibility worth considering, however, provided the rest
mass of the neutrino is also exactly zero, as seems possible

based on experimental observations. In that case, the chargeto-mass ratio cannot simply be computed by dividing the
above two quantities because the quotient of zero with itself
is undefined. From a purely theoretical standpoint this
eventuality would seem to invalidate the conclusion that the
Breit-Pauli terms necessarily vanish for the charge-less
neutrino, i.e. because q/mo itself might still be different
from zero. Such a possibility seems to clash with the
experimental observations bearing on the magnetic moment
of the neutrino, however, which indicate that it is also of
vanishingly small magnitude [11], thereby implying that the
corresponding charge-to-mass ratio is still effectively zero.
The idea that the neutrino might possess a non-zero
magnetic moment which could help to explain its observed
activity in nuclear reactions is not new, and was in fact
proposed by Pauli [81] as a general property of mass-less
neutral particles based on the Dirac theory [82]. He later
stated7 that such a hypothesis “doesn't seem to me at all well
founded.” The history of the relationship between the
magnetic moment and the charge-to-mass ratio of a given
particle has not been without its surprises, however. As
already noted, the gyromagnetic ratio, for example, is an
experimental quantity invented for the expressed purpose of
accounting for discrepancies between observations and
overly simplistic theoretical models. It is therefore wise to
exercise some care in making conclusions about a particle’s
charge-to-mass ratio based on magnetic measurements
alone.
In this connection it is important to recall that the Special
Theory of Relativity (STR) [83] emphasizes that electric and
magnetic fields are intertwined, with their respective
magnitudes differing from one inertial system to another
moving relative to it. Viewed from the standpoint of the
affected particle, there is never a magnetic force acting
upon it, because it is by definition stationary in its own
inertial system (v = 0) [84]. Considerations of this nature led
Lorentz85 to point out that a Galilean transformation does
not leave the laws86 of electricity and magnetism invariant,
and they eventually enabled Einstein [83] to formulate STR in
the first place. By this reasoning, it would seem to follow [87]
that since a charge-less particle can never experience an
electrical force according to Coulomb’s Law, it should
consequently experience no electromagnetic force at all in
its own inertial system. Further, because of the principle of
relativity, this conclusion leads to another, namely that a
charge-less particle must be unaffected by any
electromagnetic field, regardless of the relative state of
motion of the observer to it. If an electrically neutral system
is composed of several charged particles, the analogous
conclusion is negated by the possibility that its individual
components move at different velocities, but for a true
(charge-less) element this situation is excluded.
In order for q/mo to be non-zero for the neutrino, however,
its rest mass must be exactly zero and (for E  0; see Ref [1])
it must move with the velocity of light (v=c). In this case a
Lorentz transformation to a different inertial system is no
longer defined since  = (1 – v2/c2)-1/2 is then infinite.
Consequently, the above argument based on STR does not
really prove that a charge-less, mass-less particle is
unaffected by electromagnetic fields in all inertial systems.
It seems only prudent to note, however, that the preceding
discussion has been based exclusively on classical
electrodynamics. It might be anticipated that a truly
definitive answer to the question of whether a mass-less
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neutrino can possess a non-zero charge-to-mass ratio qν/moν
without exhibiting a magnetic moment in the usual sense
can only be obtained on the basis of a quantum mechanical
formulation of this problem.
The possibility of a non-zero charge-to-mass ratio of the
neutrino is interesting in several other contexts as well,
however. It provides a ready explanation for the existence of
both a neutrino and an antineutrino, for example. If q/mo is
non-zero, then different signs are possible for it, just as for
charged species and their antiparticles. This characteristic
might then be closely related to the helicity property of
neutrinos measured in longitudinal polarization experiments
[16, 31-33]
. It might also explain why there are apparently
different types of neutrinos observed in neutron and pionmuon beta decays. [37]. Neutrinos with distinct |q/mo| ratios
would be expected to exhibit different behavior, despite
their mutual lack of charge and rest mass.
In the present discussion, the point of immediate interest is
whether the assumption of a non-zero q/mo value for the
neutrino leads to a solution of the corresponding
Schrödinger equation (with the exponentially damped BreitPauli interactions mentioned in Ref [2].) for a νν complex
which has zero binding energy relative to its separated
particles, i.e. -2moc2 analogous to that of the e+e- and p+psystems. Zero binding energy does not necessarily mean that
a potential well does not exist. There could be a large barrier
separating the two minima in this case as well as for e+ e-,
and thus the νν system might also be characterized by a
relatively small optimal inter-particle separation [86].
Calculations investigating this point will be discussed in two
accompanying publications [87, 88].
7. Conclusion
Consideration of other types of observed phenomena arising
in the field of modern physics is found in no way to
contradict the hypothesis discussed in Ref [1-2] of ubiquitous
massless photons. At the same time, this line of
argumentation calls into question standard interpretations of
related elementary processes which involve the creation or
annihilation of individual particles. The primary example
considered in this connection is that of the β decay of a
neutron (Sect. 2). By following through on the proposal that
no material particle is ever created or destroyed in physical
transformations, one is led to conclude that a strict elemental
balance must characterize any reactive equation, exactly as
is assumed in ordinary chemical processes. In accordance
with this view a neutron must be composed of a proton, an
electron and an antineutrino prior to undergoing β decay,
because each of these particles is present at the completion
of the process. An analogy is made between the neutron
(and other unstable elementary particles) and excimer
systems in the field of molecular physics, which are well
known to correspond to meta-stable excited states whose
ground state potential energy curves are completely
repulsive. The energy given off in the decay of elementary
particles is so large compared to that found in the operation
of an excimer laser that a significant decrease in the sum of
the rest masses of the products in such reactions is observed
relative to the mass of the original meta-stable system.
Similar arguments can be given for a whole series of
elementary particles, such as muons, pions and other heavier
species, all of which are known to decay with relatively
short lifetimes to a collection of fragments of smaller
aggregate rest mass.

In order to give quantitative substance to the above
theoretical model, it is imperative that one clearly identify
the nature of the interactions responsible for high-energy
processes, especially the prototype example in which an
electron and a positron combine to form a tightly bound
binary complex with exactly zero rest mass. Emphasis is
placed thereby on the fact that no corresponding state of a
proton and an electron is known, i.e. the 1s1/2 state of the
hydrogen atom is perfectly stable when left in an isolated
condition, whereas that of positronium has only a short
lifetime. Similarly, a massless p+p- binary must also be
assumed to exist based on the analogous experimental
results for the interaction of a proton and an antiproton. The
term “phanton” will be used in the following discussion in
referring to such massless particle-antiparticle binary
systems in general, and the special name of “prophoton” has
been given to the p+p- member of this family, to go along
with the identification of its e+e- counterpart as the photon.
The high energies associated with the formation of e+e- and
p+p- suggest that similar short-range interactions are
involved as in the binding of nuclei, in which case an
exponential form for the corresponding potential has been
deduced from scattering experiments. Because of the
participation of electrons, positrons and photons in the
electromagnetic interaction, it is suggested that a good
starting point in the search for such a potential is the
relativistic Dirac equation or some approximation to it. It is
noted that the Breit-Pauli reduction of this equation contains
short-range terms varying inversely as the cube of the
interparticle distance which are of the order of 2 (10-4-10-5
hartree) for typical electron-proton separations in an atomic
system. The unbounded character of these terms in the limit
of vanishingly small separations, particularly in relation to
the corresponding relativistic kinetic energy, makes it clear,
however, that the desired short-range bonding of elementary
particles can only be satisfactorily described by interactions
of this type if they are somehow modified to become
considerably less attractive at extremely small interparticle
distances.
An exponential damping of the Breit-Pauli interactions has
thus been suggested in Refs [1, 2]. This is in analogy to that
proposed by Yukawa some eighty years earlier for the
description of nuclear binding, except that in that case it was
applied to an r- [l] potential. The resulting set of interactions
is referred to as the exponentially damped Breit-Pauli
Hamiltonian and is employed in a Schrödinger equation
(XBPS) of the standard H  = E  form. The potentially
crucial advantage of this Hamiltonian is that it is bounded
from below and thus can be treated using standard
variational techniques, unlike the un-damped Breit-Pauli
terms themselves. The explicit form of the XBPS
Hamiltonian is given in Table 1 of Ref [2].
The description of the decay of the neutron in the XBPS
model also requires an explicit representation of the
interaction of a third particle and its antiparticle, namely the
neutrino and antineutrino. It is necessary, consistent with the
above considerations to assume that a corresponding system
of zero rest mass exists with a   composition (photrino).
The fact that the neutrino possesses no electric charge
prevents the use of the same scaling property of the XBPS
Hamiltonian as in the case of the e+e- and p+p- systems,
however, because it is only valid for particles having the
same absolute magnitude of charge as the electron.
Examination of the coupling constants in this Hamiltionian
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shows that the only way that it can lead to significant
interactions for neutrinos is if their charge-to-rest-mass
ratios are different from zero. This condition can only be
met if the rest mass of the charge-less neutrino is itself
exactly zero, something which is at least consistent with all
experimental investigations as yet undertaken to measure
this quantity. It is also clear that the use of the rest mass
instead of the relativistic mass, m = m0, in the coupling
constants of this Hamiltonian is essential if this possibility is
to have a significant impact on the description of the
neutrino interactions.
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