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I. INTRODUCTION
After the discovery of quantum mechanics, nothing quite so excited the imagination of

physicists as Dirac's predictibaf the existence of antimatter. Within a few years Anderson had
demonstratetthe existence of the positron as the antiparticle of the electron, and within decades
the antiprotoA hadalsobeen found. Sliné of seaspriing idvolved &irét and
foremost his treatmehbf the fine structure in the spectra of hydrogeniaratothe ultimate
theoretical basis for his prediction can be traced back years before to Einstein apdcihé
theory of relativity (R).* The famous massnergy equivalence relation, E=fnevas given a

more concrete interpretation by Dirac, namely that particles of equal rest mass but opposite
electric charge could be converted entirely into energy. In the caseanfdee, the energy
appears as electromagnetic radiation or photons, whose freqnasaglated tothe released
energy by thePlanckrelation? E=n. A key element in this interpretation is the series of
mechanical laws of classical physics, particularly the conservation of energy and each of the
components of linear and angular momentum, which were enunciated in the seventeenth centu
by Newtorf and Galiled’

The creation and annihilation of matter, as this phenomenon is generally called, is central
to the theory of modern physics, ranging from the-sidroscopic regime of atoms, electrons,
photons and more exotic elementary pagscto the supamacroscopic world comprising
astronomy and cosmology. Indeed, one uses these terms to discuss processes which are
commonplace in our everyday experience, such as the absorption and emission of light. Energy
released or gained upon electimtransitions in atoms or molecules is said to cause the creation
or destruction of a photongain in accordance with the Plarfckquency relation.

As with other fundamental theoretical concepts of natural science, the principle of
creation and annilation of matter forced a rethinking of old themes from the realm of
philosophy and metaphysics. For example, a new interpretation could be given to the famous
statemeritof Lucretius in the first century B.C. ide Rerum NaturafiNothing can be created
fro m n o t whicmig pataphrased by ShakespameKing Lear as "Nothing will come of

nothing." In other words, energy in the form of photons of a given frequency is to be



distinguished from nothing and therefore the production of electrons and pe$itmmit is thus
not inconsi stswewme with Lucretiusbo

Yet it is clear that the creatieannihilation concept still represents a revolutionary
departure from ancient precepts, particularly certain aspects of the atomic theory of matter dating
back to tke work of Democritus® According to this traditional view, the elements from which
all matter is assumed to be constructed possess very definite characteristics. Again in the words
of Lucretius!! "Material objects are of two kinds, atoms and compounds of atoms. The atoms
themselves cannot be swamped by any force, for they are preserved indefinitely by their absolute
solidity.” Suffice it to say that the annihilation of an electron and positopraduce pure
energy is not consistent with this statement. The present investigation concerns itself with the
theory underlying this revolutionary process in which material particles interact with one another
with such force that they are claimed to ltise very identity that Lucretius imagined was their

inherent property.



II. POSITRONIUM DECAY AND THE CREATION -ANNIHILATION HYPOTHESIS
In a booR? published in 1661, entitle@he Skeptical ChymisRobert Boyle originated

the modern concept of chemical elements. Simply stated, he suggested that the elements can be
distinguished from all other substances by virtue of the fact that theytcke split up by
chemical reactions into simpler substances. The relationship between his ideas and the atomic
theory of Democritus and continuing on to Lucretius is unmistakable. The concepts were made
more concrete in Dalton's atomic thedtyroposed in 1803, which provided a sound basis for
interpreting known facts of chemistry. Thwshen one observed two different gases, oxygen

and hydrogen, coming together to react explosively to form steam, one could speak of the
process as involving two elemts which were simply joined together in different ways before

and after the reaction.

Until the advent of Einstein'sR$' it was believed that each element had a fixed mass and
that the sum of the masses of the reactants was exactly equal to thgbroidinets. Even today
one adheres to the underlying principle that the numbers of each type of element are unchanged
in the course of chemical reactions, and thus the concept of a balanced equation remains an
integral part of the teaching of fundamenthkmistry to the present time. Special relativity
merely rejects the assumption of fixed masses for the elements and replaces it with the principle
that energy absorbed or emitted in the course of a physical transformation must be taken into
account by maas of the E=mgrelation in order to predict the combined mass of the products
from that of the reactant species.

The concept of elemental balance in chemical reactions is in no way disturbed by this
adjustment, and with its help it was possible to caugr dhe ideas of the early chemists to the
interpretation of nuclear reactions involving much larger energy changes. For example, when
two deuterium atoms combine to form an alpha particle the energy released is great enough to
allow for direct measuremenf the corresponding loss of mass of the product system relative to
that of the reactants. The discovery of the neutron by Chatfwitki932 made it possible to
specify more precisely what the elements are in this process. The deuteron is thus a compound
consisting of a single proton and neutron, whereas the alpha particléhtethacleus composed
of pairs of each of these elements.

Nonetheless, one of the casualties of the creatimihilation concept is the principle of

elemental balance in all phgal transformations. The above example involving a nuclear



process is more the exception than the rule in the theory of modern physics, particularly as one
makes the transition into the field of elementary particles. If particles can simply be converted
into pure energy, there is no longer any basis for demanding that the same number and type of
elemental species is present before and after a reaction has occurred. One need only try to
imagine how the development of the theory of chemical transformatiougd have been
affectedif the principle of abalanced reaction had not been enuncidatedrder to appreciate the

consequences of rejecting the idea in other branches of the natural sciences.

A. ELECTRON-POSITRON INTERACTION
With this background it i;teresting to analyze in some detail the process which first led

to the postulation of the creation and annihilation of matter, namely the interaction of an electron

with its antiparticle, the positron. For this purposges important to consider the perimental

data with reference to familiar theoretical models without accepting their conclasiomsri,

recalling Newton's prescriptidhthat "these laws must be considered as resting on convictions

drawn from observation and experiment, not on iM&iperception." Assuming the positron

and the electron to be initially at rest, the first observation is that they form a weakly bound

complex known as positronium. After a short lifetime (cal®1§) something much more

dramatic happens to the systdrowever. In the most commonly observed process, the decay of

positronium leads to the production of two higihergy photons which fly away in opposite

directions to one another. In another branch of this reaction which occurs much less frequently,

threephotons appear. In the primary decay process the two photons are always found to show

opposite polarization, whether circular, plane or elliptical, and have equal energy (frequency).
The existing theory for these various observations can be summariodidws. First, a

typical lowenergy phenomenon occurs, corresponding to the binding of the electron and

positron together. This process can be described accurately in close analogy to the treatment of

the hydrogen atom by means of the melativistic Shrodinger equation. An even more

thorough description in terms of quantum electrodynamics is also po$sitlime knows that

the ionization potential of the hydrogen atom is 13.605 eV (0.5cl@drand the Bohr thedryof

1913had shown that the amausf binding is proportional to the reduced mass p =

mimy/(my + mp) of the protorelectron system. The equality of the rest masses of the electron

and positron leads to the conclusion that u for positronium is only about half that of the hydrogen



atom. Hence, the binding energy in this case is-bak as large (6.80 eV). However, the
instability of the positronium complex stands in sharp contrasheéoknown characteristics of
the corresponding H atomyhich is quite stable and appears to exist is #tate for indefinite
periods in the absence of any outside influéfice.

Were it not for the spontaneous decay of positronium, one would have no difficulty
relating these observations to Dalton's atomic th&bryln this case, the elements are one
electon and one positron. At the beginning of the reaction they are separated (existing in
elemental form, to use Boyle's terminolé§ywhereas afterwards the compound positronium is
formed in which the two elements are bound togeth&hy then must we giug the atomic
theory of elements when it comes to the decay of positronilim?conventional answer to this
guestion is that the elements with which we started, namely an electron and a positron, are no
longer present at the conclusion of the proceaste&d, one is left with a pair of photons in the
most commonly occurring case.

Yet in a strict sense the creatiannihilation explanation for positronium decay violates
Newton's prescription about always basing theory firmly on observatitow can onetruly
observe that something disappearghatural science is restricted to the domain of observation,
how does one fit the phenomenon of creation and destruction into the picture? By definition
these processes involve material transformations either from nothing, and therefore can
never be observed directly in their entiréiiiere is clearly something about nothingness which
defies observationBy the same token, it is impossible to prove that things do not disappear. It
only seems prudent tecognize that the inability to observe an object is not an unambiguous
sign that it has ceased to exist.

Especially since the natural sciences underwent a long and successful development
without having to yield on the ancient view that all material objente synthesized from
impermeable elements, it is important to probe the creatmihilation hypothesis with utmost
scrutiny. To this end let us follow the triathdtrue principle of mathematics employed
whenever a theorem is to be proven, nameladsume the opposite and examine whether a
contradiction can be derived as a result. In the physical sciences the definitions of initial
assumptions cannot always be as clearly drawn as in mathematics, however, so it is difficult to
be certain that the liof alternative hypotheses has been exhausted. In the present discussion of

particleantiparticle interactions the finding of an incontrovertible hypothesis which wiotes



require that matter is created or destroyed under any circumstances would hmezitits
particularly from the point of view of the proponents of the classical atomic theory. To
paraphrase another author with less direct involvement with the physical sciences who put these
words in the mouth of Sherlock Holm&ES'When you have elimiated the impossible, whatever

remainshowever improbablanust be the truth.”

B. IS THERE A NON-HYDROGENIC STATE OF POSITRONIUM?
In the first stage of the electrguositron interactionthere is a close analogy to what is

observed in the hydrogen atonrrfmation. However, the fact that the 1s state of positronium
undergoes spontaneous decay clearly distinguishes it from the qgtetiron combination. In a
broader sense, however, the positronium decay is similar to emission processes occurring in
excited hydrogenic states such as i species, for example. After a short lifetime a decay
photon is observed as the hydrogen atom returns to its ground state. Again quantum
electrodynamics is able to describe this process with extremely high accUtaeyact that no
subsequent emission has ever been observed from the hydBagetate is why one refers to it
as the ground state of this systeBut does this mean that the analogousthse of positronium
is its ground state? The close similaritybetween the hydrogenic and postitronium spectra
predicted by quantum mechanical theories ranging from therelativistic Schrddinger
eguation to quantum electrodynamics is the primary justification for answering this question in
the affirmative, but thebserved positronium decay from its 1s state raises at least the possibility
that this conclusion is incorrect. If there is a state of positronium below that of the 1s species,
the observed photon appearance can be explained in a different manner.

To expbre this possibility let us examine the mechanics of theS% emission process
in more detail for the hydrogen atom. The initial system is clearly the atom in one of its excited
states, whereas the final system consists of the same atom in its graenalong with a photon
associated with a characteristic frequency. With reference to what has been said previously, it
can be noted that this theoretical description does not represent a balanced reaction in the
traditional sense. Nonetheless, thenee clear similarities between this process and the
positronium decay from its 1s state. This can be seen by considering the distribution of energy
and momentum among the partners of the transition. Because of the relatively large mass of the

H atom, coservation of energy and linear momentum requires that the photon carry away most
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of the energy accompanying the transitibnf not all of it. In order that momentuns also
conserved in the process, it is necessary that the H atom recoil slightlyerdtatits initial
position. The momentum of the atom is thus given by the de Broglie réfamop= h/, where
| is the wavelength of the emitted radiation and h is Planck’'s constant. Consequently, some of
the energy lost in the transition is also aaraway by the H atom, specifically an amount equal
to p?/2Mu, where My is the total mass of the atom,.j.electron plus proton. For highenergy
transitions, such as gamma decays in nuclear processes, the recoil energy can be so large that the
energyof the emitted photon differs considerably from the internal energy difference of the pair
of nuclear levels involved (Mossbauer efféct

The decay of positronium can be viewed as similar in nature to the above emission
processes, differing from theranly in quantitative detail, provided one makes a crucial
assumption, as outlined in what follows. It is generally accepted, for example, that the reason at
least two photons are always observed after positronium decay is because of the need to conserve
energy and momentum in the process. The rest masses of theepgitesent aftgrositronium
decay are equal, however, whereas in the other case the hydrogen atom is far more massive than
the emitted photon. Consequently in the q@hmton positronium dexy the available energy and
momenta are equally distributed (at least as viewed from the original center of mass of
positronium), whereas a much less equal distribution is found among the H atom emission
products. The assumption of a l@mergy state ofgsitronium below the 1s entity clearly would
give more substance to this analogy, but there still remain difficulties as to how best to correlate
the various product and reactant systems in the two processes. To begin with, it seems
straightforward to asgiate the emission quantum in theatbm case tmne of' the photons
observed in positronium decay. The energies of the H atom and positronium photons are
different to be sure, but so as to perfectly satisfy the pertinent conservation laws in eadh case.
order to make the analogy even closer, however, one might correlate the second photon observed
in the positronium decay to the-&ddom 13> product itself in the other example. The latter
association is tantamount to saying that this photon contioueave the same'e structure as
the initial complex, simply existing in a lowenergy state than the 1s species (see Figldl).
something of this nature notp@ssibility?

Pursuing this supposition further, it is important not to forget that bothopsot

accompanying positronium decay (again in the most frequently occurring process) appear to be
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identical in every way, including with regard to their energies and absolute values of linear and
angular momenta; only the directions of the latter two vequmntities are different, i.e.
opposing. There is thus no justification from experiment to attribute a different composition to
one of the decay photons than to the other. Before one can claim that particle balance has been
achieved by the above assuiopt however, it is necessary to face up to the fact that in this
model there is apparently (at least) one more photon (even if its prop@sestrecture is

correct) present after the positronium decay than before it. At least there is comfort ingealizi
that the same state of affairs exists in thatbinPy2i Si2 emission process, and therefore that the
analogy under consideration is not weakened on this basis.

In any atomic, molecular, nuclear or other radiative emission process, the conventional
view holds that while the initial system consists of a single substance in an excited state, the final
system consists of the same substance in a more stable state plus a photededinedllenergy
and momentum. Despite the universality of such proceksagver, there is a way to describe
them consistently, positronium decay included, without giving up the concept of complete
particle balance. It is simply necessary to assume quite generally that the observed emission
photons are also presgior to such transitionsbut that their energy and momenta are exactly

zero in these initial states.
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FIG. 1. Energy level diagram comparing the hydrogen atom and positronium. In the standard quantum mechanical
theory the lowest (1s) levels of each systerour at-0.5000 and0.2500 hartree, respectively. Corresponding ionization
energies for the excited states of these two systems always differ by a factor of two as well, reflecting the diffeeeint reduc
masses of the electron in the two cases. The lygdio Is state is known to be stable, however, whereas the corresponding
e*e state has a short lifetime and decays radiatively. This suggests that the true lowest state clygtera actually lies
far below the n = state of positronium, and ahstarresponds to the massless state of the photon itself, with an
fiioni zati on" &hoed75Hy.73@06darteee. t o 2 m
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We come then to the crux of the creatammihilation hypothesis. To deny this
proposition is to insist at the very least that photons with zero energy and momentum exist in
their own right, despite the fact that according to the theory of special rgidtiey must be
in a massless state under these conditions. Furthermore, the fact that radiative emission is
observed whenever a system populates an excited internal state inevitably forces a new
assumptionpamely that such massless particles can be fausdfficient numbers anywhere
throughout the universe at all times.

C. RELATIVISTIC CONCLUSIONS ABOUT PHOTONS OF ZERO ENERGY
The concept of photons other than the real variety encountered in everyday experience

is by no means foreign to physical theorgo-called virtual photorf€ play a key role in
relativistic quantum electrodynamics and are invoked to explain details of the interaction of
radiation with matter wherever it exists. Care is generally taken to exclude the possibility
that such entitiesdve any but a theoretical existence, however. One prefers instead to speak
of them as a field quantity, with the ntotalized properties of a wali&ke substance, rather
than simply as particles in the Newtonian sense. Even in classical electrodyiamags
long been known that there is a need to attribute-zeoo energy and momenta to an
electromagnetic field® It is easy to find situations where failure to do this is tantamount to
assuming that neither quantity is conserved in such processes.linehof approach is at
least a clear indication that thpeopertiesof photons must be assumed to be present on a
large scale everywhere in the universe, even if it is insisted that tihedgsagis such are nen
existent.

But why not actual particles? t#pical argument is drawn fromRS asserting that
once a particle with zero rest mass (as one assumes for a phetmuo)does not move
with the speed of light c, it ceases to exist. The justification comes from the law of mass
dilation:* m=m, (1- v¥c?)™?2 = myg, where g is the rest mass and m is the relativistic
mass of the particle moving relative to the observer with speed v. Accordinglys i® m
and v < c, therg is finite and m= 0. On this basis it is generally concluded that the
correspondingparticle cannot exist.

Yet examination of this argument shows that the supposeebxistence of the

zeraomass photon is really just an assumption. All one learns with certainty from the
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above formula is that 0 < v < c is a condition under which the viati mass of such a
particle vanishes.Ilt does not say thahe particle itself necessarily ceases to easta

result, however. The equation of rp@ro mass with the possibility of a particle's
existence cannot be said to be a logical consequenite dheory of special relativity.
Instead, it constitutes an additional assumption which has had enormously broad
consequences over the length and breadth of modern physical theory. At the very least it
seems only prudent to give careful consideratioralternative interpretations of the
possible meaning of a massless state of a system, as will be done below.

To begin with, it is possible to give a simple continuity argument which makes the
existence of zermass photons plausible. Combining the rexesgy equivalence with
the Planckfrequency relation gives: E =nh= m&. If m = 0, it follows that the
corresponding frequency of the radiation is also of vanishing magnitude, whereas the
wavelengthl = n/c is infinitely large. A photon field with infinite wavelength is
inaccessible to experimental detection and thus is not observable in the traditional sense.
However, there is a clear distinction to be drawn betweenrobearvability and non
existence. Wan an infinitesimal amount of energy is added to the same system, the
above equation indicates that the photons now correspond to-zerwfrequency and a
finite wavelength, which at least in principle can be measured. While there are definite
limits asto how long a wavelength or how short a frequency can be measured in practice,
it seems arbitrary to insist that beyond this point we dare not think of the particles as
continuing to exist. If one can systematically withdraw energy from a single ptatton,
what point can it be safely assumed that it has been annihilated? The point is surely not
that one can prove that a photon with exactly zero energy exists, but rathénethat
converse cannot be provey this or any other means either. There is eveartain logic
in dealing with the massless photon simply as the limiting case in the above experiment as
the wavelength of the radiation becomes infinitely large.

Another mathematical point relating to the mass dilation formula should also be
consideredin the present context. If m = 0 for a particle of zero rest mass, must it
continue to move at the speed of light? The answer based on the formula alone is clearly
negative. Any value of the speed v up to and including c is consistent with zero

relativistic mass for a system of zero rest mass. Even v > c is not inconsistent, which fact,
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if nothing else, demonstrates that the mass dilation formula is really not at all restrictive
on this point. The possibility exists in particular that a massless piwotinrestin a

given rest frame, unlike photons with rpero relativistic mass. There is no contradiction

in this with regard to the postulates 8, since such photons defy observation in any and

all inertial systems. The photon in a massless atdtelly corresponds to the null world
vector of energy, which means that application of any Lorentz transformation with v < ¢
leaves it unchanged. This characteristic thus precludes the possibility that observers in
inertial systems moving relative to oaaother would ever come to different conclusions
about whether a given photon's mass is zero or not. Aerenagy photon thus remains
undetectable to all observers regardless of their velocities relative to one another. The
same conclusion is reacheg bonsideration of the relativistic Doppler effé&twhich

holds that the frequency of light as measured by an observer moving relative to the source
with a speed v < c is a finite multiple of the frequency measured in the inertial system of
the source gelf. With reference to th&edankenexperiment of the last paragraph, a
photon with decreasing energy continues to move at the speed of light as long as its mass
exceeds null. In the limit of zero energy it becomes free to change its speed over a
continuous range, although it must not do so. As a massless system, its momentum is
unaffected by a change in velocity, so that a gradual reduction to zero velocity in any

given inertial system is possible without altering its energy.

D. STATISTICAL MECHANICS OF MASSLESS PARTICLES
In order to obtain a satisfactory explanation for spontaneous radiative emission

which avoids the creatieannihilation hypothesis, it is not only necessary to assume that
photons can exist with zero energy and momentum, butthigothey exist in great
numbers everywhere in the universe. One can approach this aspect of the problem on two
levels. The first simply relies on the arguments of the last section and takes them a step
further, namely if it is not possible to observsiagle photon in this state, then it is also

not possible to contradict the view that there are great numbers of such systems.
However, it is also possible to find more positive indications regarding this point by
considering the phenomenon of bldakdy radiation. Quantum mechanics originated

with Planck's discovefythat the observed intensity distribution in a perfect absorber can
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be quantitatively described ithin the framework of MaxwelBoltzmann statistics,
provided one assumes that only certaiargg values are available for radiation of a given

frequency. Specifically, Einstein showed that the mean value of the energy is obtained as

Ed = anhn exp énhn/kT)/ a exp €nhn/kT), (I.1)
n=0 n=0

rather than as a ratio of integrals in which n is treated as a continuous variable with non
integer values. The key point of interest in the present context ihéhat= 0 term in the
above sums must be retaintm provide for an accurate representatiof the observed
spectral intensity distribution. This term does not alter the sum in the numerator, but it
makes a decisive contribution to that in the denominator (partition function).

According to the theory of statistical mechanics, each term inabwe sums
corresponds to an allowed state for the system, in this case a collection of oscillators or
photons with energy £= ntn. The zereenergy (n=0) photon is thus an ingredient in
Planck’s loneaccepted solution to the blabldy problem. Moreoveas the lowestnergy
state available to a photon associated with a given frequretiicis also the most frequently
populated according to the Boltzmann exponential law, and this at any temperature T. In
order to obtain the total intensity distributiins necessary to integrate over all frequencies
from null upwards. It is important to note, however, that mrergy photon states are
present in the distribution f@ach value of vThis situation is illustrated in Fig. 2, in which
the various frequencies are represented by the spokes of a Wineehllowed states for a
given v can be thought of as being plotted as points along the corresponding spoke at a
distance from the centef the wheel which is proportional to their energy. Especially if the
Boltzmann populations are taken into account, it is found that by far the largest
concentration of photons is at the center of the wheelwith exactly zero energy and

momentum.
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Allowed Photon Energies
in Blackbody Radiation

L
N/

FIG. 2. Schematic diagram representing the distribution of allowed energy levels in the theory of blackbody radiation. Each
spoke of the wheel corresponds to a fundamental frequemneyose energy quantum E = ls always proportional to the

distance betwen adjacent points on such a radius. Each such (equally spaced) point thus corresponds to an allowed energy level,
one of which is always found at the hub of the wheel for each spokig,=.8.is allowed for every value af The magnitude of

the energyguantum is shown to decrease monotonically as one proceeds in a clockwise fashion from the twelve o'clock position.
The partition function used in Einstein's explanation of the bitedy radiation phenomenon must include the E = 0 levels
explicitly for each fundamental frequency in order to obtain results which agree with experiment. It is thus clear from the
diagram that the highest concentration of allowed energy levels by far is located at the hub of the wheel, and theeform of th
Boltzmann exponentidactors exp {E/KT) insures that the highest photon population always occurs for this energy value.

Since a blackbody of a given temperature displays the same intensity distribution
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regardless of its location, it must be assumed that this state of aftésts everywhere. The
relatively high density of zerenergy photons is a theoretical assumption apparently needed
to explain observed phenomena. This circumstance does not constitute a proof of the
hypothesis in the mathematical sense, but at ieeah be said that the idea does not lead to
a contradiction either. Put the other way around, it would be a very damaging piece of
evidence to the massless photon concept if states of zero energy hak¢tudedrom the
partition function in ordera achieve a satisfactory representation of the experimental
observations. Quite to the contrary, Einstein made the opposite assumption of a high density
of zeroenergy photons. Seemingly the most natural interpretation for this theoretical
approach is taconclude that the populations afl the various photon states are given
correctly by the Boltzmann exponential factors in eq. (ll.1), not only for those
corresponding to nerero quantum numberdlore details on this general subject may be
found elsewhee 2

A different, and theoretically superior approach, was introduced by Bdbssyever.
He concluded that MaxweBoltzmann statistics do not apply for photons. Specifically, the
population index for photons needs to be changed fem ¢(E/KT) to (exp E/KT)-1)™
This change has the effect gfeatly increasing the population of leenergy photons
relative to the prediction of Maxweloltzmann statistics In the present context, the key
conclusion is that photons »éro energy must be agmed infinite population.This result is
thus the same as is reached using Einsteinds
the manner in whichit is reached, namely on the basis of B&#estein statistics, is

completely in line with applicatiorfer atoms and molecules with naero rest mass.

E. SEARCHING FOR A QUANTUM MECHANICAL REPRESENTATION OF THE ZERO -

ENERGY STATE OF THE PHOTON
It is interesting to shift the discussion from the general topic of radiative emission back

to the original subject of positronium decay. By comparison with details of the hydrogen
atom emission process, it was concluded that the appearance of only spladten
positronium decay does not rule out the possibility that the internal structure of both the
initial and final participants in this reaction is exactly the same. At least the creation
annihilation hypothesis can be avoided by means of such anagiterassumption. In other
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words, it is proposed that the photon may also have @relemental composition, simply
existing in a state of lower energy than the 1s species associated with positronium itself. The
observed frequencies of the decay phottiotate that the energy of such ae estate must

be -2m«c? or -37557 hartree relative to that of the sepataelectron and positron, i.the
negative of what one conventionally refers to as the annihilation energy. By comparison the
energy of the positronium 1s state(s25 hartree (Fig. 1).

Qualitatively one can imagine an attractive potential which binds the electron and
positron soightly together that there is a mass reduction similar to that known to occur in
nuclear reactions. The difference in this case is that there is a total loss of mass, and not just
a few parts in a thousand. Moreover, such a tightly botgidtate can &ive no counterpart
in the hydrogen atom spectrum. It is clear that quantum electrodynamics provides no such
attractive potential or corresponding internal state, but one also knows that the range of
validity for this theory is limited to electromagnetiaotéractions. Nonetheless, any
conceivable extension of this theory to include a tlhting €€ state of the type required
must remain consistent with the latter theory in its description of conventional
electromagnetic phenomena. Before looking fanae quantitative model to describe such
a positronium state, however, it is well to remain on the phenomenological level in
considering the consegnces of avoiding the creati@mnihilation hypothesis on the

interpretation of other experimental obseiwasin the field of modern physics.

[1l. A SURVEY OF OTHER EXPERIMENTS INVOLVING PHOTONS
The discussion in the preceding chapter demonstrates first and foremost that there is no

compelling proof that particles pass to and from existence in the decagiwbpoim. It is
impossible to distinguish between objects which have gone out of existence from those
which are simply lost from view for a period of time. The alternative assumption to the
creation and annihilation of matter is thus that particlesesa@st in great abundance in a
massless (zerenergy) state without being directly observable. Put more descriptively, this
amounts to sayingWe live in asea of photons.The question to be explored in the present
chapter is how these concepts can bedu® explain other fundamental observations in

modern physics.

A. PROPERTIES OF THE PHOTON
The interpretation of positronium decay as an emission process involving different

20



states of the same physical system has been seen to suggest that the phbisnaitsel
compound of a single electron and positron. It is therefore interesting to compare the
properties expected for such afeestructure with those known experimentally for the
photon. To begin with, it can be noted that a system containing two fesnmaa highly
bound state would be expected to obey the Hfosstein statistics observed for photons.
The spin of the combined system must be integral, just as for positronium in any of its
hydrogenic states. Whether a system consisting of an evelpenwf fermions behaves as a
boson or not is known to depend on the strength of the interactions holding the individual
particles togethet’ The 3He isotope, for example, is fermionic and rsrperconducting,
but combining it with another fermion (thesutron) produce$He, which behaves as a
boson.

Otherwise, what we know of photons is that they have zero rest mass and no charge,
the latter property being clearly consistent with an elegbasitron composition. The fact
that photons of a given energye characterized by a definite frequency and wavelength
does not distinguish them from other particles, as emphasized by the de Broglie #&[ation,
= h/l, and the Bohr frequency lawE = m, and demonstrated explicitly for electrons by
Davisson and Gerer?® For photons there is the additional feature of oscillating electric
and magnetic fields being involved explicitly in the wave motion. However, especially for
optical photons, the frequency of the oscillations is too large to enable a directeneadu
of the individual electric or magnetic field$.The oscillating properties of photons/light are
actually deduced from theoretical considerations, namely the solution of Maxwell's classical
equations of electromagnetisth. In quantum mechanics ptoms have traditionally been
treated as oscillators,without giving a detailed description of the internal structure which
is ultimately responsible for such characteristics. All that can be said in the present context
is that an & composition for tk photon is at least consistent with electromagnetic
phenomena. The dipolar nature of such a binary system meshes qualitatively with the
photon's capacity for interacting with charged particles, especially when the photon is in
relative motion to the lagt. One would have to have much more detaifédrmation
concerning the wavenction of the & system in a given state of translation to make more
specific comparisons with real photons. Similarly, since the speed of the photons is a

consequence of #ir zero rest mass, this is again a conceivable property for a system with
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such a dipolar composition, one whose verification would require a more quantitative
theoretical treatment.

The polarization of light has been one of its most intriguing properfiebas been
interpreted by Wignét to result from the fact that the photon possesseszaom angular

momentum J. The Atwonesso of the photon's pol a
relativistic requirement according to which a particle moving with gheed of light must
haveJ oriented either parallel or arpirallel to its line of motion. Quantum mechanically
this means that only M= 1 is allowed for photons, despite the requirement of symmetry
that components with M= 0 also must exist. Cirtarly polarized light corresponds to an
eigenfunction of 2 while planepolarized implies a 580 mixture of both allowed Malues
and elliptically polarized light is any combination in between, all of which is consistent with
the existence of an effective tviold degeneracy. Careful experimeit§ have demon
strated that the magnitude of a circularly polarized photonis spmponent is>,
corresponding t&)é= 1, which is consistent with the Wigner interpretatidsut also with a
possible & constitution for the phon itself.

Altogether it should be recalled that despite intense investigationceméuries, going
back at least to the work of Newffrand Huygens? there is very little consensus about the
structure of the photon itself, or indeed whether it has any internatwstwat all. Einstein
remarked® in 1951 that, despite his effort§ the preceding haltentury, he did not feel that
he had come any closer to answering the question of what a light quantum is. He went on to
say that apparently many peopldid think they understood the matter, but that they were
only deceiving themseés. At the very least his comments would seem to allow considerable

latitude for further research into this question.

B. PRODUCTION OF PARTICLE -ANTIPARTICLE PAIRS FROM PHOTON COLLISIONS
The reverse process to positronium decay, in which an electrorp@sitfon are

produced with the aid of higanergy photons, also needs to be considered in the present
context. The assumption of areestructure for each photon is obviously consistent with this
result, but a few details require special attention. Whphoton with energy equal tong?

collides with a massless photon, no electrons are produced unless a heavy nucleus is also

present. By contrast, if two photons collide heag and each has<n3 energy, electron
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production is possible in free spacéeTdiginction can be understood fromlativity theory.

A collision between such a massless photon and one with &G Bneharactéred by
a total momentum of pElc=2me. If one of the photons were to dissociate into its elements
e" and ¢, all the aailable energy would be used up for this purpose, so that the translational
energy of the two electrons produced would have to be null. The latter condition makes
conservation of linear momentum in such a process impossible, howeveronBgst, if
bothphotons have Emec® and collide hean so that the momentum si8p; = 0, it follows
that the electron and positron can be set free, but must remain at rest in the original inertial
system (the one in which the photons are observed to have equal embgglgtter process
is seen to be simply the reverse of the positronium decay process, or more precisely the
reverse of the interaction of a free electron and positron which are initially at rest in a given
rest frame.

More generally, it needs to be recazgd that for a given energy E, the momentum of
the photon (E/c) is always greater than for any particle with rest mass @n for which
pa=(E?/c? - ma2c®)*2. This fact prevents a single photon of any energy from causing a zero
energy photon to dissoc@tbecause no matter what energy might be transferred, there is a
disparity in the corresponding photon momentum lostthatiwhich could be theoretidal
given to each of the electron products. The presence of a third body has the potential of
removing this restriction, as is well known, but the point to emphasize in the present
discussion is that the same result is found whether free space is thought to be involved, as
foreseen in the creatiesmnihilation hypothesis, or if a massldmg existingphoton of ée
structure is assumed instead.

To make this point more clearly, it is interesting to consider the effect of relative
motion of the observer on the outcome of such experiments. The relativistic Dopplé? effect
tells us that the energy (fregocy) of the photons in the above examples is dependent on the
relative speed of the inertial system from which these quantities are measured. There is a
clear exception to this rule, however, namely if the energy of the photon is zero in one inertial
sydem, it must remain zero in any other. Thus it is not possible to make the transition
between the above two cases simply by changing the relative speed of the observer. As noted
in Sect. I.C, a massless photon corresponds to a null vector in Minkopaté®8 and as

such is unaffected by any Lorentz transformation. At the same time, a photon wiztkroon
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mass can have its energy changed to any conceivable value other than zero by virtue of such
a transformation. The consequences of these relatianangpcrucial in the present case,
with electronpositron production in "free space" occurring only if both photons have non
zero energy, just as is observed experimentally.
With much higher energies it is also possible to generate pastigproton pairs,again

as predicted by the Dirac thednyit is clear that this result cannot be entirely explained by
assuming an ‘e structure for the photon. Nonetheless, it cannot be said that such
observations are inconsistent with what has been assumed s&d&ther, they force an
additional assumption, namely that other types of massless paatitiigarticle binaries exist
as well. There is of course a natural tendency to avoid introducing new types of particles into
any treoretical framework, howeverAt the very least one hopes to keep their number to an
absolute minimum.

As long as its rest masseasactly zero, the mechanical properties already mentioned for
e'e, such an=0,1 = o and the like, could also apply tdm or related entitis. One can only
speculate thaa p'p” system of zero rest mass will exhibit different properties under translation
than do the correspondingeespecies. Clearly, the dissociation energy G pnust be 1836
times greater than for'e, which conditionalready constitutes a major distinction. By the same
token, the fact that neutron decay produces neutffnebose rest mass is already close to or
equal to zero, implies that there mustride binaries as well, with extremely small ¥anishing
dissociation energies. The real challenge presented by these observations is to construct a
guantitative theory, requiring as input at most such quantities as the rest mass, charge and
perhaps magnetic moment of the interacting speeigh leads to binding energies of the
above particleantiparticle pairs which are equal to 2d¢imes the rest mass of each of the
respective constituents.

Since the charg®-mass ratio is much smatli for the proton than the etean, it seems
clear that a fp- binary would show much weaker electromagnetic effects than*d&s e
counterpart. On this basis, seems plausible that the tradnal properties of a photom.e.
oscillating eéctromagnetic field which is wolved even in lowenergy emission and absaqut
processes, are exhibited excledy by the electromositron masslessirary systems. fie
statistical arguments giveabove combinedwith the discussion of blagkody radiation

(Chapterl. D) speak equally well for a high density of other system=eod rest massAt least
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one knows that protons and antipratocan be produced together wheer the appropriate

energy and momentum conditions drdfilled.

C. QUANTUM CONDITIONS OF PHOTON INTERACTIONS
The quantum jumps associated with phototeractions provided an important clue

regarding the particle nature of light. Inshéxplantion of the photoelectric effeét Einstein
reversed a trend away from the Newtonian Vfeof light as "corpuscles”. He showed that
surface ionization of metalsould be most consistently explained by assuming that a single
guantum of light gives up all its energy to a single electron. He used the word "heuristic" in
describing his ideas because the (exclusively) wave theory of electromagnetic radiation was
widely accepted by the physics community at that tindéhile there can be general agreement
that the photoelectric effect is inconsistenth a totally waveike naturefor light, it still must
be regarded as extraordinary that any particle would traremits translational energy to a
single electron in given interactionSuch a property of photons is consistent with the concept of
annihilation, because it is reasonable to assume that a particle which has gone out of existence
does so by leaving behindl as energy and momentumHowever,if it is assumed instead that
the photorretains its existence aftphotoionizatiorhas occurred and simpissumes a massless
state which defies direct experimental observation, it is necessary to look more atodedy
dynamics of this process to better understand the nature of the quantization phenomenon.

To this end it is instructive to apply the laws of energy and momentuse@tion to
the absorption process, asdept ed 1 n Fi g .wer8togive dff antalbiérarypamaunto n 9o
DE of its energy to an atom A with massMts momentum would decrease bgq = DE/c. If
the atom were to remain in the same internal state, this amount would appear in the form of
translational energy, which means that themmaotum of the atom would change Bpa =
(2MaDE)*2. Conservation of momentum requires tBpi and Dpg be equal. For smalDE this
can never be the case, however, in view of the large mass of A. Sagiiregjual toDpg shows
that DE would have to bequal to twice the rest energy of A or 284, which corresponds to the
GeV range' There is a solution to this dilemma, however, namely to have a part of the photon's
energy be added to the internal energy of the at@rthat another electronic statétbe more
massive system be reached. If the excited electronic state differsitbehergy from that of the

initial state, conservation of momentum requires that
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Dpg = DE/c =Dpa = 2Ma(DE - hn)? .1
which is possible providednhs only slightly smaller thaiDE, again by virtue of the relatively
large mass of A as well as the magnitude of c.

It is important to distinguish between two aspects of the absorption process in the
foregoing discussion. First, the quantized nature of the atomic spectrsgensto be directly
connected with the large disparity between the respective masses of the atom and the photon.
When one considers the translational motion of the atom, it is reeogthat the energy levels
available to it are actually continuoudt is the requirement of momentum conservation which
restricts thepossible transitions between different states of the same atom and thereby produces
the quantization phenomeno@n the other hand, on the basis of these arguments by themselves
there is no restriction put on the magnituRte of the energy lost by a photon in the absorption
process, save that it be less than its total energy, B¢ mdeed, the analogous excitatio
brought about by electron impact is well kngf¥nOne is thus still left with the conclusion that
there is something special about a zenergy, zeranomentum state of the photon, even though
many aspects of the absorption phenomenon can be undebstpest assuming that the photon

is a particle of relatively small mass compared to the system with which it interacts.
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FIG. 3. Energy level diagram detailing the role of conservation laws in determining whether a given radiative absorpsisn proc

is allowed or not. At the top of the dimam, the system is to retain the same internal enexgy E n t h eietheasi t i on,

levels shown differ only in translational ene@ys = ng /2ms (nonrelativistic theory), where gis the mass of the system and

Dps is the corresponding change in the momentum of its center of mass. Such a radiative process is always forbidden by the law

of conservation of linear momentum, because the rest mass of the photon is so much smalksrahémeteystemDps > Dpy).
The only way for radiative absorption to occur is if the system changes its internal @omtio) Eas wel | as it
energy, as depicted in the lower part of the diagram. Under these circumstances the moomesgnration law can be satisfied

for a particular value obps, namely one that is equal tos(E EsO ng [2me)/c, where c is the speed of light. This condition

rules out the occurrence of a radiative absorption process in whichsteensytranslational energy does not change at all, also as
indicated. Thus the "quantized" nature of radiative transitions is seen to be intimately connected with the photonés restishin
mass.

The fact that the energy transferred in the above progessctly equal to &= mec? is
thus seen to be a separate issue from theopboization phenomenon itself. In other words,
why doesn't the photon give off only part of its energy in inducing a transition in another system?
Dirac used timalependent péurbation theorf? to answer this question, arguing that the
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incident radiation introduces a frequergpendent term in the Hamiltonian of the atomic
system. A resonance adition results according to which the energy of the most probable atomic
transifon, n = E - E;, must be the same as the energy of the incident phogennigc?. The
prospect of a massless photon being formed as a result of this energy exchange (rather than that
the original photon is annihilated in the process) suggests a somewhat different interpretation for
this phenomenon, however, one which does not relgherad hoc assumption of wavelike
properties for the incident radiation. If one simply looks upon the process as a collision between
an atom and a photon moving with speed c, it seems plausible to demand that the observed
energy exchange take place oveekatively small but finite period of time. As a consequence,

the temporal requirements of the interaction are more readily fulfiled by an outgoing system
whose velocity has been considerably reducedvwbdie speed of light in free spadss long as

the departing photon possesses a-mero amount of energy, this condition can never be
fulfilled, but as has been pointed out in Chapte€, a masslesphoton is free of any such
restriction, and thus can move at any speed less than c, including zeris. \Wrewh the only
practical means available to a photon to reduce its energy by virtue of an atdiliorcis to

assune a massless state, so that its relative speed compared to the system with which it interacts
can be made as close to zero as possideordingly, this intesiction mode represents the only
inelastic collision process available to a system of zero rest mass, since it is otherwise forced to
move with the speed of light as long as it possesses aryemoramount of translational energy.

By combining this result with the conservation of energy and momentum arguments first
discussedit is seen that the quantum characteristic associated with radiative absorption (and
emissiort) can be deduced exclusively on the basis of the rest mass wélie photon and the
interacting systenrespectively. There is no need to postulate any wave characteristics for the
field inducing the transition. Ratheone is led to conclude from knowledge of the internal
energy states of the interacting systerd #re magnitude of its rest mass exactly which photon
energy is required to induce maximum transition probability. The magnitude of this transition
probability itself cannot be determined quantitatively on the basis of the above information
alone, and thusor this purpose one does have to introduce some additional information about
the nature of the perturbing Hamiltonian, which itself is ultimately based on other experimental
observations. This state of affairs does not affect the main conclusion ireienijpdiscussion,

however, namely that the properties expectetherbasisof relativity theoryfor a massless but
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nonetheless existent system are sufficient in themselves to allow for a suitable explanation of the
observed tendency of photons to givealigheir translational energy upon interacting with other
particles.

These observations are also relevant to the positronium geoagss discussed in
Chapter Il In order for the deexcitation process to occur from the positronium 1s state to the
proposed tightlybound ée photon state (as depicted in Fig. 1), it again seems highly desirable
that there be a minimum of relative motion between its initial and final systems. This condition
cannot be said to be satisfactorily fulfiled when the proghciton carries translational energy,
because it must then move away from the original point of interaction with the speed of light.
That would be something akin to a business transaction carried out between two people, one of
which is riding on a speedingain while the other is standing on the station platforrim its
massless state the photon can move with exactly the same velocity as the initial positronium
system, thereby greatly improving the chances for such a transitidhis way, momentum can
be conserveth the process, but the energy lost by the positronium complex still has to be carried
away.

As shown in Fig. 4, the simplest way to accomplish this objective is to have the released
energy divided up equally between two otipdiotons which are in the neighborhood of the
interaction locale, which again means they must initially possess zero translational energy. The
conservation laws can then be satisfied by dividing the emitiechg equally among the two
deparing photons anchaving themmove with exactly opposednoment&® There are also
angular mometum corditions to be satisfiedwhich is why the number of emitted photons is
different depending on the multiplicity tie positronium state prior to its decayhig pointwill
be consideredhore closely in Chapter VI.

To summarize,it is possible in this way to look upon the most commonly occurring
positronium decay process (Fig. 4) as involving three disphotonsgach of which exists in its
massless state abme point in the interaction. One of them is formed as a result of the de
excitation of the (singlet) pasonium 1s state (Figs. 1 and #us eluding detection by virtue of
its null frequency. The other two are already pnés# the start of the reamh and arealso
unobservable as a meequence of their masslessnesgorutaking up their share of the energy
released in thalecay process they are detected, howegwting rise to the "twephoton"

classification commonly ascribed to this interaction.
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FIG. 4. Schematic diagram for the typbioton decay of (singlet) positronium. By assuming that the photon also has

an ée composition, it is possible to describe this transition without assuming that particles are either created or
annihilated in therocess. In this model threéeebinaries are involved, two of which are massless photons at the
start of the process. They share the energy released b
energy at its conclusion. The final 'af the original positronium system is another massless photon which, as its

two counterparts at the start of the transition, escapes detection by virtue of its lack of energy.

Another important aspect of this topic arises in the treatment of the-lbtalykradiation
phenomenon. As disissed in the preceding chapter, Einstein's quantum aseongssigns
allowed states to a given photon with wnhtegral multiples of its frguencyn. Since a
blackbody is a perfect abdxer, each frequency is presentleast in principle, and orean think

of such a system as a collection of atoms of the typedjgstssed. The success of Plaisck
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assumptionindicates that each frequency can be treated independently of the other, hdivever.
also is important to retlathat an equilibrium is presemthich is conventionally thought of as
arising from a series of collisions between the participating systems over a long period of time.
This suggests that photons of energyamly interact readily with each other or with photons
possessing a multiple of this energy. The same conclaaioibe inferred from the ocearce of
the coherence phenomeridim electromagnetic radiation.

It seems at least possible that the stabilitthe photon in its masslesststas at the root
of the observed quantum characteristics of the btecky intensity distribution. The special
conditions of velocity seen to be permitted in this state, namely O c , are at least suggestive
in this regard. The presumed high density of zereergy photons based on the results of the
blackbody experiment clearly derives from the fact that this energy value is the minimal amount
available to photons any given frequencylhe key point which distinguigls the blackbody
radiation phenomenon from the other processes discussed previously in this chapter is clearly
that a large collection of photons is required to describe the effacni@aningful way. It isot
surprsing as a result that it is quitgfficult to analyze this particular experiment in the kind of
microscopic detail needed to deal with the general question of whether individual massless

photons can exist or not.

D. COMPTON AND RAMAN EFFECTS AND BREMSSTRAHLUNG
The Compton effeét involves collisions between xay photons and weakly bound

electrons and can also be interpreted in a very straightforward manner using conventional energy
and momentum conservation arguments in conjunction with the Bohr frequency and de Broglie
relations. In thisexperiment a photon with a given energy is scattered off an (essentially free)
electron and another photon is observed after the collision with lower energy and momentum
than the first. It might be argued that the samea{y photon is involvedefore ad after the
collision, but in view of experience with the absorption and emission of photons it is generally
assumed that the first photon gives up all its energy initially and that afterwards this is distributed
between the electron and a second photajaione conventionally speaks of annihilation of

the first photon and creation of the second in the process, but one can just as well ingagine th

the first photon simply asswes a massless state upon collision, while another massless photon
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takes up theenergy left over from the electron collision and appears asrag ghoton, gene
rally moving in a different direction than the first.

The Raman effett*® is closely related to the Compton effect, and involves inelastic
scattering of visible light off mlecular systems.If the initial frequency i, it is found that
photons emerge at right angles to the incident radiation with frequen€ie® , widen s a
characteristic infrared frequenaghich issmall compared ta. Again there might be a tendsn
to interpret incoming and outgoing photons as one and the same, only with changed energy, but
the problematics are clearly the same in this regard as for the Compton Bffeoth cases it is
clear that a particle intpretation for the electromagi radiation allows for a quantitative
description of these phenomena. There is no particular difficulty interprittesg effects in
terms of madess photons located in the neighborhood of the pertinent collision processes.

Finaly, it is pertinent inthis comection to consider the Bremstrahlung phenomenon as
well. In this case an-kay photon is produced with an energy which is essentially equal to the
decrease in an electron's kinetic energy caused by its collision with a heavy nucleus. The process
can thus also be thought of as an interaction in which a massless photon picks up energy,
similarly as in the emission processes discussed earlier. The fact that a third (heavy) body is
required is again related to the enemgmentum conservation laws,pesially the fact that a
given energy value always corresponds to a greater momefaura photon than for a

neighbaing electron by virtue of the disparity in their respective rest masses.

IV. PARTICLES RESULTING FROM HIGH -ENERGY INTERACTIONS
In the preceding chaprs, a model for describingrocesses involving the eraction of

electromagnetic radiation with matter has been examined whose main ingredient is the
assumption of an*e "molecular" structure of the photonAccordingly, the hypothesis fo
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 owrstexice. 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 muahger objects can also be forthby this me

chanism. 1 has been argudd for example, that whole universes could be created from the
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"energy equivalent to just a few pounds of matter." Later in the same article it is pointed out that
the key element ithe author's theory "is that quantum physics permits the spontaneous creation
of something from nothing."If on the otler hand, matter can neviee createdr destroyed by

any mehanismput instead onlglisappears from view under certain wedlfined crcumstances

the possibilities are much less fantastic. A much more sober view of the universe emerges, and
consguently it behooves us to find out which of tHeoee two hypothesesorresponds to the

true facts.

It is thus important to see that the dreaannihilation concept does have definite
relevance beyond the subject of the intéoan of photons with other piaeles. In the preceding
chapter it was noted. for example, that the formation of protons and antiprotons from photon
collisions demonsttas that & systems camot be the only massless partiaetiparticle
binaries which must be assumed if one hopes to do without the latter hypothesis . Once one has
grasped the possibility that the createmmihilation assumption may not actually be deskto
explainrelatively lowenergy phenomendhere is thus a challenge to follow through on such
argumentation in the higénergy regime aseil. One is reminded that codsirable impetus was
given to the creaticannihilation concept at the time wherfirst became possible to carry out
high-energy experiments in the laboratorit. is therefore to be expected that as the available
energy from acceleratorand related devices increast®e number of phenomena requiring
similar explanations will tencbtmultiply, as has indeed been the calSew particles with non
zero rest mass have lme@entified over the past 7Qears, and these have provided fertile
breeding ground for new theorieln the present chapter the taxfksurveying such higienergy
experimentswill be taken upwith particular emphasis on the quest of how the assumption of
the creation and destruction of matter plays a role in the theories which are used to describe
them.

A. THE NEUTRON
After the results of Rutherford's scatteriegperiments were understgdftione had the

model of atomsontaining 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 massehich are nearly integrahultiples of that of the proton, but
charges whiclare always a smaller (exact) multiple of the electronic chabgethis basis it was

first assumed that the nucleus itself generally contains both protons and electronscohergli
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of the neutron in 1932 by Chadwi¢lcaused a shift in this position, however. The neutron was
found to have a slightly larger mass than the proton and to have no electronic ¢hsrgeeta
stable with a halfife of 1000 s, decaying inta proton and electron (or "betay" in the earlier
terminology). Other unstable nuclei were also known to undergo beta decay.

Several objections to the assumption of a pra&i@ctron constitution for the nucleus
quickly arose on the basis of these fimgi. The most important was based on the fact that the
energy spectrum of the emitted electron is not memergetic, as would have to be expected
from the laws of congeation of energy and mom&m when a single particle decomposes into
two fragments. One popular intemetation for this observation was supported by BdhHe
suggested that the usual conservation laws might no longedieat high energies (0.8 Meis
released upon the neutron's decayPauli took a different viey¥® however, whih has since
been generally accepted, namely that the continuous spectrum observed indicates that at least one
more particle must be involved in beta decay. Accordingly, the energy lost in the process can be
divided between several emitted particles imatiouous distribution without violating the above
conservation laws. The nami@eutrind was subsequently coindoly Ferm?? for this new
particle.

Other evidence was also found for the neottigpothesis, however. If a reon were to
consist of only a mton and an electron, itheuld possess integral spin aeghibit boson
statistics, so that a nucleus such'&¢ (containing seven protons aséven neutrons) would
behave as fermion with haHintegral nuclear spinSince the opposite behavior is ohes, it
was suggested by Pauli that the neutrino (if indeed it is a single particle) is also a fermion with
half-integral spin, and that its presence in the neutron thus explains this aspect of the nuclear
puzzle as well. This argument eventually cartleslday and the third neutron decaydarct was
later renamed the antieutrinon.

What needs to be emphasized in pinesent context is that in tlsearch for a quantitative
theory of beta decay, confidence in the straightforward afehe 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 haveot possess an enormous amount of kinetic energy. A figure ef 100
500 Me V 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
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electromagetic 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 nevti®measuréd>* to be

much smaller than that of the electron seemed to be totally inconsistent with such a composition.

The problem was ultimately circumvented by Fewith his suggestion that the electron
might be annihilated in the presence of argjrauclear force. It is interesting to consider Fermi's
original remarks on this point, as given in translated form by Wetttz&lhe 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 3 emission ascbut 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 quamim jump, can in no way be codsred as prexisting in the atom prior to the
emission pocess.In this theory, therthe total number of thelectrons and of the neutrinogd
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 thdgehagticles."

In at least one sense this was a significapagture from the original hyfitesis used to
interpret positronium decay, becauge to that point charged patgs were only thoght to
undergo creation or aiimlation pairwise with their repective antiparticleslf one continues to
doubt as in the preceding chapters 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 explaing the beta decay phenomenoXet 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 tkenall volume occupied by a necis. 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 antineutrino itself in beta dec&gfore congdering these points further, a few
additional details of the expmental observationshould be carefully considered.

A whole series of nuclear reamtis could be found which are skly related to one

another. Written in the form of reactions these are:

b decay: n- pr+e+n
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b+ decay p*- n+€+n

electron capture: €+p - n+n V.1
n absorption: n+p - n+€
n absorption: n+n- p'+e€

The notation is schematic, with" @nd n generally denoting constituents of heavier nuclei
actually present.

As always is the case, the classical chemist's balanced equation becomes a casualty of the
assunption 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, botle'Yeand (,n) pairs are created, with
subsequent annihilation of and n in the process of neutron forti@n. In the third, a(3,n)
pair is created and then the neutrino plus a captured electron fraassaniated atom are
destroyed. Finally, an {€") pair is created in the fourth reactionl| éaved by theannihilation of
€ and n in the neutron formation, while in the last case the neutron decomposition produces the
same two parties, only to have the antineutrino destroyed along with the neutrino which
induces the reaction.

The hypothesis of massless partal@iparticle binary systems is only partially
successful in restoring particle balance to these equations, but strictrazthén the original
definition of elements advocated lBoyle and others before him cpietes 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 ttheg neutron is not an element at alRather it is a
compound of its known decay produdig,. p*, € and n, akin to a triatomic molecule in the
usual chemical noten. The fact that the mass of the neutron is greater than thatsefparated
constituents is perhaps surprising, but according to the Einsteinemagy equwalence
principle of R this is what one must expect from the fact that the dissociation energy of the
neutron is negativé0.8 MeV). There is considerable precedent for such a situation, namely in
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the description of excimer complexes, which have had a great impact in the field of laser
research. Excimers are bound (mestable) moleculastates for collections of atoms with
ground statehatis characterized by a repulsive potential curve and is therefore unbound. The
fact that the neutron undergoes spontaneous decay is [yedensistent with this analogy.
Only the energies involved are far greater than those rel@asadimer lasersin the language
of scattering theory, the neutron is thus a resonance with a relatively long lif@tiraenature of
the forces which hold the neutron together in this rstthle state constitilgea major
unanswered question in thisonel, but in this respect the situation is wholly similar to that for
the €e tight-binding state which has been assaawith the photon in Chapter Il

For the sake of clarity the conventional use of the term "elementary particle" for the
neutron andelated systems will continue to be made belbwNeverthelesst is well to keep in
mind that the definitions of atoms drelements that Democritus and Boyle espoused exclude the
neutron from this classification because of its instability. With thesegpatory remarks, we can

rewrite the five b& decay reactions given in eq. (IV.1)dompletely balanced form:

i) p‘en(n)- p*+e+n

i) ge+nn+p - pten(n)+€ +n

iy na+e+p - pen(n+n V.1

iv) ee+n+p- penn)+e

vo) n+pen(n- p'+e+nn

In this waythe number of distinct partici@ntiparticle binariebas been kepb three in number,
namely ée , nn and pgp. The need for hpairs is thereby avded by virtueof the triatomic
compositon ascribed to a singlesutron itself. Thus neutreemtineutron production involves the
interaction of each of the three slental binary systemse.

pp+ee+nn- (pP+e+n)+(p+e+n)- n+n V.2
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The economy of the assumptions in the above model is especially desirable when one
attempts to construct a quantitative theory \Wwhis capable of generating wdwmections and
properties for such massteparticle 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 ¢qimgsaal
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 sth processes, consistent witlR &nd the masenergy 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 contieitbn 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 remaréible variety of observations is understandable on the basis of only three

fundamental principle$

B. THE NEUTRINO
The neutrino is associated with many puzzkes are still unresolved ovef8ears after

its discovery. It apparently bears no electriargfe and thus is unaffected by electric fields. It

also seems to be essentially massless, although this conclusion itself has been the subject of
much controversy. During his lifetime Pauli compaietiat the upper limit for its rest mass

was set too hig based on what was already know then. For a long time it was something of a
bookkeeping device, merely accounting for energy otherwise missing in the beta decay spectrum.
In 1956 the first successful experiment involving neutrinos as reactant spesiesrisamed by

Reines and Cowah and this achievement allowed considerably more confidence that the
particle was more than a theoretical construction. In essence, Reines and Cowan carried out the
first antineutrino absorption reaction [eq. (iv)il the ldoratory. 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 cledrat antineutrinos are extremely penetrating, with a chance of one

part in 162 of being captured while passing through the earth along a diametric ray. The almost
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complete absence of ionization products observed during the experiment also led to the
conclwsion 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 electronic charge or
a magnetic moment also left uncertain the exact relationshiygebeh and n themselves, since
previously every other particle could be distinguished from its antipartictbeobasis of these
properties.

An answer to this question was provided by Lee and Yamgen they concluded that
parity might not be conserved in beta decay. A decisive expefitremggested by their work
was carried out shortly thereafter by Wual on the longitudinal polarization of decay electrons
emitted by thé°Co nucleus in the psence of a strong magnetic field at low temperature, using a
method proposed earlier by Rose and Gdfterds °Co decays intd®Ni the nuclear spin
changes by one unit from I=5 to 4, and is referred to as a Gaelter transitiorf? as opposed
to the @her possibility (Fermi transition) witbl=0. Because only the loweshergy 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 paraltehatoof the®*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 {bfinded screw in beta decay. In addition, subsequent studies of
nuclear recoil indicated that the antineutrinos turn exclusively as-hayded screwd in the
same experiment.

Out of these investigations came a new theory of the neutrino proposed inatelyenyle
Lee and Yang§* Landal® and Salani® according to which the neutrino and antineutrino could
be distinguished on the basis of their respective &&ftl righthandedness, or alternatively their
negative and postive helicities (defined lad¥pY). It was referred to as the twanmponent
theory of the neutrino because it postulated that certain-nspmentum orientations are
forbidden to this particle. The idea was not entirely new to theoretical physics as Weyl had
proposed something very simftarnearly 30 years earlier from strictly matheioal
considerations based ofRS Since the parity P was not conserved in this theory, Pauli initially
criticized it®® The observed asymmetry in tF€o experiments of Wet al.ultimately caused
him to revese his positiofi® however, although he went to some length at the time to express his

amazement at this development.

39



Charge conjugation is also violated according to thedarmponent neutrino theory, but
Yang noted that the product CP should stilldoaserved® i.e. by simultaneously inverting the
coordinate system and changing all particles into their antiparticles, so thathaneéd v
becomes an (observable) rigiandedn . A key assumption in this theory was that the neosr
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 expefinaists
involving neutrinos, which provided strong evidence that é/@ns violated in beta decay.
Since a theorem by Schwing@ri_uderg® and Pauli* 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 neithétself nor any two of these operators together a
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 freemeetay’
and on muon&’’ 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 antineutrine ratherthan the neutrino, as originally suggested by Fermi. In this
way all antiparticles present in nuclei (and aniclei) are righthanded, while their counterparts
in charge conjugation are ldfanded. Another important distinction betweerand n was
demonstrated by the fact that antineutrinos do not undergo the capture reaction of eq.(IV.1.v)
upon interaction with neutrorf8 Attempts to observe a double beta decay in which no
antineutrinos are emittélhave also never beesuccessful. 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 reawdtedsn the preceding section.

Anotherpuzzle connected with neutrinos was discovered in 1964 by Bacahl and®Davis
as a result of their investigation of nuclear fusion processes on the sun. The fusion reaction is
closely related to eq. (iii), with neutrinos being set free in the processldddiaowledge 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. L#wm half the expected neutrinos are ever obsesas
the discussion in ref. 81)n addition there is evidence that the neutrinos involved in the beta

decay of muons are not the s&fmas those associated with neutrons and heavy nuclei. One
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distinguishs then between electrong] and muon rf,) neutrinos, and there is also theoretical
evidencé&® that a third type (or flavor) also exists, namely the tau neutnifo (

Yet the greatest puzzle of all in this connectiseems to be why such chatgss,
extremely penetrating particles are involved in almost every-aigrgy 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 releveeticdlediscussion of the
nature of these pactes, beginning with théheoryof beta decay put forward by Fermi.

C. NUCLEAR STRUCTURE AND THE STRONG INTERACTION
The theory of nudar structure relies firmly on the assumed elemental nature of the

neutra.®* 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 transformatidhe 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 itsélis been theoriz&to decay as well, but careful
experiment® have never found any positive evidence for this expectation. By any reckoning the
proton is an extremely stable substance, with a lifetimefaydr 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 whictiaardifferent from either the
electromagnetic or gravitational type. In the time of Rutherford three nuclear decay modes were
well known, involvinga-, (3 andgrays respectively. In the meantime one can add at least two
more decay products to this lisiamely neutrons and the small nuclei which result from fission
of their heavy counterparts. It is intetieg to note that the creati@mnihilation hypothesis is
only invoked to explain two of these five possibilities, the beta decay discussed in gdingec
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 decomposan as well as subsequent to it.

As noted previously, the justification for this distinction in the case of elentr(beta)

emission is the beliefhat no potential could be sufficiently attractive to outweigh the large
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kinetic energy such a light particle would have in the confines afubkear 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 anntebunder any circumstances, we are left with no choice

but to look for a potential that is capable of binding an electron so strongly. In Chapter Il 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 Schrodinger
equation, one 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 averagadhy 8 MeV/nucleon, a
number which is somewhat larger but of the same order of magnitude as that required in the
present interpretation of a tightly bound electpmsitron system. Moreover, it is over 200 times
smaller than the jp” binding energy whie must be assumed ohet 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 pasditiparticle interactions ca
be computed on the basis oR @&nd the massnergy equivalence relati 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 atedoor repelled by one another has become an
important goal of subsequent research, and this line of approach has been rewarded with genuine
scientific progress onumerous occasions in the past.

With this motivation, it is instructive to review what is dwn 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 potentnaist 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 he 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
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at least a secondary role for electromagnetism is suggested by the exa$tenckear 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 reacgosupports the chargedependence assumption in
view of this particle's lack of #ier charge or magnetic moment.

Probably the most influential conclusion based on the above experimental findings was
drawn by Heisenbef§in 1932. He postulated that theutron 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 isospfi®which has had a very great impact in both nuclear physics and
the correspondingtudy of elementary particles.

Some of the first attempts to describe the nuclear force employed -eelatwistic
Schrodinger equatiGhand an empirical potential of the typedicated by the scattering data.

The most famous of these treatments employs the Yukawa exponential pot&éntiéd)=-

Vo(alr) €”, where r is the distance between nuleons (protons or neutransaiacterizes the
depth of the potential and, its range. The nowmelativistic kinetic energy #2M is deemed
appropriate for this purpose in view of the relatively large rest masses of the nucleons. By
varying the two parameterss¥nda, it is possible to fit a certain number of experimental results

on the basis of the corresponding solutions of the Schrédinger 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 valuablenhinisip the subject. In
particular, it emphasizes the extremely short range of the effect through the exponential form of
the corresponding potential. Forarsthe potential is effectively damped to zero, whereas for
r¢a it varies predominantly as'r In the latter respect it is similar to the Coulomb potential, but
the large magnitude of oMgives it a much stronger weight in the short internuclear distance
region where the binding between nucleons is at its greatest. True to the eaeattulation
concept, no recognition is given to the possibility that either electrons or antineutrenos a
involved directlyin 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 uncerteripuiy,pri
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Yukawa postulated 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, Yugkaas led to predict a rest mass for the
new particle which was intermediate between that of an electron and a protone(2@8 first
proposed). The Coulomb force's range is thereby thought to be infinite, consistent with the null
rest mass of the phant. The theory received support from experiment a decade later when the pi
mesons§* andp, with a rest mass of 273.13 mach) were discover&tand shown to interact
with nuclei. Attempts to construct a quantitative theory analogous to quantunodyeeimics
were not generally successfilhowever. The use of lowrder perturbation theory to compute
the mesonic interactions was concluded to be inadefuakespite the fact that a similar
approach in quantum electrodynamics is found to be quitaraec The anomalous spin
magnetic moment of the electron amounts to a deviation of only one part per ti¥béreamdhe
uncorrected value of Dirac theory, and can be predicted to an accuracy of six to seven significant
figures with the perturbative ingsion of quantum electrodynamical effects. By contrast, the
proton magnetic moment waseasured by Stern and coworké?$ to be 2.5 times the
theoretical value deduced on the basis of the respective masses of the proton and electron.
Nonetheless, the pneson 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*fesukastic
scattering of hig-energy electrons by nucleons.

Another theory which has had a great impact in this field is the nuclear shell model
proposed by Goeppert May&and JenseH? This work concentrates on certain regularities in
the properties ohuclei 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 protoresitnans are
added in shells according to Anfbauprinciple 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 independergarticle or Hartree ma® and also to the Wigner coupling schefffe,
which was successful in classifying nuclear states with the aid of ansj@pendent zerorder
Hamiltonian. Each shell can be identified with definite angular momentum quantum numbers |

and |, with theirfamiliar degeneracy factors determining degrees of maximum occupancy in
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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 appearstioeldnat

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 atomit mass numbers of nuclei in
surveying the aforementioned properfig$1%

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 spint coupling interaction familiain the
classification of finestructure effects observed in atomic spectra. Terms of this nature arise
from a perturbative reduction of the Dirac equati¥f,as shown by Breii® Paull’®® and
others® The origin of the sphorbit interaction care traced to the x E term which appears
as an adjunct to the magnetic fi®ldupon application of a Lorentz transformation to the
classical Maxwell equatiort§¢ The form of the spiorbit interaction involved in nuclear
binding is quite distin¢f® from the latter, however, because the magnitude of the effect is found
to be much larger than one would expect on the basis of thé smaghetic moments of
nucleons.

The fact that the quantum numbers employed in such models are typical for a central
potential has sometimes been rema€tb be inconsistent (or at least not obviously consistent)
with the picture of the nucleus as a collection of protons and neutensithout a fixed center
comparable to that known for atoms. The success with wihiehekperimental data can be
ordered on this basis belies such criticism, but d@dehoc nature of its central potential
assumption combined with its inability to obtain truly quantitative agreement with measured
results have tended to prevent the nucldzallsmodel from being a complete triumpH.
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 construca 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 modgiroposed by Bolf in 1936 points out similarities between
nuclear matter and the liquid stat&his model is based first and foremost on experimental

measurements of radii and binding energies of a large series of mandeis such is reminiscent
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of the theory of the chemical bond introduced into molecular physics and chemistry by
Pauling'®® Probably the most important result of an experimental nature is the finding that the
magnitudes of nuclear radii are approximatatoportional to the third root of the atomic mass
numbert!4 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 moleclar 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 tgebdta this result to
obtain the size of the entire nucleus. This clpaeking 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 shellf@und to be much stronger than between
those in different shelfs?®

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 pndtons a
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 anticipatam 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 conceivablyause the electron and positron to be bound together much more tightly
than in positronium.Moreover, once this path is takeih,s only consistent tassume that the
antineutrino also interacts strongly with eithéetelectron or proton or both.

The alove possibities will be explored in subsequent chapters, 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 nucleusas well as the number of amgutrinos. The number of protons is no longer Z, but Z
+ N, while the total number of constituent particles is not A, 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 b3’ Rapbstulating the existence of

the neutrino in the first placeOtherwise, particle balance in nuclear equations is ensured in this
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approat (even in cases for which bedacay occurs in one form or another) if one inserts the
appropriate particlkantiparticle binary systems as needed. When photons are involved, this
means adding massles&especies as well. Conservation of energy can be handled irstia

way, in accordance with SR.

The resulting elemental balance in the description of such processes would be perfectly in
line with the atomistic theories origindt¢housands 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 involved, one that
would allow anaccurate prediction of the differences in the masses of products and reactants in
such processes. In its simplest form, this would meamthaitio computation of the binding
energy of the deuteron relative to its constituent proton and neutron separatfinity, or even
more fundamentally, with respect to two protons, an electron and an antineutrino at rast in the

respective elemental states.

D. METASTABLE PARTICLES
The hypothesis that the neutron is a triatomic compound composed of eacliexfaiys

elements has fareaching consequences beyond the realm of nuclear physics. There are many
other metastable systems which are listed among the elementary particles, the smallest of which
are the two muons and the three pions. They differ from thieamemnainly in that their lifetimes
are much shorter (3 - 101%s) 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 neutrinase emitted. Beyond this there are a large number of other
metastable particles known, referred to as mesons and baryons on the basis of their rest masses.
In 1964 GelMann'*®and Zweig'’ suggested that all of them could be interpreted as being
composedf hypothetical fermions called quarks (or @¢§sand their antiparticles. Probably the

most novel aspect regarding this suggestion is the assumption that the new particles should
possess nemtegral electric charges, eithér% e or°§ e. In the meantime the number of

quarks and antiquarks has grown to tw&¥and the idea has achieved wide acceptance. Fermi
and Yang’ and Sakafd® tried to identify a common denominator of elements in terms of the
proton, neubn and lambda from which to construct all other known particles had only been
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partially successful, primarily because certain combinations which appear reasonable in this
theory have never been observed. The quark concept is clearly consistent witwthieatiall

matter consists of elements, but there is still some question as to whether particlestégranh
electric charge actually exist. One reads in the literature, to be sure, that individual quarks have
been discovered experimentally, but thedence is always indirect, referring to a successful
prediction derived from the theoretical model.

The idea that all observed medtable particles might be composed of their decay products,
either as elements or as other combinations thereof, is ne¢sady 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 prots as elements might not exist. The crucial test is whether the
properties of the various messable 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 intraohd by the study of the other metable 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 knavn for most other metatable systemsDoes this not speak against the concept of a
unique composition for them in terms of certain elemeNt?necessarily, because if massless
particleantiparticle binaries exist, other possibilities must be takeraigctount. One only has to
look at a typical beta decay process discussed earlier in this chapter to see how the addition of
e'e, p'p or nn species can lead ta particle balance in reactions which are conventionally
interpreted in terms of the creatiannihilation hypothesis.

The situation can be compared to that faced by the early chemists several centuries ago
when a new substance was to be analyzedhajor 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 structwtheiln
words, the concept of molecular gkt is much less useful in elementary particle physics than it

is in chemical investigations. All one knows with certainty is that if the rest mass of the
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combined system is less than that of its components it is a bound system, otherwise it must be
metastable. The experimental fact that the particles which decay into protons, electrons or
neutrinoshave rest masses which are larger than the total for their respective fragagsits

speaks clearly for the analogy with molecular excimers mention&dre#rremains 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 thart floa the corresponding decay particles at rest.

V. VARIATIONAL THEORY FOR THE DECAY OF POSITRONIUM
In the preceding chapters it has been suggested that there is merit in considering the decay

of positronium as an interaction in which an electron andnposare so strongly attracted to one
another that the resulting binding energy is exactly equal to the sum of their rest masses, i.e.
2m? or 1.02 MeV. A survey of the key experiments in modern physics has shown how such a
development would fit into theéheory of elementary particles and the energetics of their
reactions. In the present chapter we will focus on the goal of finding a suitable potential which is
capable of producing such a relatively large binding energy, while at the same time giving
consderation to the possibility that the solution to this problem may have relevance for other
types of interactions, particularly those involved in the study of nuclear physics.

A. SHORT-RANGE POTENTIAL
The natural point at which to begin this invgation is with the nature of the potential

which might be capable of bringing about such a strong attraction between an electron and a
positron, although careful consideration must later be given to the manner in which the kinetic
energy is treated as wellt is clear from the outset that this must be a distinctly relativistic
problem, because the rest mass of the combinedygstem is assumed to be much lower than
the sum of those of the separated particles. Both the Schrodingeelativistic® and Dirac
relativistic®® treatments of positronium tell us that the lowest possible state for this system is
analogous to the 1s state of the hydrogen atom. In this case the primary interaction is Coulombic,
exclusively so in the nerelativistic treatmet and almost exclusively in the relativistic.

A two-component reduction of the Dirac equation leads to the characterization of a number
of perturbative terms which are basically magnetic in nature. The most commonly employed

such approximation is that ddreit-Pauli theor{*'%, including the Breit interaction. The

49



perturbations are on the orderai2 @10° hartree & = €/>c = 137.036%, the fine structure
constant), and include the spirbit (same and othetorbit), spinspin, orbit-orbit and Darwin
terms, as well as the masslocity correction to the nerelativistic kinetic energ{® These
terms increase as’or Z* (spinrsameorbit) for atoms with nuclear charge Z. For positronium as
well as the hydrogen atom they remaintg small, however, and their effects are observed only
as fine structure in spectroscopitudies. The potential terms all vary a&and thus have
relatively short ranges compared to the Coulomb interaction. This point bears further
consideration, howeer, since binding energies of 1.0 MeV and higher are otherwise known only
for nuclei, in which case there is clear evidence that shage forces are involved to a high
degree.

We can represent the presumed interaction schematically by plotting thenetgy as a
function of the average distance r between an electron and positron (Fig. 5). The 1s state of
positronium can be thought of as corresponding to a minimum in total energy occurring atr = 2.0
bohr = 1.016 A, i.eroughly double the correspomdj value for the H atom by virtue of the
smaller reduced mass of théeesystem. Toward larger separations the energy gradually
increases to zero, i.¢he energy of the separated particles. The attractive Coulomb potential
varies ast, while the kinett energy varies ag g r?, from which it follows that the total energy
itself at first decreasesas the particles approach one another from a large distance. At the
location of the energy minimum the shorter range of the kinetic energy term becomes the
dominant factor, which explains why the total energy thereafter increases rapidly toward still
shorter distances. It can be seen that these arguments are very close to those uséd iny Bohr
arriving at his theory of hydrogenic atoms in 391

The bindingenergy at the latter'e minimum is only 6.8 eV, which is quite small
compared to the 1.02 MeV given off when positronium decays from the corresponding (1s) state.
The possibility we wish to explore in this workuwsethera second energy minimum does not
occur ata much smaller electrepositron separationlt can be imagined, for example, that at
some point the total energy stops increasing toward shorter distances because an attractive short
range potential term begins to overcome the effects of threasing kinetic energy in this
region. Such a potential term would have to vary at a higher inverse power of r than either of the
other two terms in the nerelativistic electrostatic Hamiltonian, and would have to be relatively

unimportant in the regionf¢he first hydrogenic energy minimum. At the same time, it is evident
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that some effect with an even shorter range eventually must take over and cause the energy to
increase (Fig. 5) once more toward even smaller distances after the assumed 1.02 M&¥ absolu
minimum value is attained. It is also clear that such a second energy minimum natsilipe

absent in the corresponding hydrogen atom treatniénally, it is only consistent to assume

that an analogous doubheinimum curve exists for the prot@mtiproton system, but with a
binding energy which is 1836 times larger, L85 GeV for its shoftange minimum. At least

one knows that this much energy is given off when the proton and antiproton interact, whereas
no comparable loss of energy is obserfggdhe combination of a proton and an electron.

E/E,
+ -
E(e e)
Positronium
Emm= -0.25
ro= 2.08,
0
Photon
2
rmin= @ aﬂ'
_ -2
Emin_ -20

r'= p;fan_1

51



FIG. 5. Schematic diagram showing the variation of the internal energy ofel®y/stem as a function of the reciprocal of the
distance between the two constituent particles.

Concentrating on the corapson of ée with p‘e, the obvious question is how can the
differences in the properties of the proton and positron lead to such an enormous distinction in
their respective attractions to the electron. The traditional view embodied in the Schf8dinger
and Diraé® equations for onelectron atoms holds that the large difference in mass of the two
positively charged particles only plays a minor role in this connection, simply affecting the
reduced mass of the electron. The magnetic moments (which legbaigeo-mass ratios as a
factor) of € and p differ by a far greater amount because of the difference in rest masses, but
this distinction is found to be of only minor importance in the Dirac equation treatment, in which
effects such as the spambit and spirspin interactions depending on this quantity are accounted
for explicitly.

Yet one knows from the outset that if there is indeed a much Higvmgr state of the ‘&
system than the familiar 1s species, it cannot be found among the solutions of the hydrogen atom
Dirac or Schrédinger equations. To progress further in this regard it is necessary to do something
differently. Especially since the effect that might causehsa novel tighbinding €€ state
seems almost certainly sh@ange in nature (Fig. 5), there is reason to give closer consideration
to the above magnetigpe interactions. As noted previously, there are numerous-Baeit
terms which fall in this ategory, varying as the inverse cube of the distance between interacting
particles. They are all of ordar/2 @10° hartree for typical atomic electranucleus separations,
so this characteristic fulfills another requirement from Fig. 5, namely that asstiorirange
effect be relatively insignificant at these distances.

Most importantly, however, all these Br&iauli term$® depend on the product of the
magnetic moments (or charg@mass ratios) of the interacting particles. For the -sgier
orbit, spinspin and orbHorbit terms each of these quantities appears once in the corresponding
product. Thus these terms are weighted by a factor of 1836 (the ratio of the rest masses of proton
and positron) larger for*e than for pe. For the spirsameorbit and Darwin terms the
distinction is less important because in these cases the square of the mass of one of the
constituent particles is involved rather than the product of both. As a result, there is an extra
factor of two for these interactions foteethan for the hydrogen atom, by virtue of the fact that

the square of the charge-mass ratio of the proton is negligible compared to that of the positron.
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At atomic distances these distinctions are still relatively unimportant because in this range the
Coulomb interaction dominates, but it is not difficult to imagine the situation could be far
different at shorter range.

Before considering this possibility further, however, it is well to note that the-Baeii
Hamiltonian terms as such also have samdesirable properties which make them unsuitable
for a variational calculation, that is, one in which the charge distributions of the particles
involved are allowed to assume optimal forms so as to minimize the total energy. Since these
terms vary as¥, there is nothing to keep the total energy from decreasing beyond any limit.
They do not therefore provide a possibility of a second energy minimum of the type indicated in
Fig. 5, rather only the attractive branch to the ldigjance side of it. This ¢ahas long deterred
giving serious consideration to the BfBiduli terms as having any truly dominant role to play in
guantum mechanical calculations. There are other higiter terms in a poweseries
expansion of the Dirac equation which need todresiered to properly understand their role in
determining atomic fine structure. Specifically, the next terms in such expansions are of the order
of a%*, and these higherder effects prevent variational collapse in Diegmiation solutions
that wouldotherwise occur if only tha?r terms were included.

A similar situation exists for the Lorentz force in classical electromagnetic theory. There
one has a term of the form+ e A/cl?, whereA is the vector potential. The cross term involving
p A is typically'?%121 also of the forma? r3 (c = a? in atomic units) for the interaction of a
charged particle with an electromagnetic field, but it is damped at short range By tieenp,
which varies as*r*. An interesting possibility is nonetheless opened up by the fact that such
repulsive termsare of even shorter range and higher order @f than their BreitPauli
counterparts. Including such terms might not keep the total energy in Fig. 5 from turning
downward at short distances because of the attraafiwg interactions, but they would insure
that this trend not continue indefinitely toward still smaller interparticle separations, with the
result that the proposed nbiydrogenic second minimum of eggrcould be formed. If one
simply assumes a potential which is the difference of these tworsinge terms;a?r= + a*r,
it is easily shown that it possesses a minimum ne@arf. Such a distance corresponds to
roughly 10° bohr, which is a typicaleparation for bound nucleons (ra/2 is normally given
for the range of the nuclear force, for example). The possible connection betweentiahte

binding state and the nuclear force is thus reinforced by these considerations as well.
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There are basaily three arguments for pursuing this line of reasoning further. First, the
theory of quantum electrodynamics has a very precisely defined range of applicability. Despite
its ability to make extremely accurate predictions for interactions involving @hsctand
photons in an atomic environment, it is generally accepted that the theory in its established form
is not capabfé? of describing higkenergy interactions such as those involved in nuclear
bonding. Any indication as to hotle framework of quantuelectrodynamics could be adapted
so as to become relevant to the description of stamge forcestherefore merits serious
consideration. Secondly, the analysis of the positronium decay process has provided a basis for
associating the assumetedight-binding state with the photon itself. Given the prominent role
of the photon in quantum electrodynamics, it seems likely that its internal structure would also
have an important relationship to the electromagnetic force. Finally, examination of theatnultipl
structures and other properties exhibited by nuclei has already led to the cofthiSiorthe
nuclearshell model that spiorbit or related terni$® are almost certainly involved in this type of
high-energy interaction . Taken together these oladEms suggest that a solution to the
proposed problem may lie in an adaptation of the Dirac equation which does not detract from the
reliability of the original theory's predictions for quantetectrodynamics phenomena, but
which at the same time enablan accurate treatment of interactions of much shorter range and
higher binding energy. This eventuality would amount to an extension of the Bohr
correspondence principté* which proved so effective in making the transition from classical to
guantum melganics at the beginning of this century.

B. KINETIC ENERGY CONSIDERATIONS
As remarked above, it is not satisfactory to use aretativistic form for the kinetic

energy of the positron and electron if a large binding energy is assumed. In this tkepect
problem is significantly different than in the conventional treatment of nuclear binding, because
there the kinetic energies of the nucleons are still relatively small compared to the energy
equivalent of their rest masses. As Einstein sh8wadhe lasis of the special relativity theory,

the nonrelativistic F/2me term is actually just an element in the power series of the scp@ire
quantity (¢ + me?2c®)2 1 mec?. The BreitPauli approximation includ&® a term of order pto
account for relatistic kinetic energy contributions, but just as for the corresponding potential

terms, it is known that this correction leads to variational collapse when the electronic charge
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distribution is allowed to vary freely so as to minimize the energy. It isilpesto circumvent
this difficulty,*?®> however, by employing the Einstein squamet expression directly in the
Hamiltonian instead of relying on a truncated poaeries expansion for it. The inconvenience
of employing a squareot operator can be dealith for general atomic and molecular systems
by means of a standard matrix proceddpd&ach particle has its own kinetic energy and thus the
squareroot terms are treated as eglectron operators, exactly as their frefativistic p?/2m
counterpar in conventional quantum mechanical treatments.

This procedure brings with it another difficulty, however, namely how to separate the total
kinetic energy into its internal and translational (cenfemass) components. In the Ron
relativistic case it isvell known that the $/2m, + p%2mp term can be replaced exactfyby
p?/2u + PI2M by a linear coordinate transformation (p is the internal and P, the -ofmbarss,
momentum respectively, Y is the reduced mass and Mammis the sum of the individual
particle masses). The new coordinates are defined ag xx and X = (mx1 + npx2)/M, where
x; and » are Cartesian coordinates of the two particles, with analogous expressions for the y and
z directions. Since the Coulongmtential only depends on the internal coordinates, it is thus
possible to effect a separation of coordinates which leads to the familiar situation that the
solutions of the corresponding Schrédinger equation can always be formed as simple products of
thetypeY (r) c (R), i.e.as a product of a function of the internal coordinates with one involving
only those of the center of mass.

This procedure can be generalized for any number of particles, but there is an important
assumption to be noted. The derigatgenerally uséd’ comes from classical mechanics and
relies on the fact that crossrms involvingp P cancel out as a result of the coordinate
transformation. The cancellation is perfect for the-ralativistic kinetic energy, buise ofthe
relativistic oneparticle form,in which p? and p? appear in separate squao®t expressions,
does not lend itself to the same simplificatibrone of the particle’s masses is much larger than
the other, it is not difficult to find approximations from whid¢tetdesired coordinate separation
effectively results even in the relativistic case. Since the nuclear masses are so much larger than
the electron's, it is therefore easy to justify this approach for atomic calculations, either for the
Dirac equation itselfor in the BreitPauli approximation. The difficulty is not so easily
circumvented when both masses are equal, howeseis the case for th&e interaction. It

might be argued that it is intuitively obvious that the cenfenass motion can always be
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separated out, but for quantitative work one would like to have a more solid basis for making this
simplifying assumption. In general this question seems to have received relatively little attention
in the literature, and it will be given more careful ddesation later in this work in Chapter X.

The most straightforward method which presents itself under the circumstances is to
simply work with the original Cartesian coordinates of each particle. The quantum
electrodynamics treatment of the positron wsesnilar approacii*?8in evaluating higheorder
effects, including transition probabilities for the decay into photons out of various positronium
electronic states, except that it imposes an additional conditi®h=8pi = 0. In such a two
particle application this means that= -p2 = p. No comparable transformation is employed for
the spin coordinates of both particles in this approach, however. Radiative corrections to the
Dirac-equation results can also be computgaimploying the same condition for the ceraér
mass momenturif:128

When more than two particles are involved complications arise in attempting to generalize
this procedure, however, particularly in the relativistic treatment of the kinetic enerdye In t
transformed coordinate system, one of the particles is effectively singled out as a reference for
the internal coordinates, so thab= xi - xi is now employed instead af, for example (withx
itself being retained in the new basis). As a resindt expression for the conjugate momentum of

X isp1=-4a'p;, i.e.a sum of internal momentum valuedher than a single such quantity as in
i1

the twoparticle case.

In order to develop a computational scheme which can be converaeptigd to systems
containing more than two particlas therefore seemed advisable to avoid making any type of
transformation to internal coordinates, and hence to simply employ the original Cartesian
coordinates of each constituent particle directlyconstructing the corresponding quantum
mechanical Hamiltonian operator governing the interactions of a given system. Use of such a
coordinate system at all stages of the theoretical treatment carries with it the complicating feature
that internal and trakegtional characteristics are mixed together in the resulting wavefunctions,
but in view of the precautionary remarks given above and the exploratory nature of the proposed
calculations, this disadvantage seemed to be of acceptable proportions.

In this comection it is worth recalling thadpi commutes with eachi andrij (particle

separation) quantity, so that the translational energy operator itself must have a common
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(complete) set of eigenfunctiod®with any Hamiltonian containing exclusively thesads of
variables. Hengeany exact solution of a corresponding Schrodinger equation must always be
characterized by a definite value of the translational energy. This observation underscores
another assumption in the usual separabbwmariables argumerior internal and centesf-mass
coordinates, however. The Br&tauli terms mentioned in the last section contain momentum
factors as well as internal distances. Consequently, even when thelaristic kinetic energy
is employed, the desired sepavatis not complete for a Hamiltonian containing these types of
interactions. Again this presents no real problem for calculations eélenogon atoms, in
which the masses of the constituent particles differ greatly, but for a system consisting 6f only e
and ¢, there is need for more careful consideration.

Finally, it should be mentioned that there is a covarianteigotron equatioi® which
does employ a separation of internal and translational coordinates just as for the Dirac equation.
It is charaterized by two separate time coordinates, whereas in what has been described above it
is always assumed that there is only one such variable, and that it can be separated from its
spatial counterparts in the usual way by virtue of the -irdependent nata of the
corresponding Hamiltonian operator. Since the statedus operandin the present study is to
depart from the purely guantdetectrodynamics treatment of théeesystem, and especially
since no other heavy system is present, it is preferablorx with a relatively simple
Schrédingerequation formulation of this problenonewhich does not make any assumptions
regarding the way in which the internal motion is separated that of the center of mass.

C. SUGGESTED DAMPEIFORM FOR THE BREITPAULI TERMS
A prerequisite for constructing a Schrodinger equation to investigateehigigy processes

is the use of a potential which is suitably bounded. The assumesbitiglig €€ state most
likely is the result of a shernge interaction which istrongly attractive over a given region of
inter-particle separation but even more strongly repulsive lasstaller distances (see Chapter
V. A). The BreitPauli approximation employs attractive terms fitting this description but lacks
correspondingshorterrange effects which would produce the desired second minimum in the
e'e total energy curve sketched in Fig. 5. We have seen how the2nditkinetic energy term
(including the masselocity correction) can be replaced by the Einstein-frasicle squargoot

expression to avoid variational collapse without giving up the advantages of having a reliable
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approximation to the Dirac equation results for hydrogenic atoms. It remains to find a similar
means of dealing with the Brd#auli potential tems.

If we look upon the sphorbit and related interactions as terms in a power series it seems
reasonable to look for a closed expression which approaches this result in thaelgy
relativistic regime encountered in calculations of atoms with maelgda¢avy nuclei, something
analogous to the Einstein relativistic kinetic energy, in other words. At least one knows from the
form of the Lorentz electromagnetic force that the next higheer terms after those afr
spinorbit type vary asa’r® Simply adding such terms to the Hamiltonian has several
disadvantages, however. It falls short of the goal of replacing theBaalt interactions with
closed expressions which themselves correspond to infirdier power series. In addition, it is
difficult to carry out computations with an operator varying“asecause not all integrals which
would be required in a variational treatment are finite, in particular not those involving-only s
type basis functions.

The form of the desired potential (Fig. B reminiscent of that observed in nuclear
scattering, as mentioned earlier, and this suggests the following alternative® itk i terms
already discussed can be grouped togethafras(1 - a?rt + .....). The terms in parentheses are
the begiming of a power series expansion of the exponential functioragpt), which in turn
is quite similar to that appearing in the Yukawa poteftidd thus making explicit the
connection with the nuclear force description. By multiplying the BRaitlia? terms with such
an exponential function, we have a potential which is capable of producing the second minimum
for €€ in Fig. 5 while at the same time retaining the correct behavior needed at relatively large
inter-particle separations to properlysteibe the conventional positronium (hydogenic atom)
states:?

Since the damping effects produced by the exponential factor are relativistic in nature, it
seems somewhat more likely that the corresponding argument is a function of the momentum of
the paticles rather than the distance between themof.the form exp (+ a?p), with rl ~p =
|p|. This choice has computational advantages as well, because it means working with individual
guantum mechanical operators which depend on the coordinates of a single particle rather than
two. From the Lorentz classical Hamiltonjawe can also ditipate that a given particle's

momentum p is multiplied by its charg@mass ratio g/m. Finally, to obtain the desired binding
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energy for a given particlantiparticle systemit is convenient to introduce a free parameter A
as an additional factor ithe exponential argument.

The negative of the resulting potential is plotted in Fig. 6 (atomic units are employed
throughout) as a function of the reciprocal inparticle distance. For this purpose we use the
approximate representation V(rya&2r3exp¢a?rl). For high particle velocities it can be assumed
that the kinetic energy varies as pc in the range of interest, which can therefore be represented in
an analogous manner a&ar' in atomic units, i.eas a straight line. This diagram is useful in
aralyzing how binding can be achieved with such an exponentially damped potential over a very
narrow range, consistent with the total energy curve shown in Fig. 5. For small momenta typical
of electrons in atoms, the kinetic energy far outweighs the-saiayée potential because of the
factor ofa? in the latter expression. Coulomb effects are omitted from consideration for the time

being.
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FIG. 6. Schematic diagram exploring the nature of a slaode potential required to produce the type*eftetal energy curve
depicted in Fig. 5. At relatively small intparticle distances & a?) the relativistic kinetic energy varies nearly linearly with
momentum @ r. In order to obtain strong binding within a very narrow range of treedistance, the negative of the attractive
potential term must reach a maximum shortly after it crosses ietidkenergy line from the longjstance side of the diagram,
and then drop off again very sharply. Such an extreme cancellation effect reqpioésntial which fulfills at least three
conditions: a) a small coupling constant (or@gy, b) a shorter range (3y than the kinetic energy and ¢) a momentum
dependent damping which is exponential in nature.

The absolute value of the potential i@ases as the cube of the momentum (or inverse
distance) while the kinetic energy changes in a nearly linear manner, so it can be imagined that

the two quantities eventually become equal at some point and binding becomes possible. The

exponential dampingdzomes noticeable in the same region, however, and thus the above term
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does not increase as quickly as before and finally reaches a maximum. At the same time, the
kinetic energy continues to increase linearly with p and eventually a second crossingewith th
negative of the potential occurs in Fig. 6. The area in which the negative of the potential exceeds
the kinetic energy corresponds to a very small range of r, but the amount of binding with which it
is associated can still be quite large. For examplesat? the undamped BreRauli potential is

of the ordera™ hartree, compared to the kinetic energy's orderbhartree. Since the assumed
binding energy for the*e system is 1.02 MeV or&? hartree, it is clear that an enormous
cancellation musbccur because of the damping of the potential to obtain physically acceptable
results.

This state of affairs is probably the strongest argument for employing an exponential
damping to produce such a large degree of binding over a narrow range of imdeeparti
separation. The fact that the Coulomb energy is also of arélbartree for r =a2 suggests that it
is not possible to ignore this effect either, however, despite its relativelyrdmigg character.
Nonetheless, the predominant feature in the ighding scenario given above is clearly the
delicate cancellation at small interparticle separations between the exponentially damped Breit

Pauli terms and the relativistic kinetic energy.

D. SCALING PROPERTIE®F THE BREIFPAULI HAMILTONIAN
One of thekey requirements for the Schrodinger equation under discussion is thasit lead

to maximum binding energies for parti@etiparticle systems of 2Mgcconsistent with the
Einstein masgnergy equivalence relation. One postulates that a Hamiltonian exists which has
the required energy as itsinimal eigenvalue instead of assuming that annihilation occurs and
the total mass of the particles simply apgeas the equivalent amount of energy. It is well
known that the Schrddinger and Dirac equations for purely electrostatic potentials both have the
property that their binding energies are proportional to thecestl mass of the electron in
hydrogenic atomsand this result is easily generalized for systems containing otlegech
particles such as muons aadtiprotons. More interesting in the present context is the fact that
the proportionality between energy and mass also holds when the variouBdiligi€lativistic
corrections are added to the Hamiltonian.

To show thislet us assume that a solution to thén®dinger equation is known fa

particleantiparticle pair with chargéq and rest mass gnFurthemore, its lowest energy
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eigenvalue is taketo be-2myc? 1 -2mea? (in atomic units), corresponding to the eigenfunction
Y (r). The Hamiltonian itself consists of a series of kinetic and potential energy operators of the
type discussed earlier, including exponential damping factors F(p):q, m
Hp,r, g, m) = (¥ a2+ m a*)¥2i mea? V.1
_qu-l _ q2 m0-2 a2 r-3 F(p, a, m)
If the coordinates are scaled so that
P=Momoipandr =Mimer V.2
the original Hamiltonian becomes:
H(p, r, g, m) = Momo {(p"%a2 + Mo? a' 49?1 Mo a™
-t PMo2a%r 3 F (p’, g, M)} V.3
=MotmoH(p", ', , M),

provided F(p, g, B) = F(p’, q, M). The corresponding Schrodinger equation in the scaled
coordinate system thus becomes:
H(p', r, q, M) Y(r) =-2 Moa2 Y (r) V.4
i.e. by multiplying both sides of the Schroédinger equation for the original Hamiltonian by
Momol. As a result it is seen that(r), or the functionY’(r") obtained by makig the
corresponding coordinate substitution for it, is an eigenfunction of the analogous Hamiltonian for
a particleantiparticle system of the same charge q as before, but with rest mastddd of m
Its energy eigenvalue i€Moa 2, exactly as requed by the massenergy equivalence relation.

Moreover, this result is quite general, since it is easily seen that the above scaling
procedure has the effect of producing an entire spectrum of Schrodinger equation eigenvalues
which differ by a factor of Mms! from those obtained for the original particatiparticle
system. Furthermore, by choosing the argument of &(pn,) to contain the ratio p/m as
suggested by the form of the Lorentz electromagneticefétamiltonian discussed in Chapter
V.A, the equirement that this damping factor be unaffected by sucbordinate scaling is
fulfilled. The BreitPauli interactions also contain angular orbital momentum terms not included
explicitly in the above Hamiltonianbut these are clearly unaffected by thleove scaling
procedure because they either involve only products of r and p, or in the case of the spin
interactions, are completely independent of spatial coordinates. It is thus shown that the desired
proportionality between binding energy and rest nadigse constituents of a partiestiparticle

binary system holds for the Bre#auli interaction as long as the charge q of the individual
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particles remainshe same. This is clearly the case in comparing thesgstem to fp’, so the
original objectve sought at the beginning of this section is guaranteed by the use of such a
Hamiltonian.

This result also tells us that the proportionality constant A in the exponential damping
factor F(p,q,m) = exp FAa?(g/my)p] mustbe the same for proteantiprdon interactions as
between electron and positron. Alternatively, one might have assumed a different constant for
the electron than for the proton, in which case one would have had to adjust the inverse mass
dependence of the present expaotinargument in ater to obtain the desired scaling property.
From the point of view of economy of assumptions and relation to established theoretical
models, the former arrangement is clearly superior.

The units for the constant emain to be discussede left somewhabpen by the choice
of working in the atomic unit system. The exponential argumentaawhole must be
dimensionless. Examination of the damping factor F shows thar A must have units of the
product of inverse charge and velocity (p/m) in order to insurethieaargument as a whole is
dimensionless The units of A are hidden wheone uses atomic units directly in the
corresponding calculations, as has been done in the preceding discussion. If mks units are used
instead, A mus t)!siCaulme= 28530xhth stCoubni. The aetaalquantity in
t he e x p o n’chawever Which has aAdlue of 1.51926k4/Coul m.

E. MAGNETIC FHENOMENA: NEUTRINO INTERACTIONS
The chargdo-mass ratios appearing in the BfBawli relativistic corrections amdosely

related to the magnetic moments of the corresponding particles. The Bohr magneton 3 of a
system is defined as/2 times the chargé-mass ratioand the magnetic moment is usually
measured in termsfothis quantity. Strictly sp&king, the magnetic moment is a vector
proportional to the regular momentum of the particland in classical theory the Bohr nmagon

would simply be the corsponding proportionality constant. Magnetic measurements on
electrons in atoms have shown tlsach a straightforwardelationship is oversimplifiedand

have led to the introduction of a supplemental factor, the gyromagnetic ratio g. The disfovery
spin angular momentui#t brought with it the equally surprising result of g = 2 for the electron's

spin magnetic momeft1*2 Later on it was found that the correct value is actually slightly
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greater than this resift*®3* however. Moreover, the corresponding value for the pPéton
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 paséinigarticle states which ha
been suggested above. Since the scaling results discussed in the last section no longer hold if one
multiplies the g/m values in the Brdfauli terms with a differentttor for each type of particle,
however, it seems clear that the measured g vahesld not appear in such a Hamiltonian.
Moreover, this choice is alsmnsistent with the acceptedpdanatiort®* for the observed nen
integral g values for spin magnetic moments, namely that they arise because the corresponding
particle is affected by e@rnal factors (virtual photons or virtual mesons) which prevent the
measurement of its properties in a pure (bare) state.

Having made this decisiont, can be notedhat the only experimental cstants appearing
in the damped BreiPauli Hamiltonian arehie electric charges and rest messsf the interacting
particles.It is therefore clear how to defiree specific Hamiltonian for a system involving given
numbers of electrons and protcrsd their respective antipargd, particularly the*e and pp
combinations of primary interest.

There remains an important questiodmowever, namelyhow to deal with neutrino
interactions. The obvious approach is twimply substitute the correspding values for the
charge and rest mass of sudrtjzles and to solvthe correponding Schrédinger equation, but
the observed electrical neutrgliof the neutrino seems to prede any chance of success for
sucha procedure. There is one pdlsty worth considering, howevepyrovided the rest mass of
the neutrino is als@xactly zeroas seems possible based on experimental observations. In that
case, the charg®-mass ratio cannot simply be computed by dividing the above two quantities
because the quotient of zero with itself is undefined. From a purely theoreticgpatarthis
eventuality walld seem to invalidate the conslon that the BreiPauli terms necessarily vanish
for the chargeless neutrinbe. because dgmon itself might still be different from zerdSuch a
possibility seems to akh with the experimertabservations bearing ondlhmagnetic moment of
the neutmo, however, which indicatéhat it is alsoof vanishingly small magnituck® thereby
implying that the corresponding chasgemass ratio is still effectively zero.

The idea that the neutrimight possess a nezero magnetic moment which could help to

expldn its observed activity in nuer reactions is not new, and was in fact proposed by'#auli
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as a general property of massless neutral particles based on the Dira¢hderiater statcf®

that such a hypothesis fidoesn't seem to me at
between the magnetic moment and the chérgeass ratio of a given parteclhas not been

without its surprises, however. As already noted, the gyromiagragto, for example, is an
experimental quantityinvented for the expressed uppose of accounting for disqgancies

between observations and overly simplistic theoretical models. It is therefore wisertsex

some care in making condions about a p#cle's charggo-mass ratio based on magnetic
measurements alone.

In order for g/mto be norzero for the neutrinats rest mass must be exactly zero and (for
E . 0; see Chaptdt.C) it must move with the velocity of light (v=c). It might be anticgxthat
a truly definitive answer to the question of whether a massless neutrino can passegera
chargeto-mass ratio gmo swithout exhibiting a magnetic moment in the usual sense can only be
obtained on the basis of a quantum meclafarmulation of this problem.

The possibility of a noizero chargeo-massratio of the neutrino is inteséing in several
other contexd as well,however. It provides a ready explanation for the existence of both a
neutrino and an antineutrino, for example.dinan is norzero, 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
experiment$®7>77 It might also explain why there are apparently different types of neutrinos
observed in neutron and piomuon beta decay$ Neutrinos with distinct |g/eh ratios would be
expected to exhibit different behavior, despitarthmutual lack of charge anést mass.

In the present discussion, the point of immaésl interest is whether thesasnption of a
nonzero g/m value for the neutrino leads to a solution of the corresponding Schrddinger
equation (with the exponentially damped Bie#uli interactioe mentioned above) for a
complex which has zero binding energy relative to its separated paitileg. mp ¢? in analogy
to that of the & and pp systems. Zero binding energy does not neaély mean that a
potential wé does not exist, aSig. 5 shows. Thereould be a large barrier septing the two
minima in this case as well as fore, and thus the™:system might also be characterized by a
relatively small optimal inteparticle separatin®®’ Calcuations investigating this point will be
discussed in the following chapter.
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F. TRANSLATIONAL ENERGY AND SHORT-RANGE INTERACTIONS
In ChapterV.B it was noted that the usualpsegation of internal and centef-mass motion

is not possible for a Hamiltonian containing the Einstein relativistic kinetic energy operator and
the various BreiPauli terms. This observation deserves closer examination before moving on to
the task ofcarrying out explicit calculatns based on the corresponding Schrddinger equation.
The condition of zero translational energy requires that the expectation vaimw wdnish,

which for a binary system such as positronium or the hydrogen atom implies that the momenta of
each particle arequal and opposite to one another at all times and spatial positions.

Sincep = mv, this means that particles of equal mass must always move with equal speeds
in opposite directions relative to themidpoint to fulfill the conditon of zero translatiorThe
Breit-Pauli interactions are not only sho#ainge but also momentudependent, and so the only
way to obtain a large attraction on the basis of such terms is for the expectation valwaslof p
ri® to both be large for a given probability distritmrti From the above argument, however, it is
clear that a positron and an electron, with their equal rest masses, can stay in close proximity to
one another while still moving at high velocity, without havingtrenslation for the system as
whole. Hence high degree dbinding can result from this type of shoainge interaction under
these circumstances.

By contrast, if the masses of the two particles are quite different, as is the case for the
proton and electron in the hydrogen atom, they must mavewidely different speeds to avoid
net translation. Particles whose speeds differ by a factor of 1836 can only stay close to one
another while fulfilling this conditionf neither is moving very fasttom which it can be seen
that the possibilities foobtaining a tightly bound state under these circumstances are much less
pronouncedOn this basis, it is easy tmagine how the ‘& system might bendfimuch more
strongly from inclsion of the BreHPauli interactions in the Hamiltonian than does thdrdgen
atom. In particular, ‘& might possess state of much lower energy than the famifiaspecies
which results primarily because of the lerange Coulomb effect, whereas no comparably tight
binding state could be expected toawailable to the hyrogen atom.

At the same time the stad) property discussed in Chap¥iD tells us that the range of
the pp interaction must be shorter than féeeby a factor equal to the ratio of the respective
rest masses of the proton and electron. Tie . condition for motion without net translation

also applies to the'p” system and so one can explain the even larger binding enerdy ahp
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the same basis. Their larger mass allows the proton and antiproton to approach each other far
more closely on thaverage than the electron and positron while avoiding net translation of
either system. The exponential damping factor Fj(pi.) would also play a crucial role in this
distinction, particularly the inverse mass degpmmce of its argument, since litegirs to
effectively negate the influence of the BfBiwuli terms at much larger separations for the
electron and positron than for their heavier counterparts. These qualitative observations also
suggest that it might be importamdtto assume that the inteal motion can be totally separated

from the translational when it comes to sharge interactions at relativistic speeds. This topic

will be treated in more detail in Chapter X, but for the present we will simply represent the
proposed interdions directly in terms of the @rtesian coordinates for the constituent particles

of a given systemj.e. not employ the usual transformation to certtemass and internal
coordinates.

G. EXPLICIT REPRESENTATION OF THE EXPONENTIALLY DMPED HAMILTONIAN
The explict form of the Hamiltonian discussed above is given in Table I. For simplicity we

will refer to it subsequently as the XBPS Hamiltonian, the abbreviation standing for
"Exponentiallydamped Bre#Pauli Schrédinger equationAs usual there is a ongarticle
interaction for each constitueint the system, and a set of tparticle operators for each pair of
such species. The Hamiltonian of Table | is given explicitly for only two (representative)
particles with respective charges and rest massip @nd mi (mo;), but in view of the bove
discussion it is easily geralized for the description of any number and combination of different
particle types. The only orgarticle term in the Hamiltonian is the relativistic kinetic energy.
Other common onelectra interactions such as the Coulomb nuclear attraction for an electron
are to be found among the tyarticle interactions. The rest energyats mea? (atomic units

are used throughout) is subtracted from the Einstein sqoateoperator in the usual wdo
represat the kinetic energy. This predure effectively defines the zero of energy as that of the
(infinitely) separated particles at rest.

The first twaparticle interaction listed in Table | is the Coulomb term and it is the only one
which is unchaged relative to the standard BrBiauli treatment®® The remaining terms are all
exponetially damped, but fall into dtinct categories, depending on whether they are multiplied
with 0102/Mo1Moz OF ti¥/Moi? (or p?/Mo2?). In the first group are the spotherorbit, orbitorbit
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and spirspin terms, the latter including @function component. The spsameorbit and
Darwin interactions comprise the second category. Since all particles are to be treated
equivalently it is essential that each tvparticle interaction be symmetric with respect to
interchange of the corresponding indices, as provided for in the originalFBuditHamiltonian.

The Coulomb term obviously satisfies this condition, singésra scalar quartyi denoting the
magnitude of the distance separating the two patrticles.

The most significant change in the operators of Table | compared to those in the
conventional Bre#Pauli Hamiltonian is their multiplication with exponential damping factors.
For theterms of orbHorbit type, it is assumed that two such factors are needed:
expEA B|(g/maipil), for i= 1 and 2. To insure that the Hamiltonian be hermitian, it is necessary
that the same pair of factors appear on both sides of the originaPBrditerms, sincgi andrij
do not commute with one another. The arguments of all the exponential terms are defined to be
negativedefinite, hence the absolute value sign in these expressions. The damping factors for
the spinsameorbit and Darwin terms hava somewhat more complicated form, however. Since
the g/m factors appear squared for these terms in the original-Bagili Hamiltonian'% it
seems consistent to also use squares of the corresponding damping factors for the same particle
in this instaice instead of products of two different kinds as before.

The sign of the interaction in the latter class of operators requires additional comment as
well. Since the prenultiplying factor is either f/mo1? or %Mo, it is not possible on this basis
alone to specify whether the interaction is attractive or repulsive. This information is contained
in the product of the charges of the two particles, which appears explicitly in th@xibitype
terms but not for the Darwin or spgameorbit operatorslt is thus necgsary to define a sign
conventon based on the productifam) (0/mo2) * G(1,2) according tavhich a positive result
corresponds to a negative sign for both terms, while the opposite choice is made if the result is
negative. Similarly a@n the other case, the exg2fa?|(g/moi) pi|) factor must appear on both
sides of the corresponding Br&lauli terms in order to preserve the required hermitian character.
The absolute value sign guarantees that the argument of the exponential ii&enegathe
factor always reduces the absolute magnitude of the originatBaait interaction for the same
charge distributions.
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Table |. Definition of quantum mechanical operators present in the exponentially dampe@&rkiHamiltoniaremployed

throughout the
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The indices i and j are used generically to represent two interacting particles; the quakfdiliesd mi (moj) are the electric
charges and rest masses of th¢!) particle, A is the exponential damping constant , @r(@;), s () andr; are the standard
vectorial symbols for the linear and spin angular momenta of a single particle and the distance betWemmdtfieparticles,
respectivelyThroughoutte pr esent s t-sirattyre ¢okbtant; atontichueits émiplayed throughdim. indices i and
j are used generically to represent two interacting particles; the quantifggsand mi (mo)) are the electric charges and rest
masses of tha"i(j!") particle, A is the exponential damping constant, @r(@;), s () andr; are the standard vectorial symbols
for the linear and spin angular momenta of a single particle and the distance betw&amdhié particles, respectively.

Note thatthere is an error in the original version of this taBfaamely the exponential factors appear more often than above.

It might be argued that the above sign \aamtion for the Darwin and spsameorbit
terms can be satigfd more simply by replacing@mo:? by gagz/moi. The result would clearly
be the same as before only ii||e |@|, however This is the case for interactions between
protons and electrons and their antiparticles, but in a more general formulation capable of
dealing with other typeof particles as well, it seems preferable tplemthe former definitions.
In this way the chaye of a given particle only appears divided by its own rest mass in the
damped Bre#Pauli interactions. This prescription at least formally allows for thatitment of
chargeless, massless neutrinos with such a Hamiltonian, without introducing the types of
singularities which otherwise would aisvhen coupling constants invelg ratios of the charge
of one particle and the rest mass of another are employed.

Returning to the immediate focus of attention, tfe gystem, it can be seen that the XBPS
Hamiltonian of Table | exhibits a special symmetry in this case, nhamely it commutes with the
charge conjugation operation C. This means that the correspondinfueiggens must be either

symmetric or antsymmetric with respect to interchanging the electron and positron coordinates.
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The same result clearly holds for any partatgiparticle binary system. This is a different
situation than one normally encounténs conjunction with the Pauli principfé® in which
permutation symmetry results because ofitigistinguishabilityof the component particles. As

a result it is not necessary to assume that the only physically medrsngftions are of one
symmetrytype, for example, ansymmetric in the case of fermions. The symmetry in question
arises not because the particles are indistinguishable, but rather because their (different)
properties can be exchanged without affecting the form of their mutual inberadthis
characteristic applies to all states of positronium, including those of hydrogenic type. In view of
its special nature, however, there seems little point in incorporating this symmetry into the basis
functions employed in explicit‘e calculatiors with the XBPS Hamiltonian. In generél will

be assumed that the maparticle basis consists of products of Slater determitirits each
particle type,i.e. antrsymmetry is assumed only for indistinguishable fermions. Bosons arise
naturally aseven products of fermioASand thereforerequire no additional symmetstion

procedure.

VI. COMPUTATIONS FOR MASSLESSS PARTICLE -ANTIPARTICLE BINARIES
The central hypothesis pbored in the previous chapters that elemental matter can

neither be creatknor destroyed. Rather it is argued there exist strong attractive forces between

elementary particles and their antiparticles which lead to massless binary systems whose non
observability is understalable in terms of the Bohr fjgency relation (E = m 8 impliesn =0

andl ==r). The XBPS Hamiltonian given in Table | has been deduced in accordance with such
expectations and calculations employing it will be considered below, starting with the electron

positron system.

A. DETAILS OF THE COMPUTATIONAL METHOD
The computatnal methods employed are maebklafter those of electronic structure

calculations for atoms and molecules. In essence a matrix representation of the XBPS
Hamiltonian is formed with the aid of products of gueticle functions. Thdirst step is to
compute integrals for each of the original Bieéuli operator8® (except for the mass velocity
terms) over a set of basis functions. Because of the decision to treat all particles in an equivalent

manner, with no assumptisrabout fixé prolkability distributions for any of themt can be

71



noted that the Hamiltonian is symmetric with respect to all operations of the full rotation group
plus inversion. Accordingly, it is reasonable to localize all basis functions at a single center,
simply the origin of the coordinate system. As mentioned in the last chapter, the only one
particle operator under the circumstances is that of thati(fistic) kinetic energy. Alllie other
Breit-Pauli terms in the Hamiltonian, including the Coulomb intéoactare treated exclusively

as twoparticle operators®®.

To construct the most general possible digitomputer program it was dded to employ
the same set of basis functions to describe each type of constituent particle. This approach seems
reasonale because in a system with no net translation, the momenta of the particles should be
similar, which implies basis functions of roughly the same extension for each of them. In the last
analysis it is always possible to employ individually optimized basistions for each particle
type by simply combining all such sets and making them available to describe the probability
distributions of all the particles involved.

In this approach it is only necessary tompute the various oneand tweparticle
interadion integrals for electrons in the initial stage of the calculation. These results can then be
conweniently adapted for treatmenf particles other than electrons at a lategetat was
decided to use realdttesianGaussian functions to construct tbeeparticle basis, although it
would also be convenient to usaftekrtype exponential functionss more commonly employed
in atomic calculations. Since no exact solutions for the Schrédinger equations of primary interest
are known, the primary considdmt was to choose a basis capable of describing general
continuous functions which vanish at infinite distance from the origin.

An option for use of oneenter pagntials is available in the programhich enables
conventional atomic calculations to be ¢zdrout as well, in which case only tvparticle
interactions for electrons are assumed, although this restriction could also easily be removed. In
such applications the charge of the nuclear center is required as input for the initial integral
computatios. Otherwise no input is needed other than the exponents and coeffid¢i¢hés o
contracted Cartesian a&asian basis functions. dfmulae for the calculation of Cartesian
Gaussian integrals for all the Brdttauli operators may be found elsewhéfeThe computer
program for evaluation of these integrals for the present study has been written by Chandra and

implemented by Phillips, Liebermann and the autffor
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Because of the presence of spin variables in thepartecle functions it is desirable to
carry out the overall treatment by employing a basis of eigenfunctions of the total angular
momentum operatoré and . The corresponding spiorbitals are formed with the help of the
ladder operator technigtfé and conform to the standard Cone®hortey conventions*® The
transformation of the Brefauli integrals from a basis of spatianctions to the desired spin
orbitals is effected in two steps: the complex spatial eigenfunctiorsantil, are employed in
the first transformation, followedyba second change of basis to theg;jeigenfunctions. In the
processthe number of basis functions is doubled in the usual way because of the duality of the
spin representatioffor fermions. The final twepaticle integrals are classified according to
quartets of the four quantum numbers, n, |, j andwhereby n simply numbers the different
spatial basis functions from unity upwards. Because of the spherical symmetry of tHeaBteit
termsit is only necessary to spegithree m valuesexplicitly, since the only nozero twe

. . . | i
particle integrals are characterized ;iie)yn j=0.

Two other indices are required, referred toGaand p. The index p simply fers to the
different operators employed, while r is an ordering index with only twegsaA standard order
of indices is defined, whereby the integrdl&) Gn(2) Gyu(1,2) Gc(1) Ga(2) > is characterized by
G = 1(2) if the standard order can be reached by an even (odd) number of permutations of the
orbitals of the same particle. As is common pragctiteéhe spinsameorbit term is treated as two
separate operators, one fars: and one fol2 2. All other Breit-Pauli terms are symmetngith
respect to particle exchange prior to multiplication by the various gdupling constants and
can herefore be treated as symmesiems atthis stage of the computationse. before the

charges and rest masses ofdbtual constituent particles are introduced.

B. TRANSFORMATION TO THE MANY-PARTICLE-TYPE BASIS
In Chapter V it was argued that the original Biegtuli operators need to be adapted so that

a Schrodinger equation employing them can lead to a esasstate of a partickntiparticle
binary systemi.e. one whose binding energy is exactly equal to the sum of the rest masses of its
constituents. The suggested changes have always involved functions of the mooertator,
specifically a squareoot and several exponentials. These operators lead to integrals needed for
their matrix representation which are relatively compéidato evaluate in a direct nraar. This
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is particularly true for the twparticle exponentialhdamped Bre#Pauli terms (Tablé¢). Closed
expressions for the relativistic kinetic energy do eifSbut in order to deal with all thequired
operators in a consiste manner, an approximate integral evaluation technique must be
employed. It was thus decided to apply the mapircedure referred to abd¢e for the
treatment of both the squareot and exponential function operators. This involves use of the
resolution of the identity formalistff and thus results emplimg it approach their exact kees
only as the basis set pioyed to obtain the matrix representation of the Hamiltonian nears
completeness. Numerical t€$ts*® comparing the exact and matrix representation values for
relativistic kinetic energy integrals indicate that this level of approximation is suitabtaeo
purpose at hand. The situation is more complicated for the dampeePBudiitterms of a two
particle nature, because it becomes impractical to satueateatis to a similar extent asthe
squareroot operator tests. Nonethelessijsitalways paosible to judge the numerical stability of
the final results of the calllations by comparing with amaous findings obtained with basis
sets of different size. Since all thpaevators which are primarily sponsible for these difficulties
are functions othe momentum operator, it is possible to proceed in a very similar fashion for all
of them.

Briefly, one first needs to form the nealativistic kinetic energy matrix for electrons in
the assumed gaussian basis and then to diagonalize it. If the bagierfsl were momentum
eigenfunctions, the desdeelativistic squareoot integgrals could be obtained exactty simply
replacing the §i2 eigenvalues by the corresponding results for the operator in question. A related
diagonal matrix can be formed evédnmomentum eigenfuctions are not used, but then it is
necessary to subsequently carry out a reverse transformation to the original basis. The resulting
nondiagonal matrix is then used for all subsequent computatianthel case of the damped
Breit-Pauliterms it is necessary to carry out an additional matrix multiplicitiamvolving four
oneelectron exponential matrices and the original-paticle BreitPaulicounterpart discussed
in ChapterVI.A. The use of tis matrix technique has the ddvantge of rendering the overall
treatment notvariational, but again use of a suitably flexible basis set minimizes this effect.

It is at this stage of the computations that the charges and rest masses of the various
constituent particle types are first needBdch of the ongarticle matrices for the relativistic
kinetic energy and the exponential damping factors requires such input values explicitly. The

corresponding matrices are generated for each particle type from?hengnrelativistic
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counterpart. tl should be clearly distinguished between "particle types" and "particles" in this
connection. At this stage it is only necessary to know what kinds of particles are contained in the
system at hand, and not how many of each. Once thesgadtiee matrice are generated it is
necessary to carry out a series of fouttex transformations for each Br&lawuli operator p and

pair of particle types p. Because of the nature of the total XBPS Hamiltonian it is necessary to
distinguish between = (1, 2) andr = (2,1),i.e. the order of pdicle-types is significant. This
becomes obvious ahe next step in the procedur® which each transformed matrix is
multiplied with an appropriate set of coupling constants formed from the charges and rest masses
of the constuent particles (see Table I).

These results are then added together to form the finalamuetwoparticle Hamiltonian
matrices, which are stored for further use in the nzanyicle phase of the theoretical treatment.
The fourindex (twoparticle) integrals are ordered by means drtets ofindices for each basis
function, as distinguished by their respective values for the quantum numbers n, 1, j and m
discussed above. In additiothere are separate values for each of the ®@y®rmutationsas
well as for each pair of pacte-typesr. The operator index p has thus effectively been replaced
by the particlepair indexr at this stage of the treatment as a result of the additions and scalar
multiplications of the individual operator matrices to form the Hamiltonianpgarticle matix.

The kinetic energy matrix elements are ontgered with respect to n anthécause they do not
vary with j and m In addition,only diagonalr values are needed because of the-marticle

nature of this operator.

C. COMPUTATION OF ENERGIES ANBVAVEFUNCTIONS: VARIATIONAL CI APPROACH
The method employed to obtain approximation solutions for the Schrodinger equation

discussed above is primarily the configuration interaction approach. Aawdistent field
calculation is first carried oubtgenerate an orthonormal basis of -paeticle functions which
allows an optimal description in terms of a single configuratidt! A coupling scheme is
employed which amounts to using -J¥2K (J, Coulomb and K, exchange operators, in the
.conventionahotatiort*®*%y for interactions of the same partidigoe and only Jor all others.
For this purpose appropriate averages over multiplet interactions are as$amedact form of
the (self-consistent fieldSCH procedure is of little consequence metpresent applications,

however, because a full ClI calculation is ultimately carried @utwhich case the final
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eigervectors and eigenvalues of the mararticle XBPS Hamiltonian are independent of the
choice of oneelectron basis. In essence the SCBcpdure is used primarily tobtain an
orthornormal basisvhose use simplifies the evaluation of Cl matrix elements (SGdadon
rules)*®!

The next step in the theoiel treatment is then the foundex transformatin of the
XBPS Hamiltonian matrix téhe SCF ongatrticle basis. Advantage is taken of the higlgree
of symmetry blocking proded by the use of orearticle eigenfunctions of jand j. The
resulting matrix elements are reordered into groups with the sam& gndr values for the
orbital quartets,i.e. all n and m conponents are stored contiguously. Because of the
trarsformations to SCF orbitalst is now necessary to distinguish in general between kinetic
energy matrix elements involving the same | but different j.

Subsequently altonfigurations of orbital products which are possible in a given basis are
formed based on the occupation numbers of the various particles. The latter information must be
provided by the user at this point. The desired total J angular momentum quantuer anchb
the corresponding parity P are also given as input, and only configurations which lead to
multiplets of the desired symmetry are retained. Linear combinations of the-pasdioie
product functions (ansymmetrized within each partietgpe, as disussed at the end of the last
chapter) which are eigenfunct®of ¥ with M; = J are constructed and Hamiltonian matrix
elements are computed with respect to this basis. For this purffeseBungeDavidson
projected determinant technidt®ensures thatnly the minimal number of determinantal matrix
elements be computed. In general the Si@mmndon rules are employed with a procedure closely
related to the Table ClI technidd®used in computations for molecular systems. It should be
noted that imposinthe condition of zero net translation for the combined system, as diddnss
ChapterV.B, makes the Slater determinant form for the associated wavefunctions considerably
less advantageous than in the present treatment. This is because the coordsfatenaon
required for the above purpose inevitably singles out a particular particle in order to define a set
of relative spatial coordinatg$’ In a relativistic treatment for which the reference particlpis-
functions need to be considered explycithis circumstance represents a considerable obstacle
to the design of a generally applicable mgayticle computational procedure.

The resulting XBPS Hamiltonian matrix is then diagonalized by conventional mgftiods

provided the dimension of thelfCl is not very large. Tests have been carried out in such cases
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to demonstrate that the full Cl eigenvalues are the same for different choices-aléanen
(SCF) abitals deriving from the sameassian basis. For ap@itons involving larger systesn
for which the full ClI method becomes impractical, a subset of the pondsg space is
employed whichs generated by taking all single and double substitutions relative to a series of
key reference cordurations (MRDBCI approximatiot®). In this ca@e the Davidson
diagonalization procedut® is emploed to obtain the desired rootshereby accurate starting
vectors are highly desirable for this purpose. In the present chapter dealing withe-parti
antiparticle binary systemspnly full ClI computatims are consideredo that the only
approximation employed in obtaining the XBPS solutions is the use of a finite basis in the
corresponding Hamiltonian matrix representation.

As mentioned in Chaptev.B, the squaregoot form of the relativistic kinetic emgy as
well as the presence of the various momentum factors in the-FBrelt potential terms
eliminates the possibility of introducing the usual separation of internal and -oémb@iss
motion in the present theoretical treatment. As a rehdttotd energy resulting from the above
Cl calculationggenerally contains a coibution corresponding to net translation of the system.
It is therefore desirable to also compute the expectation value of the translational energy

T=[(ap;)? a2 + Mo?> a2 - Moa?, for which purpose the rest mass, &f the combined
i

system must be provided as input. The procedure emplagaih involves the matrix
representation technique described in the last section.

It is first necesary to catulate the § p; )2 matrix inthe same basis used throughauljch
i

is accomplished conveniently by dividing the operator into its- omed twoparticle

contributions:e_ipi2 and 24 p;pj. For this purpose ongarticle marix elements for the ip

i i>]
operator are required. There is an important selection rule in thisnaamely L'=L ° 1, i.e.

only pairs of functions satisfying this relation give aamishing results. A basis satnsisting

of only s functions, for examplean only lead to vanishinga(p; )> expectation values for a
i

given manyparticle wavefunction if the diagonal p? term itself vanishes, which as a sum of
i

positivedefinite oneparticle quantities is impossible. Theo-particle terms can lead to a

substantial reduction in &(p; )>> relative to what is obtagd with only oneparticle terms,
i
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however, if more than onevhlue is pesent in the basis set employedt éven in this casé is

very difficult to obtain an even approximately vanishing result fof pg;()>> for the XBPS
i

wavefunctions in the present theoretical treatment.

In principle, knowledge of the total energy <E> andi g()>> values allows the direct
i

computation of the rest mass of the combined system, but this possibility is of little practical use
when less than exact results are available. Hence the reliance on a separate input value for this
guantity is preferred, as noted above. There are sepsvaédures for obtaining the internal
energy E at this level of approxinteon. The first involves the variational calculation of the total
energy's expectation value <E>. The corresponding wavefunction is then used with the help of

the Myinput value andhe expectation value ofi(p; )? to evaluate <T>, which is then subtracted
i

from <E>. A second possibility is to treat the operatoerHin a variational calculation directly.

This requires a matrix representation of T in the mpayicle basis, which is only practical for
relatively small ongoarticle basis sets. The resulting wavefunctions are infinitely degenerate in
principle, since any degree of translation leads to the samalle for a given internal state. In
practice it is genmally preferable to seek solutions with minimal translational energy, and this
goal is best accomplished by dealing with H alone at the variational stage, as discussed first. The
expectation value for the translational energy can also be computed in rthebatenal
approach bymploying the above matrix rementation of T, as opposed to first computing

<(ap; )?>.

D. CALCULATION OF NON-HYDROGENIC STATES OF THE'e SYSTEM
The basic strategy for obtaining afeestate with a binding energy of 2ciis to vary the

constant A in the XBPS Hamiltonian (Table 1) until the lowest energy possible for a given
number and type of basis function corresponds to the desired value. Without the exponential
damping (A = 0), thiggoal can never be reached because the Hamiltonian is not bounded from
below in this case. The first basis chosen contains tvamd two ptype primitive Gaussians

with initial exponents of 1.0x¥Gand 1.0x18 a, for both types. The exponents were npliéd

by a scale factor d and a full Cl calculation
The computations show that the lowest energy results for a statesygminetry (J=0 and

negative parity). By varying both and the damping constaAt it is found that a minimum in
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energy of the desired valueé? =-37557.7 hartree) occurs for the lowesstite forh = 0.11
and A= 1.054 € As expected, the value of the minimal energy increases with the magnitude of
A for all h and advantage isaken of this relationship in subsequent optimizations. These
calculations thus demonstrate that the XBPS Hamiltonian can be subjected to standard
optimization techniques and the energies of the corresponding full Cl secular equations can be
suitably adjustd with a single free parameter.

The next step was to define a larger basis set consisting of vl dive ptype primitive
Gaussians. The exponents were initially assumed to form a geometrical prograessidr %',
The value of? was taken to be.Q after some initial experimentation. As before, the energy
optimizations are carried out with respect to a single scaling parametach multiplies all the
R} values. The exponents are taken to be the same for the s and p se@2@x 16 a;2). This
is already a reasonably large s,p basis, consisting of 8Gosptals or 40 for each particle,
considering that a full CI optimization is to be carried out. It is nonetheless considerably smaller
than those commonly used to study hydrogenic systema definitive basi§’-14¢ but it will
serve the present purpose adequately, namely to examine the description of the propesed tight
binding states in the XBPS model.

Again, it is found that the most stable state of the system has ‘Osymmetry. The
corresponding wavefunction consists of productsiefand p2 (° denotes positron or electron
function respectively) ongarticle functions. Four products of spin orbitals are required for any

pair of exponents:

0 = py/o (M = %) sy (M = -%2) - pi;2 (M = -Y2) sp/, (M = %)

+p1/2 (M = Y%) sy (M = -%2) - pyyo (M = -%2) sp), (M = %2). VI.1

This functionis seen to not only possess singlet spin but also to be symmetric with respect to the
chargeconjugation operation (see Chapte for a discussion of the latter symmetry property

for particleantiparticle pairs). The optimal value for the scale fabtes 0.095 and the correct
binding energy of 22 is obtained for A= 1.078 a.Dne should expect that the value of the
damping constant increases with improvement in thepamgcle basis and this behavior is
observed. The change in A relative to its Asydlue is 2.3%, which indicates that we are already
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relatively close to the limit attainable with s and p basis functions. It is thus of interest to look at

the results of the 5s,5p calculations in more detail below.
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TABLE II. Total full Cl energy (in hartree) of the lowest states of various symmetries ofahgystem obtained employing the
5s,5p basis with scale factor= 0.095 and exponeantidamping constant A = 1.0735u. for the XBPS Hantionian of Table I.

Symmetry First Root Second Root
0 372025.142 561471.371
0} -37656.717 483278.726
1 596788.279 646488.246
T 592821.494 639727.142
2" 785793.989 806032.930
2 691742.083 763807.974
3" 853632.944 164188.023

TABLE llI. Energy contributions (in hartree) of various operators (see Table | for definitions) fos the0nd state of the*e

system obtained employing the 5 5 p

XBPS Hamiltonian.

basi s

wE @.095 ancteaporeali laapirtg canstadt A = 1.0775 afor the

Operator

Expectation Value

Kinetic energy
Coulomb
Spinsameorbit
Spinotherorbit
Darwin Term
Orbit-orbit
Spinspin
Spinspind

Total energy

1992262.978
-3233.894
-378340.098
-830993.650
8889.119
-407592.397
-418648.776
0.000

-37656.717

The energies of the most stable states of each symmetry obtained in this treatment are

given in Table II, from which it is seen that the lowlystg O species is favored by a large

margin over the other states, being the only one which is bound with respect to the separated

particles at this level of treatment. Thet@al energy is broken down into contributions from
each of the terms in the XBPS Hdtminian in Table Ill. The total kinetic energy is 1.99 »* 10



hartree or 54.2 MeV, so it is clear that the two particles are tightly bound. The main attractive
contributions come as expected from the damped-Beaili interactions. The spsameorbit,
orbit-orbit and spirspin terms are each in the order4f 1¢ hartree, while the spiatherorbit
interaction is double this amount. The relative order of these contributions is easily
understandable in terms of the constants multiplying each operatee BreitPauli interactions
themselve¥® (see Table I). The cancellation between these attractive potential terms and the two
repulsive quantities is very delicate, as seen by the fact that the binding energy is only 1.88 % of
the total kinetic energyBy way of comparison, it should be recalled that the binding energy is
exactly equal to the kinetic energy in Aaativistic treatments of atomic systems (by virtue of

the virial theorem).

It is important to note that a state composed of only s orbtals give zero contribution
by symmetry for each of the above BtBduli potential terms, so it is not difficult to understand
that substantial » character is present in the optimaw@vefunction. It is well known that the
pu2 orbital is stabilizedy spirorbit coupling in atomic calculations, so this observation is also
not surprising from that point of view. The binding is considerably enhanced foretsystem
relative to the hydrogen atom because of the much larger magnetic moment of itten pos
compared to that of the proton, as demonstrated in Table Ill. In this sense the large binding of the
0 state can be thought of as resulting from a tremendously large increase im th@sp
multiplet splitting in the spectrum of hydrogenic syste It might be thought that a/ppi-
configuration would be even more stable on this basis, but the added kinetic energyisfp
vis si2 is decisive in avoiding this result. If the calculations are carried out under the condition of
vanishing tanslational energyP(= 0; see ChapteV¥I.B), it follows that the corresponding
function of the electroiositron separation would be a p orbital (more specifically.especies
coupled with the spin of the reference particle to producesal@ion).

The O state's composition is noteworthy in another way, namely that it possesses an
exactly wvanishing exp e dundidniteormappeaihguirethefoogmal t h e
Breit-Pauli Hamiltonian, as can be verified using the above sample wavefuntlimmmeans
that the electron and positron never occupy the same spatial position when their spins are
identical. The expectation value of the Darwin term in the XBPS Hamiltonian itself (Table 1) is
nonzero in value (Table Il), but this result stemsnfrahe form of the exponential damping

factors employed in this case (same as for the-sguimeorbit term). Thed-function term in the
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spinspin operator also has a vanishing expectation value for the@function, with and
without the XBPS adaptation@able Ill). This result shows that the avoidance property for
electron and positron is not restricted to species of the same spin component sifsesbalar
product allowsa and 3 spins to have a naaro interaction in general. In view of the opposite
charges of the electron and positriirmight be thought that these particles would prefer to be in
the same region of space much more than these results would indicateg shbald not forget

that the Darwin term itself is repulsive in this case, and thus its influence should tend to be
minimized in a variational treatment. This consideration does not completely explain the
observed behavior, however, as it must be assuhmdsuch a relationship between the two
charge distributions also maximizes the effects of the attractive terms in the XBPS Hamiltonian,
such as the spispin, spirorbit and orbHorbit interactions. Since the vanishing magnitude for

t he v afunctoru ®rmslis so clearly tied up with the €omposition for the ‘&
wavefunction, there is good reason to expect that similar results will be found regardless of the
size of the ongarticle basis set employed. In tAe= O limit for this state discusseti@ve, even

the expectation value of the exponentially damped Darwin term must vanish exactly since it is
forbidden by symmetry from having an admixture of s spatial character. Such a function must
also be symmetric with respect to the charge conjugatieratipn, in agreement with what has
been found in the calculations above for thevAvefunction with nofvanishing translational
energy.

The exceptional nature of the 8¢ state also gives added support to the hypothesis
formulated in Chapter Il to theffect that such a massless state of positronium is identical with
that of the photon at rest. Although this result might be thought to be inconsistent with such an
assumption because the photon is normally assignegrimetry, it should be recalled thae
photon state given the latter designation does not correspond to a massless system. The
experiments which demonstrate that the photon has one unit of angular morfretitéon
example, are based on a radiative emission process. Since the dominaahismedn such
transitions is electridipole in character, it follows that a change in angular momentum of one
unit must have occurred in the process, for both the atomic sgsténihe photon itse(see Fig.

3). In the creatiorannihilation hypothesisattention is centered on the change in the atom's
angular momentum, but the premise in the XBPS model is that a massless photon is present prior

to the transition and thus that its angular momentum is also altered upon emission. On this basis
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one can concadde from the rule for the vector addition of angular momenta that the original
massless photon must have possessed one of three possible J values: 0, 1 or 2. Since it .is
difficult to imagine how a system with zero momentum, as must be assumed for a\pitlotén

= 0, can have other than zero angular momentum, the finding that J = O is greatly preferred in the
present calculations for the proposéd éght-binding state is actually easily reconcilable with

ASEINts.

the results of the photon angular momentum mes

Since the electric dipole moment has negative parity, one is also led to conclutthe that
photon state after emission haglidferent parity than the initial massless statéis deduction
would appear to contradict the presently calculated fqthat the symmetry of the latter i5 0
but closer consideration shows that the assignment of negative parity to the state of the emitted
photon is perfectly arbitrary. Parity designations of particles are always based on assigning one
of two possible vales to some standard system, and as such it is not possible to speak of
absolute parity determinatiofiéon the basis of experimental evidence alone. If one believes that
the photon is created from nothing, it is perhaps natural to assign even pdréyriial photon
state, and consequently odd parity to a photon generated as a result of an-diedéic
transition. The present calculations suggest a definite structure for the massless photon state,
with O symmetry, so that in this view one is ledconclude that the state of a photon observed
after an electriglipole transition is actually *1 i.e. the opposite parity as conventionally
assumed.

At the same time, one can point to more general discusfionisthe dynamics of
relatively light parttles such as electrons or neutrinos when confined to small (rHikEar
volumes which clearly suggest that it is highly unlikely that they exist in other than the lowest
possible angular momentum state under these circumstances, which again in the qésean
would be J = 0. Higher values of J are easily conceivable in conjunction with the translation of a
tightly-bound system, however, which corresponds to the natural condition of a photon with non
zero energy. With regard to the positronium deceycgss, it is interesting to note that the
present assignment for the photon's massless state implies that the most common process
involving a singlet initial state corresponds to*a 00 transition (see Fig. 4). Such a process is
well known to be forbiden by any radiative mechanism involving only a single photon,
consistent with whiais observed (ChaptditA). A possible twephoton transition would proceed

with the aid of a 1virtual photon state, in which case the two decay photons would possess

84



respectively 1 and 1 symmetry,i.e. of opposite parity to one another but of the same total J
value. Since there is no net change of total angular momentum in the overall process, it follows
that the two photons must have complementary polarizationsy agabserved. On the other
hand, there appears to be no definitive means of establishing their relative parity experimentally.
All in all, it can be concluded that the calculations appear to be perfectly consistent with both
experimental observations anfdindamental theoretical considerations with regard to the
symmetry properties expected for particles of light.

The variation of the energy of thelate with the scaling parameteand the exponential
damping constant A is shown in Fig. 7. The miniraakrgy always becomes higher as A is
increased, as already noted. The Elvgurve is closely related to the schematic total energy
diagram given in Fig. 5, whereltyplays much the same role as the reciprocal of the square root
of the interparticle disance r by virtue of the scaling properties of Gaussian functions. For
example, the expectation value <r> approaches zero to the right of Fidh ha®ases. The
damping of the BreiPauli terms (Table 1) produces a sharp minimum consistent with this
interpretation, and the depth of the minimum is seen to be very sensitive to the value of the
constant A. Qualitatively, it is easy to imagine from this diagram that a system trapped in such a
deep potential well would be extremely stable. At distances tiefthef the minimum'’s location
the energy increases sharply, passing well beyond the zero value for the separated patrticles.
Eventually as the Gaussian exponents are decreased to their hydrogenichv@l€s$ ¢ 10°),
the total energy peaks and thée fpositronium Is minimum is reached on the basis of the same
Hamiltonian. A change of state occurs along the way, however, so thaf &€ sonfiguration
becomes most stable. At this point the mean values of the exponential damping factors are very
nearly unity, but they have the advantage of allowing a variational treatment of the hydrogenic
stateswhile still retaining a form of the BreRauli interactions in the Hamiltonian. At distances
smaller than that of the location of the deep potentialmum in Fig. 5, the energy is seen to
increase very sharply as a result of the steep decrease in the magnitudes of' the exponential
damping factors in this region combined with the corresponding increase in the magnitude of the
kinetic energy (see Fig. 6Altogether, a consistent picture emerges of a tightly boliedstate
with a binding energy of exactly 2g?, resulting primarily from an exponentially damped

attractive potential of relatively short range.
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FIG. 7. Variation of the computed total eggKin khartree) of the*e system as a function of the 5s,5p basis set scaling factor

in the XBPS treatment for various values of the damping constant A. The horizontal line at the center of the diagramdsorrespo
to the negative of the rest energy ¢2f) of the system. A value of A is sought which leads to this energy result foptiheim

choice ofh. Results for several other A values are also shown for comparison.
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E. CONSIDERATION OF TRANSLATIONAL EFECTS IN THE XBPS CALCULATIONS
The calculations discussed thus far have yet to consider the magnitude of the translational

component of the totanergy. As discussed in Chaptér.C, this can be done in several ways,

the simplest of which in the present context involving the computation of the expectation value
of (Spi)? for the wavefunction already obtained. On this basis found that the translational
energy is 1.3483 x fOhartree, a very considerable amount. This result needs to be kept in
perspective, however, when comparing with conventional calculations in which the-afenter
mass motion is factored out. We havertfore carried out the analogous treatment for the
hydrogen atom (employing a slightly larger 10s,5p bases)by also treating the translational

and internal motion togethexplicitly. A total energy 0f0.4660 hartree results, which is 0.0340
hartree higher than the nerelativistic Schrodinger equation value. The expectation value of the
translational energy <T> obtained with this wavefunction is 0.015 hartree, which corresponds to
a mean centeof-mass momentum of 7.42 a.u. Assuming that momentucreases
proportionally with ¥ and comparing the value of the &e expectation value Table IlI
(Coulomb term-3233.89 hartree) to the unit value known for the H atom ground state leads to
an estimate of the translational momentum of 2.400%a10,which upon multiplication with c

= a’! corresponds to a translational energy for a massless system of 3.29artt€e, roughly
two-andonehalf times larger than the above computed value.

The pssy2 form for this state helps to minimize the expectation value of T because it leads
to a 1 p2> cross term which is necessarily negative (it is proportiongkt@iz p s2>F). In
other words, it is also possible to look upon the relatively highlsgyabi the O state as resulting
from its ability to minimize the translational energy with this type of wavefunction.

Since the goal of the present exercise is to obtain a state ywitBnkc?, i.e. with no
translational energy, it is clear thie previous optimization procedure based on <H> alone has
an element of inconsistency connected with it. An alternative procedure is to minimgize=<E
<H> - <T > in the scaling procedure, choosing the damping constant A so that the lowest
internal enegy is -2mec?. This can be done in two ways, as discusse@hapterV.B. In the
first method, the variational calculations are done relative to the XBPS Hamiltonian as before,
but the decision as to whidhand A values to employ is based on the criteabproducing a
minimum value for <> of the desired magnitude rather than for <H>. This procedure leads to

an increase in the optimum scaling factohte 0.27 (three times larger than before). Moreover,
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the A damping conaht must be increased to 1.634.1. (roughly 50% higher than in the <H>
optimization) in order to have the <*Eminimum vs.h to have the desired value. The value of
<T> is decreased in the process to 8.0857 Xhadtree. Numerically this result can be seen to
arise from a competitio between the effect of increasing A (which cuts down the influence of
the shorrange potential terms) and that of increasingt the same time. The tendency ffioto
increase is consistent with the effect disged qualitatively in Chapt&.B, namely hat in a

state which makes heavy use of sharige interactionghere is a definite advantage to having
the centeinf-mass motion kept as small as possible. This allows the velocities of the two equally
massive particles to maintain roughly the samedpeéd thus draw more closely together on the
average.

There is a difficulty of another kind with the latter method of optimization, however,
namely that its charge distributions are determined from CI secular equations involving the total
Hamiltonian, wheeas the criterion used for determinihgand A values involves something
other than the corresponding energy eigenvalue. The alternative procedure of usinfp<H
directly in the variational procedure is even less satisfactory, rewéecause as mentexh
above,there are an infinite number of translational states with the same eigenyammdEso
there is no guarantee that the loweseérgy state obtained in this type of optimization will have a
low value of <T>.

It needs to be emphasized that pgremary goal of the present calculations is to obtain a
wave function for a masslesse state, which means <T>=0 and <H>=¢=E -2me?. If the
oneparticle basis set is complete, both of the first two optimization procedures discussed must
lead to idefical results for the lowestnergy eigenvalue and corresponding wavefunction,
whereas for the variational procedure based orTxHthis result is only one of an infinite
number of possibilities and thus seemingly unlikely. Nonetheless, thE>=bptimizaion does
lead to one important result, namely it yields a better lower limit for the value of the exponential
damping constant A needed to obtain the desired lowest eigenvalue in an exact solution of the
damped Bre#Pauli Schrédinger equation. The enesggobtained for <H >=<E;> must be lower
than those deriving from the perturbative approach using eigenfunctions of H alone to evaluate
them because of the variational nature of the former procedure. This point is verified in actual

calculations, ath leadsto an A value of 1.772 a.meeded to produce the desired minimap><E

88



value of-2meec?, some 10% larger than that obtained with the perturbation theory approach first
discussed.

It should be noted that further improvements in the mer¢icle basis whilenaintaining a
fixed A value will cause not only a decrease in the minimum total energy <H> obtained for the
e'e system but also in the corresponding translational energy <T>. The qualitative arguments
mentioned above show how this occurs in practicenaity as <T> decreases, the absolute
magnitudes of the attractive shosinge potential terms increase as a consequence, leading to a
lowering of the total energy as well. For exact wéwections the decrease in <H> and <T>
must be exactly equal in goirigpm higher to lower levels of translation, and this result can be
obtained even when the internal and cepfemass motion are not completely separated from
one another.

A more thorough discussion of this topic will be given in Chapter X, but for theemioitn
is important to recall the arguments of the preceding chapter which indicate that the presence of a
squareroot form for the relativistic kinetic energy as well as the momentum dependence of the
various shorrange potential terms in the XBPS Hawmilian precludes the possibility of
completely uncoupling the translational motion from the internal. In particular, a transformation
to the usual centesf-mass coordinate system leads to cross terms in the Hamiltonian involving
both relative and translathal momenta. Such terms are totally absent in therelativistic
treatment, and as a result a perfect separation of the two types of coordinates is possible in this
case. For relativistic momenta, the situation is more complicated, however. The cnuss te
couple translational functions of different (angular) | quantum number but the same (total
momentum) |[k|, so that the value of the translational energy is conserved in the process, as it
must be because of@ahcommutation of H and T (Chapt¥tB). At the same time, however,
internal functions of different angular momentum quantum number also become mixed, which
means that the simple product wavefunction form for the two kinds of factors is lost for large k
values in such a relativistic approach. Onehef main consequences of this coupling of the two
types of motion is that it can cause particles of the same rest mass to remain farther away from
one another on the average as a result of the increased translational energy of the combined
system. This chacteristic is expected to be most noticeable for states in whichrsinge 1°-

type interactions dominate.
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The coupling of different | values for states of high translational energy indicated in the
above discussion suggests that -elextron functionsof high angular momentum may be
important in describing the desiredeetight-binding state when employing basis sets whose
functions depend on the coordinates of only a single particle. To test this possibility an additional
series of calculations hasdn carried out employing a basis set consisting of 2s, 2p and 2d
primitive Cartesian Gaussian functions. As before with 3hg®p test calculations in Chapter
VI.D, the same two exponents are used for each pair of functions of the same | value. A constant
ratio of 2.0 is taken between these two exponent values, and it is found that optimum results are
obtained when the larger of these two quantities has a value of 0.f4%?1The influence of
the d functions is quite substantial, as indicated byahethat the damping constant A must be
increased to a value of 1.2534 aelativeto the 2s,2p result of 1.0540 arnentioned earlier in
order to obtain the desired binding energy of&fm The 0 state continues to have the lowest
energy in the fullCl treatment, as can be seen from Table IV. The d basis functions occur in
dsi2p32 O products and such configurations make up 29.074% of the total Cl wavefunction based
on the sum of the coefficient squares computed (Table V).

The expectation value of eéhtranslational energy in this basis is 0.8896 & Hditree, a
37% reduction compared to the corresponding 2s,2p result. When the optimization is carried out
with respect to variational <HI> results for the Oe'e state, one obtains a higher value fog t
damping constant A of 1.7300 g.@as compared to 1.6995 a.in the corresponding 2s,2p
treatment. Thus the gap between these results for the two types of optimizegibods is
reduced to 0.4766 a.with the addition of the 2d orbitals relative to the cqroexling 2s,2p
result of 0.6455 a,uThe <EB> = <H-T> eigenvalues for the lowebting states of each
symmetry in the 2s,2p,2d basis are given in Table VI, and they show that althoegtaids te
most stable species, there is now a second state with negative energy, nanghee one
expects the order of pure translational states (when employing relatively small basis sets) to be 0
< 1 < 2., this result is consistent with the formatioradfanslational continuum based on"a 0

internal statei.e.0" = 0 x 0" as lowest eigenvalue; 1 = 1" as second lowest.
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TABLE V. Total full Cl energy (in hartree) of the lowest states of various symmetries ofetteystem
obtained employing the 2s,2p,2d basis with scale fécto0.07 and exponential damping constant
A = 1.2534 a,ufor the XBPS Hamiltonian of Table I.

Symmetry Lowest Root
0" 475145.036
0} -37475.722
1 594854.649
iy 811619.239
2" 1181673.209
2 1242603.690
3" 1409590.063
3 1464134.359
4t 1793907.516
4 1619616.897
5° 1965090.791

A breakdown of the various energy contributions in thev@vefunction in the 2s,2p,2d
basis is given in Table VIl for the case in which <H> is minimized to give the deSieed e
binding energy. Comparison with Table Ill for the 5s,5p basis shows that most expectation
values have decreased in absolute magniasda result of the addition of the d functions. The
lone exception is the orbdrbit term, which is 28% larger in absolute magnitude than before
with the 5s,5p basis. The translational energy decreases far more than the total kinetic energy as
a result ofthe addition of the d functions, so it is clear that something more delicate than a

general increase in the diffuseness of the overalb@efunction has occurred.
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TABLE V. Self-consistent field (same fof and €) (a) and CI (b) cdéicients for the XBPS calculation of thes@round state of
the & e system obtained employing a 2s,2p,2d basis (expoaerasdaz) with scale factoh = 0.07 and exponerati damping
constant A =1.2534 a.u.

a) Orbital SCF Coefficiets (€, €)
a1=0.14 x 16 & a2=0.70 x 10 &

1si2 -0.96575 1.80548
2112 2.28957 -1.70735
1pu2 -0.52009 1.41377
2p12 1.91052 -1.38629
1pse -0.65233 1.50719
212 1.86950 -1.28411
1k -0.42116 1.31229
20k2 1.66813 -1.11262
1052 -0.49857 1.36280
2062 1.64665 -1.05015
b) Configuration Cl

(orbital occupations) Coefficient

e’ €
1) 1si2 1pu2 0.427541
2) 1pwz 1sie 0.427541
3) 2312 1p1r2 -0.272544
4) 1pu2 25172 -0.272544
5) 1si2 2Pz 0.136486
6) 2ps2 1si2 0.136486
7) 2312 2P -0.280952
8) 2P1/2 28112 -0.280952
9) 1pzr2 1ck2 0.263695
10) 1k 1psr2 0.263695
11) 132 2062 0.093143
12) 20k/2 1p32 0.093143



13)
14)
15)
16)

2pz2 1312
1ds2 232
2312 20312
20312 232

0.167764
0.167764
0.197512
0.197512
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TABLE VI. Total internal full Cl energy (in hartree) of the lowest states of various symmetries ofethgystem obtained
employing the 2s,2p,2d basis with scale fadior 0.04 and exponeti damping, constant A = 1.730 afor the XBPS
Hamiltonian of Table I.

Symmetry Lowest Root <H T >
(0 133281.417
0) -37748.278
1 -5469.698
T 137451.214
2" 144787.077
2 127712.122
3" 227313.394
3 272696.240
4t 373004.635
4 322805.296
5" 440007.121

TABLE VII. Energy contributions (in hartree) of various operators (see Table | for definitions) fog tveuhd state of the'e
system obtained employing the 2s,2p,2d basis with scale factdd.07 and expnental damping constant A = 1.2354 afar
the XBPS Hamiltonian.

Operator Expectation Value
Kinetic energy 1832136.978
Coulomb -3049.568
Spinsameorbit -322271.655
Spinotherorbit -683215.569
Darwin Term 4439.576
Orbit-orbit -523387.686
Spinspin -342127.801
Spinspind 0.000

Total Energy -37475.725
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On the basis of these results it seems safe to conclude that further extensions in the one
particle basis sets will simply lead to a gradual increase in the value of the daopstgnt A
needed to have the total energy expectation value for*thesystem equal2mec?. It seems
plausible that in the limit of basis set optimizations, the expectation value of the translational
energy of the lowestnergy wavefunction wilhpproach vanishing magnitude. Similarly there is
a good indication that the symmetry of the lowést state will be Owhen this limit is reached.
Rather than going further with basis set optimizations for this system, however, attention will be
turned © how a similar type of approach performs when applied to othepanale systems.

This study will include the other partiebntiparticle binaries mentioned above, as well as the
hydrogen atom, whose theoretical treatment is normally found to be veiilar to that of the

electronpositron system treated first.

F. CALCULATIONS WITH ELIMINATION OF TRANSLATIONAL EFFECTS
It is possible to carry out the calculations in a different way using the Hamiltonian ofITable

in order to eliminate the effectd translation on the waviinctions. As discussed in Chapter

V.B, this can be done by simply applying the condition that the momentum difference of the two
particles always be equal to zero, that is by requiringpf¥ap2. There remains only one spatial
co-ordinate as a result, tme inter-particle vectorin effect the calculations correspond to those

carried out for atoms with a single centieis merely necessary to replace the two kinetic energy

terms in the original calculations with a singleisger o ot oper at or i n which f
= 0.5) of the edctronpositron pair is usedAs a result, it is possible to employ a much larger
Gaussian basis set in this series of calculations than in those alreadgeatiscu€haptelil. B.

tcontd ns 70 functions for each | value (s, p, dé)
from 0.00158 to 1.00000x1D In contrast to the first set of calculations, this basis set is large
enough to describe the lowdging Rydberg states of positronium tihe same treatment as for

those with much smaller average radial distandé& energy results obtained for the lowest

states of 0 and 0 symmetry are given in TabMIll. The corresponding results for J=1 and 2

have also been obtained and they procuzdow-energy states other than the Rydberg species

shown for the 0+ and-Gymmetriesit would bepossible to obtain accurate energies for many

more Rydberg states by simply adding more smglionent Gaussian basis functions to the
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theoretical treatmente.g. by expanding the above progression by several orders of magnitude

downward to 1.0x10.

The point which needs to be emphasized, however, is that the present calculations
demonstrate explicitly that it is possible to construct a Hamiltonian opevatose eigenvalues
not only include those of all the positronium Rydberg states, but in addition a single value with
energy equal to 2gg?, i.e. the Ovalue that corresponds to complete elimination of rest mass
from the ée system. This result comesitamost clearly in the above calculations in which the
energy of the centesf-mass of the system has been completely removed, i.e. no translation. To
do this quantitatively, it is necessary to increase the value of A in the XBPS Hamiltonian from
1.0775 au. in Tablell to 1.54666 a.u. to obtain the results of Tablél. This change
demonstrates that the amount of exponential damping must be significantly increased in order to
make up for removing the effects of translational motion in the lowssa®.

Table VIII . Total full CI energy (in hartree) of the lowest states’odifid 0 symmetry of the & system obtained in the
calculations with the condition @h=-p2using the XBPS Hamiltonian of Table

Root No. 0" 0}
1 -0.250041 (n=1) -37561.376228 (2817
2 -0.062507 (n=2) -0.062502 (n=2)
3 -0.027779 (n=3) -0.027778 (n=3)
4 -0.015626 (n=4) -0.015625 (n=4)
5 -0.010000 (n=5) -0.010000 (n=5)
6 -0.006943 (n=6) -0.006944 (n=6)
7 -0.004686 (n=7) -0.004903 (n=7)

In the 0 case 70-gype functions are employed, while the same numbertgpe functions are employed in the corresponding
0 treatment. The value of the exponential damping constant A in the XBPS Hamiltonian has been varied so as to obtain a
minimal energy for lie O states of 2mc?= 1.02 Mev. The value of A = 1.54666 a.u. is found to fulfill this condition to a
satisfactory degree. The principal quantum number n of each Rydberg state is indicated in parentheses next to théngorrespond
energy value.

An analysis of the energy contributions to the lowerstrgy state is given in Tallé. These
results can be compared with the corresponding values given in [Mafde the calculations in
which translational effects are not excludédr example, the @ilomb energys increased by
571.798 hartree, showing that the distance between the electron and positron is greater in the
present treatment excluding translational effe@®scause of the definition of the Coulomb
operator in Tabld, it is possible tabtain an average value for this separation simply by taking

the reciprocal of the corresponding energy vallibe interparticle distance is therefore
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estimated to be 3.756xfMmohr in the present treatment, as opposed to the corresponding value
of 3.0928x10* bohr when translational effects are includ&te corresponding value for the
positronium 0+ ground state is 2.00 bohr, which is 5324.8 times largey.value in turn is
equal 2oohrTis 6tib motk than an order of magnitude largeartra typical separation

bet ween nuc % bohr).Thexsmalleraiktanses iq e latter case are reasonable in
view of the much smaller kinetic energies expected for proton and neutron constituents of nuclei

as opposed to that of the electron @ositron in the present XBPS treatment.

Table IX. Energy contributions (in hartree) of various operators (see Table | for definitions) fqr gneuhd state of the'e
system obtained with exponential damping constant A = 1.54666 a.u. for the X@RBarHian under thpi=-p2 (zero
translational energy) condition.

Operator Expectation Value
Kinetic energy 1262707.2926853
Coulomb -2662.0961756246
Spinsameorbit -230447.7644808
Spinotherorbit -460895.52896168
Darwin Term 0.000000
Orbit-orbit -375815.5148147
Spinspin -230447.7644808
Spinspind 0.000000
Total energy -37561.396228

The average value of the momentum p in the lowest root can be estigatédding the
kinetic energyin TablelX b y %, the speed of light in a.u. The résg 9214.42 a.u., which is
18428.8 times the corresponding value in the@dsitronium ground state. The product of this
value and the above distance is 3.46, which may be compared to the corresponding product in the
positronium ground state of 1.0, whi is the same ratio as found in the hydrogen atom
calculations. Thus, it is found that the momentum of the loemstgy state in TabléX
increases notably faster than the corresponding -padicle distance decreases. This
relationship is expected dhe basis of Figre 2, which shows that the kinetic energy, which is
proportional to the momentum in this region, is increasing linearly toward shorter distances
while the mean distance is increasing at a slower rate because of the effects of exponential

damping.

The BreitPauli terms have an interesting relationship to one another, namely exactly the
same value is obtained for the sg@mmeorbit and spirspin operators, which in turn is exactly
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onehalf of that found for the spintherorbit term.Thevalue of the orbiorbit term lies between

these two valuesThe values shown in Tablé&X for the calculations which do exclude
translational effects on the energy eigenvalues are much more irrégnédly, the value of the
Darwin termds ener gyX, whch is tha expetted rezult given thenl=1T a b |
value of the (p) basis functions in this case. The-zemo value in Table Il shows that
translational effects tend to allow the wavediions to avoid having a node at the origin,
although they do not change the fact that the-spin delta term must be of vanishing
magnitude for L=1 symmetry, also as found in Tabla.e. with or without consideration of the

effects of translation.

G. THE PROTONANTIPROTON BINARY
As pointed out in ChapteVv.D, there is a scaling property for the XBPS Hamiltonian

(Table 1) which requires that for everyee wavefunction there exists a corresponding p
solution with an energy eigenvalue which is exanily times greater in magnitude. The desired
p'p eigenvector can always be obtained from the relaana(r) = Y p+p- (Mod/Mop). I other
words for the pp~ system everything is played out in a coordinate system which is contracted by
a factor of 1836Gelative to that of &. The same property exists for the translational energy
operator T, so all results obtained above for the elegositron system can be converted over
to p'p . In particular, this result allows one to employ the same valuehrekponential
damping constant as before, thereby giving this quantity more of a general character than might
otherwise be assumed.

It might come as a surprise to see that the required binding energyof 2m.876 GeV
comes from shontange effects which are generally associated with magnetic interadtens,
Breit-Pauli terms, because the magnetic moment of the proton is so small compared to that of the
electron. Closer examination of the effects invdlveowever, underscores the fact that the
relatively large mass of the proton is actually quite beneficial in forming aligting state
which takes extensive advantage of such stamye interactions. To begin with, there is the
obvious fact that th&inetic energy associated with a given momentum value is substantially
smaller for a proton than for an electron. The occurrence of the mass in the denominator of the
exponential arguments of the XBPS Hamiltonian (Table 1) is an even more significamf facto
however, since it leads to a drastic reduction in the exponent of the damping function for a given

momentumyvis-a-vis tha for a lighter particle (ChapteY.D). This means the sherange
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potential terms are still going down in energy for ifgarticledistances much shorter than the r
@7a? value favored by the*e system (Fig. 5). As usual, the exponential damping ultimately
prevents the situation from getting out of hand, but the correspondmgmergy minimum
occurs for r@7.05a?/m, (see the @cussion after Table IX) or 2.044107 & (1.08x10" m),
making this probably one of the shortegihge interactions occurring in nature.

The small magnetic moment of the proton only means that magyeécinteractions
occurringat typical atomic segrations (Bhr radius g are nearly negligible compared to those
of electrons. By contrast, at the much smaller iptaticle distances preferred by thépp
system, even the Coulomb attraction is far from negligible. Foi7105a%m, the expectation
value for this relatively longange interaction would b&33MeV, for example, which would be
0.071timesghe tofl binding energy of thp'p  system(1876 Mev) From this point of view, the
corresponding BreiPauli energy contributions, though consideydhatger at such distances, do
little more than counter the system's enormous kinetic energy, which a06a2%/mop can be
estimated a63.1 GeV (using P r for each particlepased on the result of Table f&r the e
kinetic energy value of 34/geV.

By either of the above measures the cancellation of the kinetic energy due to the Breit
Pauli terms is seen to be almost total, with abieding energy which is onlg.97% ofthe total
kinetic energy in either system. As is evident from Fig. & difficult to imagine that anything
other than an exponentially damped potential could achieve such a delicate balance on a general
basis.

The mainargumentagainst assuming that electrons areiaty present in nuclei (Chapter
IV.A), on the other handhas been that no such potential can supposedly be found. The present
experience strongly suggests that this position should bevaleated. The Hamiltonian
employed in the above investigation allows for an equivalent variational treatment of systems
with binding energies varying between 1.0 MeV and nearly 2.0 GeV, respectively, as well as a
reliable description of conventional atomic systems by virtue of its close association with the

Dirac and Bre#Pauli formulations of quantum electrodynamics inteocast

H. THE INTERACTION OF A PROTON AND AN ELECTRON
It remains to be considered whether a strongly bound state also results from an analogous

treatment of the electrgoroton systemThis is done by simply inserting a very large mass for
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the protonso that the reduced mass of the electron is Th@. answer is clearly thaio such
second minimum is found which corresponds to an-jpaeticle distance smaller than 1.0 bohr
(Table X). The corresponding *Oresults for the treatment in which translaab effects are
eliminated are shown in Tab¥d.

Moreover, the reason for this distinction between the and pe systems is easily
understandable from the earlier calculations with the XBPS Hamah. The results of Table IX
for the ée system are changed dramatically by the substitution of a proton for the positron
because of the disparity in the masses of these two particles. The magnitudes of the various
Breit-Pauli terms are substantially reduced upon making this substitution bechube
importance of the g/afactors in the corresponding operators (Table I). Only the sgimeorbit
and Darwin terms with the electron's (edh prefactor survive for all practical purposes. By
contrast the kinetic energy is only halved becausehefdhange in particle mass, thereby
destroying the delicate balance mentioned in the last section between the attractive and repulsive

components of the total energy for both the and gp” binary systems.
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TABLE X. Total full Cl energy E (in hartredpr the lowest state of the'@ hydrogen atonsystem obtained employing the
2s,2p,2d basis for various scale factbrand a fixed value of the exponential damping constant1.2648 a.ufor the XBPS
Hamiltonian of Table | (* indicates minimum).

h E
0.30 710408.14
0.20 560400.24
0.10 374890.12
0.08 329689.40
0.07 305334.70
0.06 279471.535
0.02 148434.705
0.005 64715.8077
5.0 x 10* 12839.8600
5.0 x 10° 1623.358959
5.0 x 10° 159.118214
5.0 x 10° 0.173309
3.0x 10° -0.195469
2.0 x 10° -0.339412
1.0 x 10° -0.425769
9.0 x 10° -0.428911
8.0 x 10° (*) -0.430521
7.0 x 10° -0.430349
6.0 x 10° -0.428057
5.0 x 10° -0.423152
4.0 x 10° -0.414828
3.0x 10° -0.401501
1.0 x 10° -0.333257
5.0 x 10'° -0.281758
1.0 x 10'° -0.168834
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Table XI1. Total full Cl energy (in hartree) of the lowest states*ofyinmetry of the & (H atom) system obtained in the
calculations with the condition @i=-pzusing the XBPS Hamiltonian of Table

Root No. o*
-0.4999727 (n=1)

-0.1249970 (n=2)
-0.0555547 (n=3)
-0.0312496 (n=4)
-0.0199998 (n=5)

-0.0138887 (n=6)
-0.0102039 (n=7)

N|jojoalb~lwWN

As in the ée calculations in Tabl&/Ill, 70 stype functions are employed. The value of the exponential damping constant A
in the XBPS Hamiltonian is the same as for the ¢reatment, although this choice is not critical for theatbm.The principal
quantum number n of each Rydberg state is indicated in parentheses next to the corresponding energy value.

The results of Table IXorrespond to an'e inter-particle distance on the order ofi7a?,
but as we have seen, the maximum binding for tpe gystem occurs when the corresponding
separation is gy¥mee times smaller. At this distarcall energy values in Table IXan be
multiplied by a factor of 1836 to obtain the correspondifng pesults because of the scaling
property discussechiChapterV. D. If the mass of the electron is substituted for that of the
antiproton at such a small distance, the kinetic energy is onhtlgligeduced according to the
classical Einstein freparticle expression. On the other hand, the corresponding damping factors
for the electron are very close to zero for such high momenta, and so only the twaBfeit
terms with the (e/gp)? pre-factor are left (relatively) unaffected.

As a result the required cancellation of the attractive and repulsive terms no longer takes
placeand an extremely large positive total energy results for thespstem in thisange of
inter-particle separation. Nchoice of basis set succeeds in binding the electron and proton more
strongly together than is the case for the hydrogenic 1s state. For example, the use of electronic
functions which are optimal for the strongly boun@ esystem along with proton functie
which are 1836 times more compact (corresponding to their optifpalcpunterparts) also
produces only negative binding energies.

These results can again be understood on a qualitative basis by considerimysistem
in its own centenf-mass coordinate system. The condition of eqnal opposite momenta (see
ChapterV.F) now requires that the electron move at a speed which is 1836 times greater than
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that of the proton. This requirement forces the particles/tod each other by wide margins if
high speeds are to be maintained, making the type of-sliaye momenturdependent
interaction represented by the BrBiwuli interactions very ineffective in producing binding
under these circumstances. Such distimstion the relative particle masses for binary systems
are of only minor importance when the Coulomb interaction dominates, howaarei, explains

why we normally regargbositronium as just anothéydrogenic systenBy simply decreasing

the values of thexponents employed for the Gaussian basis functions, one eventually finds that
the variational treatment of the XBPS Hamiltonian leads to binding energies in the 0.5 hartree
range (Table VIII) expected for the ground state of the hydrogen atom. No anfi@xpooent
optimization produces a second minimum at shorter -jpégticle separations for this system, in
marked contrast to what is observed when employing the analogous Hamiltonian fer #mel e

p'p systems.

I. EXTENDING THE XBPSMODEL TO NEUTRNO INTERACTIONS
In Sect. V.E it was remarked that if the rest mass of the neutrino is exactly zero, its charge

to-restmass ratio might be nevanishing despite its lack of electric charge. By providing the
XBPS Hamiltonian with such ginfactors in the vaous exponentially damped Brddauli

terms it is then conceivable at least in theory for the neutrino to undergo attractive interactions
with other particles. In this section we will test this possibility by means of explicit calculations.
The first qustion that arises is what value to use fafmg.. Consideration of the scaling
arguments discussed in Sect. V.D shows, however, that this choice is not critical far the
system itself. If we simply assume that the chdogmass rabs for the neutrino and
antineutrino are equal but of opposite sign, we obtain a Hamiltonian (see Tatith lthe

following representative terms:
H (p, 1, G, Mon) = pat - (gn/Man)?a?r3 F(p, ch, Mon). VI.2
This operator is identical in form tihat employed in Sect. V.D, except that all the terms with

factors of g or myi which do not appear as ratios of one another are missing because of the

assumed vanishing magnitudes of the neutrino's charge and rest mass.
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With this special form of the XBPBamiltonian it is possible to scale the coordinates in a

slightly different manner than before, namely with

P = (/Man)(Q/Mo)*p
and r’= (@/mon) (Q/Mo) r, V1.3

So as to obtain the following result:

H(p, r, &, Mon) = (Gp/Mon) (Q/Mo)
x{p/ati (QAIMAa’r3F( pd.,)} Q, M V1.4

= (a/men) ™ (Q/Mo) H (p", I, Q, M),

where H (p’, 1, Q, M is the corresponding Hamiltonian in the primed coordinate system for
particles with a different value of |g§nThe operations are exactly the same as innthss
scaling procedure of ChaptetD, but the relative chargm-mass ratios are involved instead of
relative masses. It must be recalled, however, that the simple relation between the two different
Hamiltonians in this case only holds for g mon = 0. Under these conditions the lowest possible
energy eigenvalue for then system,i.e. 2mxc2. is exactly zero as well. As a result, a wave
function y (r) satisfying the corresponding Schrodengequation with this eigenvalue can be
converted by means of the above coordinate transformation [eq. VI.3] into an eigenfuriciion
of the primed Hamiltonian, which by virtue of the above scaling property also possesses the
desired vanishing energy short, if we can find a Hamiltonian of this type which gives E = 0 as
the lowest eigenvalue for then system with a given jfmon| value, we can easily repeat the
process for any other chargemass ratio. It can be noted that fars situation to hold, it is
essential that the argument of the damping exponential operator F also contajfiagtgim

The next point that merits discussion is whether it makes sense to talk of a bound system
with the same energy as its separated yxcty] in this case E=0 . The answer is clearly yes as
long as the combined and dissociated systems are separated by a reasonably large energy barrier.
With reference to Fig. 5 for the'e system, it is easy to construct an analogous total energy

curve fa thenn system which satisfies this requirement (Fig. 8). Because of the absence of the
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long-range Coulomb interaction in this case, we must expect that the energy first goes up as the
neutrino and antineutrino approach each offl@mn a long distance. The kinetic energy itself
rises more slowly with decreasing separation than for teesgstem because it varies linearly

with momentum for systems with no rest mass. As a result, one doesn't expect thdileomic
potential minimunof Fig. 5 in this case, but rather that the energy should increase steadily until
very short intefparticle separations of roughly@a®? (for gi/mon = 1.0 a.u.). A maximum seems

likely at that point, similarly as for'e , because the BreRauli shorrange interactions start to
change more rapidly than the kinetic energy. After this point it is simply necessary that the
exponential damping halt the attractive tendency when the total energy has again reached the
value of zero. The kinetic energy begiesdominate once more at still smaller separations, so
that a potential well can be formed in which the system can exist indefinitely in the absence

of external forces.
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FIG. 8. Schematic diagram showing the proposed variatidineaf N system'’s internal energy as a function of the reciprocal of
the distance between the two constituent particles. Only one minimum is expected, in contraseteadse shown in Fig. 5, at

which point the total energy vanishes exactly, cetresponding to a binding energy of g for the tightly boundnn
(photrino) system.

The present scaling argument tells us that it really does notrmédist value is chosen for
|on/mon| to demonstrate this effect, but to obtain the most straightforward possible comparison
with the €e system, it is reasonable to take it to be unity. If the former 5s,5p basis is employed
(see ChapteWI.D) in the corresponding XBPS calculations, it is found that the -eergy
minimum occurs for a damping constant A which is only slightly smaller than the corresponding
e'e and gp value (Fig. 9). This result is easily understood if one uses the optimum sdafe fac

and A value derived from thée calculations, for which the loweshergy eigenvalue is
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-2moec®. This means that the damped BiRéuli terms (Table I) will have the same magnitudes
for the nn system (with |gfmon|=1.0 a.u.) ador the €e system in Table Ill. The Coulomb
component is missing, however, as are the?terms in the kinetic energy. The two electronic
MoeC? terms appearing with minus signs in the kinetic energy expressioridamake up the
entire difference inhte assumed binding energies of the two systems, so we can effectively
ignore them in the following discussion. This means that there are only two effects remaining
which can cause a narero binding energy fann when employing the saendamping constant
as before for ®. One of these favors the latter system (Coulomb attraction), while the other
favorsnn [i.e. pc vs. (Bc? + nPc)V?. Of these, the Coulomb effect is larger in magnitude for
the interparticledistance range in question, but the energy difference (2680 hartree) is relatively
small compared to the'® binding energy. Thus to obtain an exactly zero binding energy value
for thenn system in the same basis set, it is only nemgsto lower the value of ¢hdamping
constant A by 0.0007 a.u

This result ignores translational effects, however, and so it is interesting to carry out the
optimizations based on the, Expectation value, <H> <T>, rather than on that of e¢htotal
enepgy alone (see Chapt®il.E). As before with &, when this is done the required value of A
must increase in order to obtain the same binding energy as biéftre. same value of A
(1.7725 a.y.is employed which gives the correct 20 binding energy &lue of -37557.7
hartree for & using the <B> criterion, a total internal energy of 897.2 hartree resultsfiqr
which is about three times smaller than in the analogous treatment emgptbgi optimal A
value (1.0775 a.).for €'e based on the <H> computations.
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FIG. 9. Variation of the computed total energy (in khartree) ohthesystem as a function of the 5s,5p basis set scaling factor

in the XBPS treatment for various values of the damping constartiehorizontal line at the center of the diagram corresponds
to the null rest energy (2#at?) of the system. A value of A is sought which leads to this energy result for the optimum choice of
h. Results for several other A values are also showedomparisonNote that the values of A are 4.0 times larger than those
given in the original text due to a difference in definition.
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In view of the fact that the present full ClI calculations fall short of providing exact
solutions of he Schrodinger equations under consideration, it seems justified to conclude that for
all practical purposes the same damping constant in the XBPS Hamiltonian leads to minimal
binding energies for the three partieeptiparticle binary systems studied whare each equal to
-2meC?, in accordance with the exgtations of the massnergy equivalence formul@his result
is exact for & and pp,, but only accurate to a good degree of approximation fanithsystem
based on thealculations carried out thus far. Moreover, the secaating theorem discussed
above ineq. (VI.4) shows that this situation holds for any choice of the chtrgeass ratio
assumed for the neutrino. The latter finding thus offers a means of desaonitwieghan one kind
of neutrino in the present model, consistent with what has been inferred from the results of
various experimentéand other theoretical consideratihisee Sect. IV.B).

J. NON-IONIZING PROPERTY OF NEUTRINOS

The total energy curvefd-ig. 8 for ann interaction derives its attractive characteristics
from the slrt-range BreiPauli terms in the XBPS Hamiltonian by virtue of an assumed non
zero charggo-mass ratio for the constituent particles. This assumptiedsé be reconciled
with the observation that neutrinos have essentially no magnetic moment. In at least one sense
the total energy variation shown in Fig. 8 is consistent with the experimental findings related to
this issue, however, namely with the lagkionization exhibited by neutrinos and especially
their ability to penetrate essentially unhindered through dense Rfatter

For a particle to cause ionization it is necessary that it be attractadelectron (or other
chargedsystem) to a close praxity. Because of the lack of a Coulomb interaction the total
energy for the hypotheticaln system should rise as the two constituents come closer together.
Before the attractive BreRauli terms can reverse this trend, inecessary that the neutrinos
approach each loér very closely, to at leasta=The possibility of undergoing a lorgnge
attractive force thus clearly distinguishes electrons (Fig. 5) from neutrinos (Fig. 8). If we look
upon ionization as requiring sorkend of orbital motion for the colliding (point) particles, this
distinction can be crucial since it means that the centrifugal force must exceed any opposing
attractive force in the'@ or nn interactions at all it extremely small inteparticle separations.

In this case, a hyperbolic trajectory would be expected almost universally. There is always a
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large centrifugal barrier which needs to be overcome, and the particles must come very close to
one another beforthis is feasible, even if a fairly large g/walue is assumed for the neutrino.

An automobile with such a total energy profile could race down the highway with reckless
abandon, certain to be repelled whenever it came very close to any otherTdigemtly danger
would be that it might approach something so closely at extremely high speed that the short
range attractive force would finally be able to overcome the repulsive force. Such a picture is
very reminiscent of the behavior of neutrinos in BeinesCowan experimer® in which an
extremely small cross section for neutron formation of41@7 is observed.

The conclusion that a nearero g/m value necessarily implies a na@ero magnetic
moment would also seem to overlook the possibility thatmass of a neutrino is only zero at
rest. The ratio of the charge to tledativistic mass is a more relevant quantity in determining the
results of magnetic interactions, and this is exactly zero whenever the neutrino is in motion
because no correspding change in its electronic charge occurs as a result. The dominant
formula used in describing cyclotron dynamics, p = mv = gBr, leads to the conclusion that a
chargeless particle cannot achieve orbital motion with a finite radius, for example. The key
assumption in formulating the XBPS Hamiltonian is that the coupling constants are ratios of
charge to rest mass, and without this provision the shoge minimum in either Fig. 8 or 9
would not be possible. In general, it should not be forgotten thagllirteverything one knows
about electromagnetism stems from experiments with individulyged particles (see also
See ChapteV.E), even if the macroscopic system being observed possesseseretectric
charge

Support for this view also comes fraime classical experimental result that the magnetic
force is no more shoranged than its electric counterpart. The force per unit length on an
electric wire, for example, varies as the product of its current and that of a neighboring wire and
is inversdy proportional to the first power of the distance between théihere is little hint of
a shortrange effect in this behavior. The theoretical explanation for this result lies in the (nearly)
constant velocities of the electrons involved in such experiments, which implies that the quantity
mvr/r 1 1/r is constant as &ll. In quantum mechanical interactions the more typical situation is
that | (or s) is constant, so that an energy term of ofdgvéries as the inverse cube of the inter
particle distance rather than &s The fact that particles don't always move@nstant velocities

opens up the possibility that related shartige interactions also exist, however, as suggested by
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the appearance of the Be@auli operators® For the present, however, we can conclude that a
nonzero chargdo-restmass ratio fothe neutrino does offer a way of rationalizing its extreme
penetrability through dense matter, while at the same time leaving open the possibility of its

undergoing aignificantlystrong interactiorat very short inteparticle separations,

K. RESULTSOF CALCULATIONS FOR OTHER BINARY SYSTEMS
There are 21 distinct binary systems that can be formed from the proton, electron and

neutrino and their respective antiparticles. Of these three are of the pamtipiarticle type
already discussed, while thehet 18 divide into pairs related to one another by charge
conjugation. One such example igpwhich has the same Hamiltonian ag"py virtue of the

fact that the charges of the respective constituents appear as products of one another in all
interactons (or as an absolute value in the exponential damping functions). Three of the
remaining pairs are diagonal cases involving two identical particles. No binding is expected as a
result, in accord with the results of explicit calculations. The varioust-Beeili terms are
attractive for certain angular momentum states, so this is not such an obvious result. The strength
of the attraction is never enough to outweigh the kinetic energy contributions, however. Another
three pairs are easily dispensed withvedl, namely pn, p'n and pe" and their charge
conjugated partners. If we assume a negative gahoe forn, the pn system is seen to be quite
similar to pge, at least as long as the absolute value of the cliangess ratio i€lose to unity.

In all cases it is assumed that the damping constant A in a given basis is the same as has been
found in the & calculations discussed above.

This leaves two such pairs of binary systems unconsiderednd en andtheir charge
conjugated positron systems. Of these, only the ones withvaloes of opposite sign for their
constituents are interesting in view of the experience with the other binary systems. Because of
the fact that electrons and antineutrinos commaappear together as decay products of
neutrons, it is tempting to associate a positive,q/alue with n. The similarity to & is
expected to be particularly great if this quantity is assumed to be unity, in which case the results
of Table Il again become pertinent. Especially if the translational energy is excluded from
consideration, it has been found above thatandnn are characterized by very nearly the same
wavefunction in their respectivlbwestenergy states. The maximum binding energy of the e

system can thus be anticipated to fall midway between the corresponding valuesdonden.
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This expectation is very nearly fulfilled in explicit calations with the XBPS Hamiltonian in
which it is assumed that g +1.0 a.u. for then species. A binding energy e15872.194
hartree is computed when the same 5s,5p basis is employed which was found to be optimal for
both ée andnn (see Chaptergl.D and VI.H).

Since it seems certain that no such boumdsystem actually exists (it would correspond
to the mutual annihilation of the two particles in the conventional description facl@art
antiparticle pairs), it can be concluded that such a high value faf @tfeargeto-mass ratio is
unacceptable. We can eliminate any computed binding with the electron by decreasing the above
g/me value, however, and repeating gwaling optimization procedure for the correspondimg e
system (while again maintaining the damping constant A at its previous value). The resulting
minimal energies .are plotted in Fig. 10 as a function of the assumedvalime. There is a
simple relationship between this quantity and
found to be inversely proportional to one another. This result is consistent with the second
scaling theorem discussed in Sect. VI.H, whicbveh that the optimal value &f is inversely
proportional to the square of the |gfmalue assumed for the neutrino in a treatment of the

hypotheticahn system.
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FIG. 10. Variation of the minimum value of the computed total enérgh@artree) of the @ system (obtained by optimizing

the scale facton) in the XBPS treatment employing a 5s,5p basis set, given as a function of the antineutrintoetestgeass
ratio g/mo. The value of the exponential dampiognstam A assumed throughout (1.0775 §u.is. taken from the results of the
analogous & calculations in the same basis.

On the basis of the above considerations it appears likely that thg\Jgloe assumed ffo
the neutrino and antineutrirmannotbe greater than 0.7 a.u. and still avoid the prediction of a
bound en system in nature. A value exceeding zero by a good margin is still tenable on this

basis, however, since it would allow fornm system with a zero binding energy which is
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nonetheless separated by a large barrier from its dissociation products. The above scaling
arguments show that the irqearticle distances involved must decrease as the valugrofids
lowered. It also shodlbe noted that the symmetry of the lowesergy en state is also found to

be 0, so that the analogy with théeetight-binding state appears to retain its validity over a wide
range of |g/mon| values. There is a tendency to engiba the p. character of the electronic
function over s. as the antineutrino charge-restmass ratio decreases, as seems reasonable
from the nature of the BreRauli terms and the requirement of minimizing the total energy for

the resultant @ system (the chargeonjugation symmetry is clearly missing for this binary

system).

VII. NUCLEAR BINDING IN THE XBPS MODEL

The questioning of the creatkamnihilation hypothesis considered in the previous chapters
has led to an alternae interpretation of particlantiparticle interactions in terms of a
Schrédinger equation whose Hamiltonian contains momexdpendent shoerange operators.
According to this model the electron and positron can be bound so strongly to one another that
there is a total loss of mass relative to their respectivepfetecle states. Since nuclear binding
processes are well known to be accompanied by distinctions in the total masses of products and
reactants, in accordance with the predico n s o § maBsnergytequivaledce relatidri
is natural to speculate that the same types of interactions might be involved ire‘the e
interaction. The exponential form of the attractive potentials employed in the XBPS Hamiltonian
follows at least partially fnm this line of reasoning.

There is another similarity connecting these two types of phenomena as well, however,
which again is tied up with the supposition that matter can be created and destroyed by the gain
or loss @ energy. As discussed in ChapbeérA, the accepted view of the role of the electron and
antineutrino in nuclear interactions is that they are created whenever a neutron decays but that
they are not present in the bound nuclei themseéR/€ke alternative interpretation which will
be pursued in the present chapter is that the neutron is akin teatantic molecule, i.e.
composed of a proton, an electron and an antineutrino. It has negative binding energy and is thus
analogous to an excimeystem commonly encountered in molecular physics studies. A key

element in the ensuing theoretical model is that neutrinos are capable of being strongly attracted
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by other particles, but only at very short range. Tiermodel systentreated in the last section

is the starting point of this investigation.

A. INITIAL CALCULATIONS OF THE p*en SYSTEM
The XBPS Hamiltonian (Table 1) has a single free parameter, the exponential damping

constant A, and it has been fikby the requirement that the binding energy of each of the three
particleantiparticle binary systems be arhin a full Cl treatment employing a given ene
particle basis set. Ot her wi s e, al | t hat i's n
equaion are the electric charges and rest masses of the component patrticles. In the case of the
antineutrinon these are assigned to be zero in each instance, but the possibility that their ratio
has a noszero value is left open as a means of explaining this particle's role in the nuclear
binding process. The act ua-torestradsuatio hasonot beaem e a n |
specified as yet, primarily because it has been found that the requirement of a vanishing binding
energy for thenn binary systemcabe sati sfied for any chAice of
potential solutiond this problem is provided by the “mtomic hypothesis" for the neutron's
structur e, however. Accordingly, we will simp
g/mo value be such as to lead to the experimental total energy of the neutronokhieg the
XBPS for the pen system to which it is assumed to correspond in the present model.
Specifically, the binding energy of the latter system should be equa81®8 hartree (0.7825
MeV), which corresponds to the differencetihe rest masses of the protlectron combination
and that of the metstable neutron.

The first series of calculations carried out to investigative this hypothesis employs the
simple 2s,2p Gassan basis mentioned in Chaptér D (exponents of 2.0 x0f and 1.0 x 19
a2 in both cases). A scale factoris then defined as before to be optimized so as to obtain the
minimum energy possible for a given choice afhgn. Strictly speaking, only a local minimum
is of interest in this case, since the desired energy is greater than that of the separated products,
but the range oh involved is anticipated to be in the same neighborhood as forthe e
calculations considedeearlier. The minimization is carried out in terms of the total energy,
although the magnitude of the corresponding translational energy will also be determined.
Accordingly, the value chosen for A is 1.0540 a.since it gives the correct binding eneigy

the analogous treatment for thewesystem (ChapteiVI. D). For all g/my valuesassumedor n
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it is found that the | owest energy eigenvalue
symmetry. A minimum with close to the desired total energy (+28900 hartree) occurs for a scale
factorh of 0.18 and a g/swvalue of + 0.5733 a.u. The corresponding variation of energytwith

is shown in Fig. 11, while the dependence of the minimal totafgy as a function of the

assumed g/pvalue fom, i.e.as obtained by optimizinig in each case, is given in Fig. 12.
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FIG. 11. Variation of the computed total energy (in khartree) of taeNp(neutron) system as a function of the 2s,2p basis set

scaling factoh in the XBPS treatment for various values of the antineutrino cHargestmass ratio q /@ The horizontal line
at the center of the diagram corresponds to the experimental totgly eviehe neutron at rest. The value of the exponential
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damping constanh assumed in each case (1.054 )aisitaken from the results of the analogotes ealculations in the same
basis.
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FIG. 12. Variation of the minimal*g N sysem's computed total energy (taken from Fig. 11, 2s,2p basis) as a function of the
antineutrino chargéo-restmass ratio g/m The horizontal line at the center of the diagram corresponds to the experimental total
energy of the neutron at rest.

Althoughthe above calculations are fairly crude because of the small number of functions
in the onepatrticle basis employed, they nonetheless illustrate a number of features of the present
theoretical model which can be expected to be retained as the level aftabomnal treatment is
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improved. To begin with, the fact that a minimum in total energy is always found demonstrates
that the shortange potential employed is capable of binding the above three particles together
within a relatively small volume. The commed binding energy is relatively sensitive to the
choice of then g/mo, and indicates that for values close to +1.0 a.u, teé pystem would be
more stable than the neutron actually observed experimentally. The corresponding bptimal
values are indicated in parentheses in Fig. 12, and are seen to increase rather quickly as g/m
decreases. There is thus a tendency for the cosrstiparticles to draw more closely together at
the same time that the total energy is increasing during the same variation. This is very similar to
the experience noted for thenesystem discussed in Chapké K (see Fig. 10), whicln turn
can be anticipated based on the cowmtiscaling arguments of Chaptet. H. It is also clear
from comparing Figs. 10 and 12 that the rate of increase in total energy caused by lowering
t he ant i negvalterisisonewhat grgdtemfor the ébinary system than for tatomic
pen.

The wavefunction corresponding to the experimental neutron binding energy is f&town
the present basis in Tab}ll (SCF orbitals and full Cl coefficients). It is ralaly easy to
analyze these results because the proton is seen to occupy a siypge asbital almost
exclusively in the small basis employed. For each product of three spatial orbitals, there are two
doublet states possible, constructed from the thpeepoducts (M= +1/2):aal3,alla and [aa
(spins given in order of'gn, a for my= 1/2 and B for m= -1/2 for both s> and p/ spin
orbitalg. In the calculations the two doublets are represented by the linear combinatiens:
(2/13)2 aal -612? (aRa + Raa) andc, = 22 (aRa - Raa). In this basis the preferred spin
combination is (3/4% ¢i + (1/2) c2, which thus reduces myp= 22 (aal - aRa). In essence the
proton therefore almost always hasspin, while the & pair forms a singletald - 3a)
combination which is very reminiscent of thesate preferred by the'e system and the other
particleantiparticle binaries studied, as welbg® n itself. The p/2 si2 configurations are again
preferred for the @ complex, just as in the absence of the proton, but the correspondipg s
product also makes a substantial contribution in each case. This type of polarization of the
wavefunction is greatedor the pe'n system, however. Clearly the;M -1/2 component of the
1/Z state can be obtained by inverting al(and Rsping, which in effet means that the proton

with B spin is then bound to the same=G structure as before.
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TABLE XII. Selfconsistent field (a) and selected CI (b) coefficients for the XBPS calculation (order 176) of tireuria
state of the 8N neutron system employing a 2s,2p basis<{0.36 x 16 a2 andaz = 0.18 x 16 a? with scale factoh=0.18,
exponatial damping constant A=1.054 aand N g/mo value of 0.5733 a.u.

a) SCF Coefficients
Orbital p+ € n
ai az a| az ai az
1sip 1.62047 -1.88386 -1.23308 2.15739 -0.01823 -2.48485
2312 -0.72534 2.37670 1.99702 -1.47876 1.01666 2.26743
1pi2 1.52029 -1.26858 -0.47744 -1.92162 -0.55928 1.89942
2p12 -0.67147 1.86271 1.38257 1.41742 1.44199 -1.35692
1ps2 1.52029 -1.26858 -0.76754 1.82523 -0.23080 -1.96655
2pz2 -0.67147 1.86271 1.58427 -1.18771 1.19238 1.58076
b) Configuration Cl (1/2)
(orbital occupations) Coefficients *
p* e n

1si2 1pw2 1spe 0.572975 0.331858

1si2 2p2 1siz -0.211011 -0.122144

2312 1pe 1sp 0.082410 0.047579

lsi2 1pu2 2312 -0.242427 -0.140535

1sip 1si2 1pe 0.274353 0.158440

1sip 1si2 2P 0.141213 0.081532

1sip 25 1pe 0.255488 0.147615

1sip 2312 2pu2 0.279461 0.161382

1sip 2pu2 231 0.196547 0.113694

1pue 1pue 1pe -0.023543 -0.040888

2312 1si2 1pe 0.058872 0.033968

2312 252 1pwe 0.061997 0.035741

2312 252 2p2 0.055680 0.032099

1ps2 1si2 1si2 -0.054191

1pz2 251 1si -0.057859

1pzre 1p 1pwe -0.067169

1psr2 1pe 2pu2 -0.060622

*Two configurationstate functions are needed to span the spaces corresponding to (1/2) (1/2) (1/2) occupations (as defined in
text), whereas only one sufiimction is needed for the corresponding (3/2) (1/2) (1/2) species; all configurations with at least one
Cl coefficient whose absolute value exceeds 0.04 are listed.
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B. THE MECHANISM FOR PROTON BONDING IN THE p+& SYSTEM
A comparison of Figs. 10 and 12 helps to illustrate the origin of the proton binding process

in the present model. The energy difference results foraed ge n in the same (2s,2p) basis
are plotted against the assed g/m value forn in Fig. 13, and show that the proton binding
energy increases as this chatgenass ratio is reduced from its original value of +1.0 a.u.
Because of the small ghwalue of the proton it is to be expected thayderms in the XBPS
Hamiltonian (Table 1) which do not involve this quantity will be important. An analysis of the
p‘en total energy for then g/m values of 1.0 and 0.5733 a.u. is given in Tablé$ and XV
respectively, including corresponding results for optimal treatments of heystem in its
lowestenergy Ostate. The proton's kinetic energy contribution is relatively small because of its
large mass, but at the interparticleal€es involved, this quantity still works effectively against
net binding . For then g/m, value of 0.5733 a.u. which leads to the experimental neutron total
energy for the fen system, it is found, for exampldat the proton kinetic energy is 36401.887
hartree, compared with a value of the presébectron Coulomb attraction contribution of

-5189.462 hartre€Table XIV). The latter result corresponds to a meantedagroton distance

of 3.62a2 bohr (10.2 fm. There are two other XBPS terms for the proton which do not involve
its own g /m value, however, which play a decisive role in the binding process, namely the spin
sameorbit and Darwin terms involving only the squares of either the gahes for the lectron

or antineutrino (Table I). Consequently, these terms are of the same order of magnitude as their
counterparts in the'e calculation (see Table III).

The magnitudes of these contributions to the p energy depend very muchm ahe
characteristics of the various occupied smihitals, however. A strong contribution toward
proton binding comes from its spgameorbit interaction with the electron when the latter
occupies a f orbital while the proton occupiegs(see Table XI). This attractive interaction is
countered by the corresponding term involvindhowever, because the latter also occupiges p
heavily and its g/mvalue is assumed to be of opposite sign to that of the electron. araenD
term also is characterized by large contributions to te@ potal energy in which the proton is
directly involved, however. In this case it is the antineutrino which provides an attractive force
for the proton, however, whicls icountered only partially by the corresponding repulsive p

Darwin term contribution (Table I).
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FIG. 13. Difference of the computed total energies (in khartree) of theard g € N systems (with separately optimized scale
factorsh) as a function of the antineutrino chattgerestmass ratio q/m(2s,2p basis).
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TABLE XIII. Energy contributions (in hartree) of various operators (see Table | for definitions) and particleatimmbifor (a)
the 1/2 ground state of the*g N neutron system and (b) thes@ate of the isolated B binary obtained by employing the 2s,2p

basis with scale factdn = 0.115, exponential damping constant A = 1.@54and antineutrino g/svalue of 1.0 a.u. for the
XBPS Hamiltonian.

a) Operator pe p'n en Total (p’en)
Kinetic Energy 23276.671 (p 1117472.413(% 1133826.5721) 2274575.656
Coulomb -4305.801 0.000 0.000 -4305.801
Spinsameorbit -172833.434 48470.883 -395254.117 -519616.667
Spinotherorbit -31.731 27.278 -875528.194 -875532.646
Darwin Term 92782.662 -228814.351 19549.016 -116482.672
Orbit-orbit -44.084 129.057 -450397.290 -450312.316
Spinspin -0.550 -0.132 -447017.344 -447018.026
Spinspind -0.223 -1.938 7381.956 7379.795
Total Energy -131312.679
b) Operator Total (en)
Kinetic Energy 2247935.736
Coulomb 0.000
Spinsameorbit -411800.053
Spinotherorbit -916668.797
Darwin Term 8317.250
Orbit-orbit -480109.984
Spinspin -461579.506
Spinspind 0.000
Total Energy -13905.355

There is thus a fairly complex system of interactions available among thePBrgit
terms, whose net energy contribution depends on two major factors: a)the character of the
orbitals occupied respectively by the three particles and b)agsmed value of the
anti neut r-tonestmass ratib fsincg ¢he corresponding spameorbit and Darwin
interactions with the proton depend on the square of this quantity (Table I)]. The easiest means
of grasping the influence of these varioustdas in the proton binding energy is to first examine
the situation for g/m(n) = +1.0 a.u. If the orbital occupations of theaad n particles were
exactly equivalent, all the proton spameorbit and Darwin interactions would exactly cancel
one another. That would effectively leave only the proton kinetic energy and 4efettiron
Coulomb terms to determine the binding energy, twhiould mean that the*gn system is
decidedly unstable relative tore By assuming a wavefunction in which the electron has more
pi2 character thann, it is possible to shift the balanceward a more favorable binding
situation, however, by virtue of the fact that the attractive pretectron spirsameorbit term

then outweighs the repulsivé ip contribution of the analogous type.
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TABLE XIV . Energy contributions (ihartree) of various operators (see Table | for definitions) and particle combinations for (a)
the 1/2 ground state of the*pn neutron system and (b) theddate of the isolated B binary obtained by employing the 2s,2p
basis with scale factdr = 0.18, exponeidl damping constant A = 1.054 aand :antineutrino g/swvalue of 0.5733 a.u. for the

XBPS Hamiltonian.

a) Operator pre p'n en Total (p'en)
Kinetic Energy 36401.887 (p 1346815.079 (& 1453755.8821) 2836972.849
Coulomb -5189.461 0.000 0.000 -5189.461
Spinsameorbit -208544.881 50249.141 -465129.910 -623425.649
Spinotherorbit -58.267 54.775 -1007066.189 -1007069.681
Darwin Term 107014.110 -262604.473 17161.765 -138428.597

Orbit-orbit 200.486 -58.064 -523108.311 -522965.888
Spintspin -1.096 -0.248 -516918.459 -516919.802
Spinspind -0.387 -4.109 5928.285 5923.790
Total Energy 28897.559
b) Operator Total (en)
Kinetic Energy 2789426.035
Coulomb 0.000
Spin-sameorbit -481697.661
Spinotherorbit -1063806.525
Darwin Term 11500.864
Orbit-orbit -558243.900
Spinspin -531802.164
Spinspind 1127.425
Total Energy 166504.076

Examination of Table Ml shows clearly that heavy net attractive contributions actually
arise for both the spisameorbit and Darwin terms as a result of such a polarization. As a result,
the total binding energy of the proton to tha eomplex is computetb be 117400 hartree. By
comparison, if only the proton kinetic energy and prattettron Coulomb contributions were
counted, a negative proton binding energy would result. There is another key factor‘iifthe p
binding process, hogwer, which is also important in the formation ofatomic systems in the
realm of molecular physics. Some adaptation of the charge distribution of a diatomic component
of the molecule is almost always crucial to the production of a stabdgotriic sysem'3
Generally speaking, the more stable the diatomic system, the higher the price to be paid for
altering its charge distribution to accommodate bonding with a third atom. In the present context,
it is important to recall that a quite small AO basis has kmeployed in these exploratory

calculations, however, and so it can be anticipated that at least some of hg¢gest e més af f i
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to polarize its charge distribution is a consequence of its relatively poor representation at this
level of theoretical treatment.

When the g/mvalue is decreased from unity for the antineutrino, several additional effects
emerge. The @ complex gradually loses its stability in the process, and it thus becomes easier
for the proton to imd to it as a direct consequence. The cancellation of the-Baeit pe and
p"n interactions is no longer perfect even if bottaed n have equivalent orbital occupations
because the key (g8 weighting facbrs now favor the electron. In addition, polarization
effects are less likely to destabilize tha €omplex, so that the types of changes in the isolated
systembébs wavefunction which maxi mi zethlbssndi ng
resistance than before. For the ghalue of 0.5733 a.u. required to obtain the experimental
neutron rest mass for théepn calculations employing the 2s,2p basis, it is found that the proton
binding energy increases to 137600 hartree, over 20000 hartree greater than the value which
results when a unit value for this quantity is employed.

The results of Table X4 show furtherthat both the sphsameorbit and Darwin
interactions again produce a net attraction for the proton, namely 158296 and 155590 hartree,
respectively (obtained by adding the correspondifg @nd pgn results). These results are
accompished to a large extent by polarization of tha eomplex, as can be seen from the
following comparison. For thig/mo value the minimal total energy obtained for the isolated e
system is 166504 hartree, wherghs corresponding energy value obtained employing the
polarized pen wavefunction is 311438 hartree (obtained by adding theanetic energy of
1346815.079 hartree to theneresults including then kinetic energy), an increase of 144934
hartree. Again, while it is very likely that such polarization effects are greatly exaggerated by the
use of such a small osparticle basis set in the present calculations, it at least seems conceivable
thatthe combination of changes of this nature in tlieaharge distribution along with the use of
a |g/m| value for the antineutrino which is smaller than that of the electron could lead to
sufficient proton binding to produce a metable gen complex with the properties of the
experimentally observed neutron. The effect of this polarization increases withdiergeto-
mass ratio, so these considerations make it at least qualitativelystamtizble why the proton
binding energy increases as gftecreases, as seen clearly from the result of Fig. 13.

There is another important aspect of thet@n binding process yet to descussed,
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however, namely the influence of the exponential damgaatprs in the XBPS Hamiltonian
(Table 1). These factors play a decisive role in obtaining an energy minimum fomthenary

(Figs. 1011), but they also have a subtle influence on the proton's interactions. As we have
already seerthe BreitPauli terms of greatest importance for the proton are thesspneorbit

and Darwin interactions with-and a which are multiplied by the (q/§f factors of the latter
particles only. In these cases the corresponding deyfactors are totally independent of the

proton's momentum (Table 1). By decreasing
possible to increase the magnitude of thedamped Bre#Pauli expectation values, with their
net attractive influencewithout producing a corresponding decrease in the magnitude of the
related exponential damping factor&s long as the charge distributions of the electron and
antineutrino do not change at the same time, such an increase in the proton momentum thus
generdly leads to a net increase in the attractive contribution of the damped Beiti
interactions to the protebonded system.

The possibilities are not unlimited for the proton, however, because its kinetic energy also

increases as its charge distributistmade more compact (see Fig. 14).
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E Proton Orbital
Binding Energy vs. Size

r(p+e'v)

FIG. 14. Schematic diagram showing the relationship between the size of the proton orbital and the stability ofithe p+e
neutron system. The large mass of the protizra-vis the e N species allows it to assume a relatively contracted charge

distribution which helps to maximize the effect of its attractive staorge interactions with the lighter particles without greatly
increasing. its own kinetic energy, theading to the total energy minimum shown.

Because the BreRauli terms vary as®rbefore damping effects are considenatijle the
proton kinetic energy increases only &% p2, it follows that in thenterparticle distance range
of interest (r° a?) the total binding energy at first
Eventually a point of diminishing returns is reached, however, because as the proton orbital

shrinks in size the values of the BfBiauli integrals for fixed eand n probability distributions
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begin to change more and more slowly, ultimately approaching theg@nge limit commonly
employed in atomic calculations using the B#fe#uli method. The proton kinetic energy
continues to increase at roughly the saate, however, and so at some point an optimum proton
size is reached. Nonetheless, this effect represents a distinct advantage for theipestas
lighter particles, and will be seen to play an increasingly more important role in the theory of
nuclear binding which emerges from consideration of the properties of the XBPS Hamiltonian.
To illustrate the proton's tendency to assume a relatively more compact charge distribution
than the electron and antineutrino, an additional series of calculatiorsedascarried out in
which two stype Gaussian functions have been added to the original 2s,2paditde basis
employed above. Optimization of the new exponeatsafidaz) while holding those of the other
functions fixed at their optimal values for teen wavefunction shows that the proton prefers
relatively high values fothese quantities (2.56 x 48nd 8.0 x 10a5%). These values are 8.0 and
2.5 timesgreater than that of the largest exponent in the optimal 2sR2pasis, indicating a
significant contraction of the proton wavefunction, as expected. The newagisns succeed
in lowering the total fg'n energy by nearly 60000 hartreglative to the 2s,2p result given in
Table XNV. In order to be consistent with the general calibration procedures adopted earlier, it is
necessary to readjust the respective value of the exponential damping constant A and the
antineutrino g/ravalue so as to produce minimal energy resuitsHe €e’ and pe'n systems of
the desired values. On this basis A is increasedshigligtly to a value of 1.0568 a.while then
g/me result is adjusted downward to 0.5375 a.u. A summary of the energy contributions for the
p'en 1/2 state found in this basis set are givin Table XV for comparison with the
corresponding 2s,2p data discussed first (Tablg)XIThe shrinking of the proton charge
distribution is most easily recognized from the magnitude of the kinetic energy obtained in the

two treatments. This quantity increases by 79% as a result of the basis set
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TABLE XV. Energy contributiong§in hartree) of various operators (see Table | for definitions) and particle combinations for (a)
the 1/2 ground state of the* N neutron system and (b) thes@ate of the isolated B binary obtained by employing the 4s,2p

basis with scale factdr = 0.16, exponerai damping constant A = 1.0568 aand antineutrino g/evalue of 0.5375 a.u. for the
XBPS Hamiltonian.

a) Operator p'e p'n en Total (p’en)
Kinetic Energy  65280.208 (p) 1339330.432(¢ 1478062.82 %) 2882673.461
Coulomb -5517.636 0.000 0.000 -5517.636
Spinsameorbit  -250929.141 70545.115 -463958.811 -644342.837
Spinotherorbit -67.206 61. 902 -084257.224 -084262.528
Darwin Term 117676.768 -352977.701 15413.212 -219887.721
Orbit-orbit -66.116 228.315 -492670.535 -492508.336
Spinspin -2.195 -0.350 -511881.100 -511883.645
Spinspind -0.474 -10.788 5302.617 5291.355
Total Energy 29562.111
b) Operator Total (en)

Kinetic Energy

2759022.924

Coulomb 0.000
Spinsameorbit -475143.463
Spin-otherorbit -1042436.569
Darwin Term 11692.897
Orbit-orbit -536596.507
Spinspin -520943.516
Spinspind 1286.444
Total Energy 196882.208
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expansion, as compared to relatively small changes in the corresponding values for the electron
and antineutrino. The net attractions of the proton-spmeorbit andDarwin terms are also
increased to 180384 and 235301 hartree respectivepyesenting a total of 10179%artree
additional binding to help offset the increase in proton kinetic energy. By construction, the total
energies in both calculations are neadgritical, from which it is clear that the shrinking of the
proton charge distribution is also paid for at the price of additional destabilization ofnthe e
complex.

Another key point to consider in the presef# p calculations is the way in which the
translational energy is treated. Because of the heavy mass of the proton, it follows that the
relativistic translational energy for a givefem wavefunction is much smaller than that for an
equvalent €e species. We have seen in Sect. VI. E that the useof<EH-T> as criterion for
the basis set optimizations leads to a. notably higher damping constant A (&.d725the
5s,5p basis) thawhen only <H> is used (1.0775 3,uf the higker of these A values is used in
the pen calculations (or the corresponding value for the 2s,2p basis), it is impossible to obtain a
low enough total energy for this system to satisfy the requirement that its rest mass be equal to
that of the neutron. This situation is an artifact of the small (2s,2p) basis employed, however,
because the exact solutions of the XBPS must be eigenfunctions of both H and T and the lowest
total energy eigenvalue must correspond to a vanishing translaéoaedy. Under the latter
condition there would be no need to distinguish between the two different optimization
procedures employed above, since they would necessarily lead to identical resuitsEJE At
this stage of development, however, it is sseey to deal with the fact that the approximate
wavefunctions generated at the present level of treatment invariably have large expectation
values of the translational momentum operator for the system at hand, at least when such
compact charge distributis are involved as are known to characterize the internal structure of
nuclei.

Under the circumstances, the decision to focus on the expectation value of the total energy
in comparing the stabilities of systems containing different numbers of protonsamystvith it
the recognition that this choice favors heavier particles over lighter ones. Another way of seeing
this is to recall that the value of the exponential damping constant A must be significantly
smaller than variational arguments indicate itidtidoe in order to obtain total energies for the

particleantiparticle binary systems which correspond to binding energies ef?.2fs the
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qguality of the basis set improves, the effective value of A must increase to maintain this
condition until itultimately assumes the ideal result corresponding to the exact solution of the
XBPS for the translationless binary systems. To illustrate this tendency calculations have been
carried out for thee= system employing as?2p,2d basis. Thegad to a valuéor A of 1.2647

a.u, as compared to that of 1.0775 aobtained with the 5s,5p basis. Since the proton binding
energy in the fen calculations considered thus far has been shown to arise primarily from
terms which contain the cosponding damping factors in which the constant A appears, it
seems highly likely that the degree of binding will be strongly influenced by such developments.

As usual, the binding energy of thégesystem is held at37557.773 hartree in the new
basis, fo example, but the degree to which it orgts analog can bind a proton can be expected
to decrease as the value of the damping factor increases. This is tantamount to concluding that
the computed proton binding energy for a giwsstem will generally decrease as the level of
theoretical treatment is improved within the XBPS model. Moreover, this expectation is also
consistent with the discussion given earlier regarding the relationship between the stability of the
en complex and its susceptibility to polarization by neighboring protons. In other words, as the
basis set is improved there is a growing tendency for thesgstem to more strongly resist
having its charge distribution altereglative to its isolated state.

There is a competing factor which tends to insure that the minifeal potal energy can
always be adjusted to the value corresponding to the neutron at rest, however, namely the
dependence of this quity on the g/m value assumed for the antineutrino as the quality of the
oneparticle basis is improved. In the present case it is found, for example, that it is necessary to
increase this value to 0.63 a.u. to obtain the desired energy result to & syjatoximation.

The corresponding energy cdbtitions are given in Table XYsimilarly as for the other basis

sets discussed earlier. Sirntbe Gaussian exponents for the2p,2d basis have been optimized

for the ée system, the results of these eddtions are most meaningfully compared to those
employing the 2s,2p basis (Table\X] i.e. without the benefit of specially optimized proton s
functions. As expected, the use of a significantly larger damping constant leads to a reduction in
the net binthg associated with the proton sgameorbit and Darwin terms (74427 and 70107
hartree respectively), 46% of the previous total. The proton's kinetic energy is correspondingly

smaller inthe %,2p,2d computations as well, 56% of the former value. Th®mpadectron
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Coulomb energy is also smaller, reflecting a general tendency to keep these two patrticles further

apart on the average as a result of the addition of d functions to the basis set.

TABLE XV 1. Energy contributions (in hartree) of varionygerators (see Table | for definitions) and particle combinations for the
1/2 ground state of the'pN neutron sgtem obtained by employing the,2p,2d basis with scale factor= 0.111, exponential
dampingconstant A = 1.2648 a.and aritineutrino g/mvalue of 0.63 a.u. fahe XBPS Hamiltonian.

Operator pe pn en Total (p"en)
Kinetic Energy  20354.545(p) 1068402.098(¢  1140129.945() 2228886.588
Coulomb -3856.027 0.000 0.000 -3856.027
Spinsameorbit  -94307.843 19879.681 -363207.789 -437635.951
Spinotherorbit  -23.085 19.111 -757175.358 -757179.332
Darwin Term 48531. 942 -118639.460 8357.925 -61749.593
Orbit-orbit -16.656 145.966 -559254.673 -559125.363
Spirtspin -0.370 -0.176 -383654.253 -383654.799
Spinspind -0.179 -1.489 2345.886 2344.218
Total Energy 28029.737

Particularly when one considers the capacity of the proton to assume a more contracted
chargedistribution when extra functions are included in the basis which can be specifically
optimized for it, it appears feasible to construct a suitably quantitative theory of nuclear binding
on the basis of the model under discussion. At least these reswitglsdt it is far from proven
that the "nuclear electrons" which Fermi spoke of in introducing his theory of beta>tecay
actually cannot exist within the confines of a bound nucleus. Before discussing further
computations employing the XBPS Hamiltonianpwever, it is well to consider other
experimental information regarding the neutron which has been claimed to lend support to the

hypothesis of the disappearing electron.

C. COMPARISON OF THE PROPERTIES OF THEem SYSTEM WITH THOSE KNOWN FOR
THE NEUTRON
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The calculations discussed above have been suggested by the model of a neutron as a
composite system formed by its known decay elements. The lewesy pen system is found
to be a doubletconsistent with what is known for the neutron. As a product of three fermions, it
is a fermionic system itself, in agreement with Pauli's original interpretation of beta decay
processed’ The charge distribution found to be optimal for the P System corresponds to
nuclear dimensions, in fulfillment of another obvious requirement, but more extensive
calculations are highly desirable in order to be more quantitative on this point. Anilyee
partnership is suggested in forming the neutron wialeminiscent of the excimer concept in
molecular physics. The fact that the system corresponds to a local energy minimum which lies
above that of its separated particles is clearly consistent with the knowrstaleitay of the
neutron. This aspect oiuclear binding (weak interaction) will be taken up in more detail in .the
following chapter.

A key to the binding of the three particles together is the assumption of a posityve g/m
value for the antineutrino, but one with a smaller absolute value tiaaroft the electron. One
has the picture of an®@ system which is an imperfect copy of theemassless binary first
discussed. Its relative instability makes it more attractive to the proton thaitself, and in
effect the proto binding that results can be looked upon as an attempt to compensate for what is
otherwise missing in the-8 bondvis-a-vis either of its é&& or nfi counterparts. The electrical
neutrality of the antineutrino grentees that the*gn system has no net charge, but this brings
us to a far more delicate matter. The neutron possesses a magnetic dipole moment which is
negative and of the order of the nuclear Bohr magn&Sms such it is far smaller in absolute
magnitude than what one would expect for a system containing an electron.

To examine this point it is helpful to consider an experiment in which the hypothetical
p‘en system is subjected to a nmagic field in order to determine this quantity. If we assume
that the magnetic moment of the combined system is equal to the algebraic sum of the individual
moments of its constituents, the measured value must be expected to be nearly equal to that of
the electron alone. This assumption works quite well in dealing with molecular properties and
has also been found to be acceptable for nuclei, as for example in the comparison of the
deuterondés magnetic moment wit hflweleakmad it s
closely at the way magnetic moments are measured, however, we note that for this additivity

principle to hold in the J&n case, it is essential that the electron be just as apt to rotate in
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response to the torquem@ied by a magnetic field in this tatomic system as it is in its free
state, or alternatively when it is weakly bound to a positive atomic or molecular ion.

Especially since the present calculations indicate that the binding process requires a
particular spin orientation between all three particles in the optimienm pesonance state, it
seems far from obvious that the above condition is fulfilled in the present instance. In order for
the electron spin to chga its orientdon, it seemgnuch more likely that the system as a whole
must rotate, and that would mean that a much larger mass is involved than for a tightly bound
electron as in an outer shell of an atom. A similar situation is well known in the study of the
Comptoneffect*® for example. The modified wave observed inay radiation from atomgs
observed only when an essentially free electron is involved in the interantmhjch case the
change in wavelengtbl is found to be inversely proportional to the electronic mass. When an
innershell electron does the scattering, however, it is as if the whole atom is involved in the
interaction and consequently the Compton scattering law indicates the production of an
essentially unmodified wavea,e. DI ~ 0. The calculations discussed above suggest that the
electron in the TN resonance system is very tightly bound to both the proton and the
antineutrino constituents, and thus that the model oihaershell electron in the preceding
analogy is far more appropriate.

On this basis one is led to expect that them system has a magnetic moment of an
extremely heavy electron.e. negative in sign, but of the order of a nucleahr magneton,
which is at least approximately what is observed for the neetféiThe additivity principle
should not work at all well in this case because the interaction of the particle spins is intimately
involved in the internal bonding processnlike the case when predominantly Coulomb
interactions are involved. In Chapter IX we will come back to this point when we discuss the
muon magnetic moment, which is almost exactly what one would expect for an electron having
t his part i cl edverall siteagidn is caenyplicated forhtee proton and neutron,
however,because of the pion cloud known to surround each of #&i#¥1%! as also considered
below. The observed neutron magnetic moment is roughly ddbéthat which one would
expect from t heel eachtovoen 0fi cmoadnep e, d b u't such a dis
understandable in terms of the environment otherwise assumed for the neutron. Moreover, the

fact that highenergy eletron scakering expements®? have indicated elastic form factors which
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correspond to a small but not necessarily vanishing neutron charge radius are also seemingly

consistent with t he-apmiecengasttionfoothiseneufrad sysaesns u me d t

D. THE BINDING ENERGY OFTHE DEUTERON IN THE XBPS MODEL
The simplest nucleus consists of a single neutron and proton which are assumed to be

bound together by a force generally referred to as the strong or hadronic interaction. By analogy
to the quantum electrodynamics degtion of the Coulomb force as involving the exchange of a
virtual photon, Yukaw¥® suggested in 1935 that the exchange of a heavier particle was
responsible for the force joining any two nucleons together. According to the present model, the
reaction ofa proton and a neutron to form the deuteron proddcinvolves four separate
particles, three of which are found in the neutron itself. The question that will be taken up next is
whether the forces which have been proposed above to explain how thnegesppsicles can

be bound together to form a neutron might not also be involved in the nuclear binding process as
well. Having computed a value for the chatgemass ratio of the antineutrino on the basis of the
results of the g n XBPS treatment in a given oiparticle basis, it is thus proposed to examine

the effects of adding a second proton to this system, while otherwise proceeding in an equivalent
manner as in the calculations already discussed.

On the basis of the treatment the helium atom in the standard quantum mechanical
theory, one might expect the ground state of this-pvaton system to correspond to double
occupation of the same s orbital found to be optimal for teenpsystem. Experiment tells us
that the resulting singlet state is not favored by the deuteron, however, but rather one of triplet
multiplicity.*®* Moreover, no other bound state is known to exist for the deut&t@he fact that
the triplet multiplicity s so favored by the deuteron has given rise to the-kmeilvn
characterization of the nuclear force as being-gpimendent® The XBPS calculations for the
p‘en system have indicated quite strongly that the eomplex itself retains the” @haracter
preferred in its isolated state, and thus it is reasonable to expect that such relatively light particles
themselves do not make a significant contribution to the total angular momentum of this system.
Especially sioe the traditional description of this nucleus is in terms of a proterasd a
neutron 9 orbital®*8” it seems clear that the only way to obtain a satisfactory explanation for
the deuteron ground stateds ttherefole éotassume thati pl i c

there is asecondsy2 proton orbital with nearly the same energyths first, but orthogonal to it.
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For simplicity, let us refer to these two orbitalsjasandj », whereby it can be anticipated that
one of them will be quitesimilar to that found to be most strongly occupied in them
calalations discussed in Chapters VIIBA,

In view of the above experimental findings one is led to expect that neither of the closed
shellj &2 or j v configurations leasl to a bound deuteron states. the energies of the related
singlet states must lie above that of the separated proton and neutron, or some 29000 hartree
higher than that of the constituent protons, electron and antineutrino separated to infinity.
Accordng to the convention employed earlier, the deuteron ground state itself has a total energy
of -52972.813 hartree, corresponding to the measured binding energy of 2.22452 MeV relative to
the separated proton and neutron. To see how this general pictuefleited in actual
calculations, we will begin by employing the simplest-paeticle basis considered above, with
2s and 2p functions for each particle type. The same values for the exponential damping constant
A and then chargeto-mass ratio are assumed as in the analogoescplculations which
employ the same AO basis. After optimization of the scaling fdctior this basis, it is found
that the lowesenergy state of the’@n system has Gsymmetry, with both protons occupying
the | a si2 orbital with opposite spins. As expected, the electron and antineutrino form a singlet
unit similar to that favored by thée system, and this part of the wavefunction is responsible for
the negative p#y of the fourparticle state as a whole. The total energy obtained for thtat@
is -254512.252 hartree. The lowdging 1 state with a 82 Si2 | 4 b proton configuration has a
much higher energy of +21955.705 hartree, but is still bound relatihetie n system plus an
isolated proton by 6941.856 hartree, or 0.189 MeV (see TaMi Xl

In Sect. VII. B it was found that the proton of theejp system preferred a considerably
more contracted charghstribution than either the electron or antineutrino. In the next series of
p’en calculations the same 4s,2p basis is employed which demonstrated this effect in the first
case. The additional two s functiorss € 2.56 x 16 anda, = 0.80 x 16 ay?) are found to have a
much greater effect on the total energies of tfeenpstates than before for the corresponding
one-proton system. For A=1.0567 aand g/m (n)=0.5375 a.u., the values of #eeparameters
which lead to the desired binding energies of ffeeamnd p+en systems in th basis, results of
-401335.635 and86856.876 hartree are obtained for thar@l I p’e n states, respectively. The
corresponding computed binding energies are thus 430897.744 hartree (11.72 MeV) and
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116418.985 hartree (3.17 MeV), respectively, considerably larger in each case than for the 2s,2p

basis set not containing specially optimizegdfgnctions for the protons.

TABLE XVII. Energy contributions (in hartree) of various operators (see Table | for definitions and abbreviations) and particle
combinations for the Gstate of the f& N deuteron system obtained by employing the 4s,2p basis with scale Haetor16,
exponenthl damping constant A = 1.0568 aamd antineutrino g/ewvalue of 0.527 a.u. for the XBPS Hamiltonian

Op p'p p'e p'n en Total
KE 286751.843(p) 1389897.489(¢ 1629685.689) 3306335.021
C 15221.838 -11234.341 0.000 0.000 3987.496
Ss00.000 -669587.021 105016.667 -447338.511 -1011908.865
S000.000 -93.245 94.858 -893545.158 -893543.546
D -23.567 160901.391 -1103708.083 28456.498 -914373.757
OO0 0.662 -122.703 414.328 -394442.299 -394150.012
SS 0.000 -0.352 -0.205 -499287.703 -499288.260
SK 47.127 -0.357 -4.749 15026.997 15069.018
-387872.905
Sdi* 392749.721 392749.721
TE** 4876.816

*Strong spirspin S increment for proteproton interaction (see text).
**Total energy

The energy contributions for the various oaed twoparticle interactions for the above
two states in the s§2p basis are given in Table XM0") and Table XMII (1) respectively.
These results are obtained with a slightly lower i value (0.527 a.u.) than in théem
calculations mentioned first, but correspond to very nearly the same binding enegdies tel
the pen system of the same chariemass ratios as those given above (the total energy of the
latter is 44067.869 hartree, or 14505.760 hartree higher than in the alihidation detailed in
Table XV). This second seriasf p’e i calculations indicates that thenecomplex is capable of
providing a strong attraction for protons. As usual, by far the largest contributions to net binding
for the system are the prot@hectron angbrotorrantineutrino spirsameorbit and Darwin terms.
For the Ostate the spisameorbit proton terms produce a net binding of 564570 hartree, while
the corresponding Darwin term result is 942807 hartree. The corresponding results for the 1
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state are 41275 and 536870artree respectively (Tables X\dhd XMII). These values are 2.5
to 4.0 times greater than found in the correspondiegipcalcubtions in Chapte¥I11.B (Table

XV), again indicating that the addition of a secondgras marked by a significant contraction
of the charge distribution of the system as a whiode the ge n results are more than double

those for the system with a single proton).

TABLE XV III. Energy contributions (in hartree) wedirious operators (see Table | for definitions and abbreviations) and particle
combinations for the “Istate of the f# N deuteron system obtained by employing the 4s,2p basis with scale Haetor16,
exponentil damping constant A 1.0568 a.uand antineutrino g/ewvalue of 0.527 a.u. for the XBPS Hamiltonian.

Op p'p’ p'e p'n en Total
KE 290643.137(p 1341557.196(¢ 1512125.933f) 3144326.266
C 7726.523 .-10467.859 0.000 0.000 -2741.336
SsO 0.000 -530003.791 88729.000 -442961.158 -884235.949
So0 0.000 -57.868 39.310 -906688.972 -906707.530
D 0.000 178980.181 -715853.570 22920.853 -513952.535
OO0 0.277 -84.456 207.748 -428116.693 -427993.124
SS 0.000 -6.087 -0.388 -491176.127 -491182.602
S 0.000 -0.091 -29.955 11380.624 11350.578
-71136.232
Sdi* 3.123
TE** -71133.109

* Strong spinspind increment for protosproton interaction (see text).
**Total energy
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The fact that the total binding energies obtained for fleenpsystem are considerably
larger than observed for the deuteron experimentally, particularly when reference is made to the
Ostateds results, is a clear deficiency of th
p‘en computations discussed in Chapiél. B, it can be expected that the addition of d
functions to the basis employed will probakead to a decrease in these values. Nonetheless, a
more obvious deficiency in the present results seems far less likely to be an artifact of the
computational treatment considered thus far, namely that the ground state & theystem,
which is being proposed as having the composition of the deuteron, prefers singlet multiplicity
by a wide margin. This result seems unavoidable so long as the interactions involving the protons
are predominantly the spBameorbit and Darwin termsnvolving either the electron or
antineutrino as second particle. Only the Coulomb repulsion between the two protons provides a
counterexample for this type of behavior, and although this interaction does favor a triplet spin
function for a tweopenshel proton configuration, it is not enough to override the decided
preference of the?p n system for a closeshell structure in which only the most stable proton
s12 orbital is strongly occupied. The situation is thus analogous toeiheountered in the
electronic structure of the helium atom, which also favors a singlet ground state, and as a result
there seems no question that the XBPS Hamiltonian in the form given in Talnleticapable of
a suitable description of the forcesiatn bind the proton and neutron together in thior other

nuclear systems.

E. THE SPINDEPENDENCE OF HE INTERACTION BETWEEN NUCLEONS
The failure of the above calculations to account for certain basic aspects of the structure of

the deuteron is mostasily overcome by looking for additional interactions which would not be
expected to play a role in either the partiaigiparticle binary computations discussed in
Chapter VI or those for the'@n resonance associatedtlwithe neubn in Chapters VIIA,B.

This approach is certainly not inconsistent with the accepted theory of nuclear structure, which
has long emphasized that a relactromagnetic interaction must be assumed between any two
nucleons in order to provide a plausiblgkxation for observed characteristics of the structure

of nuclei®*%° Although it is generally believed that such forces involve-spbit coupling akin

to the terms in the BreRauli approximatiof® it has also been showf that the coupling
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consants associated with the interactions between nucleons must be far greater than would be
expected based on consideration of electromagnetic effects alone. As an example from
experiment, one may consider the energy splittings between the ground and stateéedf the
118 and!C nuclei. According to the nucleahell modef®1%these quantities should give an
accurate reflection of thesppi2 spinorbit splittings of a nucleon in these systems, but their
magnitudes (2.14 and 1.85 MeV, respectively) are far [&glan can be expined on the basis
of Breit-Paul interactionst® Observations of the scattering of polarized nucleons fidenand
12C nwelei lead to much the same camgibns!®®

There have been a number of concrete proposals for the form of the nucleoracbdpin
coupling operatqt®>18170phyt there is unfortunately no consensus on this point. If one goes
through the list bBreit-Pauli terms with the goal of finding an interaction which is capable of
influencing the relative stability of the singlet and triplet deuteron states, one discovers that most
of them will have no effect on this situation by virtue of the fact thatproton orbitals which
are strongly occupied in the cesponding wavefunctions are exsively of s> type. Neither of
the spinorbit terms, nor the spigpin tensor force or the ortbit interaction has any nen
vanishing matrix elements when ordych spirorbitals are involved. Moreover, the Darwin
term is completely independent of spfrand is therefore also totally ineffective for this task. A
clear exception to this pattern still remains, however, namely thesspim-fanction term. It is
both spirdependent and capable of producing a-wamishing interaction between particles
occupying g2 orbitals. In order to obtain a suitably large effect from such an operator when
applied to a paiof protons (nucleons), it ise&hrly necessary to chge the value of the coupling
constant relative to those of Table I, however, as can Inefisee the results of Tables XVand
XVIII.

It is thus proposed to augment the XBPS Hamiltonian with a term ofsspin -fanctidn
type in which the g/mvalues fo the proton particles are replaced by much larger coupling
constants of the order of their electronic counterparts; for concreteness, a value of unity will be
taken for this purpose. Otherwise, the previous descripfiéimeoXBPS Hamiltonian isetained
and full Cl calculations are carried out as in the last section for both el p’e n states,
employing the same values ftte damping constant A (1.0567 &.uthe g/m ratio for the
antineutrino (0.527a.u) and exponents fothe Gaussian basis functions as in the treatment

whoseresults are given in Tables XVHnd XMII. It is found that the “1state is virtually
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unaffected by this change, with a total energy7if133.109 hartree1.936 MeV) having been
obtained. This resdt is only 3.123 hartree above the value shawnTable XMIlI without
including the spirs p i-fanctidn term.On the other hand, the total energy of the ip singlet
(0) state is changed dramatically to +4876.816 hartree, an secrea 392749.721 hartree
relative to the treatment without the new sppin d-function term for protofproton
interactions. As a resylthe lowest state of the’g@n system has triplet multiplicity, with a
binding energy relative tdhe proton and @ n system of 2.718 MeV = 71133 + 28781 hartree
(compared to the experimental value of 2.22452 MeV).

Examination of the above findings shows that the -sytimetry of the proton
wavefunction is a crucial factor wbtaining this result. The simplest representation of the triplet

wavefunction is:
Y1 =2Y[sa(l)sa(2)i s:a(2) a(1)] Vil.1

The expectation value of the sgpin d-function term for this function has the familiar form of
the difference of a Coulomb and exchange integral, but sinadftirection has equal values for
these two quantities, unlike the case for the electrostatic interaction, the result is of vanishing
magnitude. On the other hand, the simplest representation of "tls¢até whose energy

contibutions are listed in Table XVIs:
Ys= 2" [s)(1)(2) +s1(2) s(D)][a( 1(RHa( 1) b ( 2) ] VIL.2

The expectation value in this case is:

<Y 8—3'0 a%d (1.2)suhe Y s >= (23)a2p <si(1) 9(2) d(1,2) 9(1) $(2)>, Vi3

a large positive energy contribution. Adding this term to the Hamiltonian produces a
destabilizing effect on the closethell configuration of eq. (VII.2). Asignificantly different

wave function is obtained for the lowest fbot from the corresponding 4s,2p full Cl treatment
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than with the original XBPS Hamiltonian, with much more emphasis on the-stysdin
configuration analogous to that dominating the étipvavefunction.

Another encouraging result of the computations with the augmented XBPS Hamiltonian is
the finding that the next three most stable states after thigeties are nearly degenerate and
correspond to the symmetries expected for the traoskdly excited counterpart of the above
ground state. Such a translatiohaiction would be expected to havesymmetry itself and thus
exchanging it for the 0species of lowest energy as a factor multiplying thenfernal
wavefunction would lead toew solutions of § 1" and 2 symmetry, with these expected to be
very nearly equal in energy to one another. This expectation is fulfilled, with total energies of
-31260.220 (0), -31265.499 (1) and-31265.715 (2 hartree being found for the most s&bl
states of each of these three symmetries.

This example serves as a reminder that the XBPS Hamiltonian of Table | contains
translational energy contributions as waedls discussed in detail in ChaptétB. As a
consequence the excited states oiadiwith this method may differ from the corresponding
ground state in the amounts of either their internal or translational energies or both. This
introduces an additional complication into the present theoretical treatment which is clearly not
present wkn the centeof-mass motion is factored out (or when %0 condition is imposed),
but the present example shows how symmetry characteristics can be employed to distinguish
between the two distinct types of excited states. In essence one obtaingte degpresentation
of the translational continuum in the present treatment of nuclear motion, whereby the density of
states obtained is clearly dependent on the number and type of basis functions employed in
explicit calculations.

One can summarize the pemt results for the ground state of tRe P system as follows.

With the addition of a spiwdependent term for the protgmoton interaction having a coupling
constant of the order of the electronic Bohr magneton, it is possible to obtain a state of lowest
energy from the XBPS treatment in the 4shisis which has triplet multiplicity and a binding
energy relative to the protgeie n dissociation products which is at least on the order of the
experimental deuteron value. The attractive central potential which is responsithies f@sult

is provided by the ‘@ complex of 0 symmetry which is analogous to théseground state
associated with the photon in the present model. Thedgmandent proteproton adjunct to the

XBPS Hamiltonian has virtually no flaence on the total energy eigenvalue and associated
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eigenfunction for the triplet ground state itself, but plays a key role in destabilizing the
corresponding singlet spin combination of the protons, particularly the hékemlosedshell
configuration which otherwise is so favored when this term is absent.

These results are obtained with relatively small basis sets and thus it is difficult to make a
more quantitative assessment of the accuradlgeopresent modain this basis alonédut there
at least seems justification for pursuing this approach further, both at higher levels of
computational accuracy and also for the description of other nuclear systems. There is another
comparison with experimental data which is also encouraging, namely foetreradius of the
two nucleons in the deuteron system, estimated be 4226 fm or 1.5a? bohr on the basis of
scattering observations. The value of the Coulomb p#ptoton repulsion of 7726.523 hartree
(Table XMII) allows a straightforward estimaté this radius for the “Istate, namely 2.4a2
bohr. While the agreement between these two results can hardly be described as quantitative, it at
least shows that the range of the forces described by the XBPS Harniltonian is physically
reasonable. Espediasince the calculations are carried out without &ldehoc introduction of
parametric intenucleon potentials, it can be argued that their results speak in favor of the major
assumptions underlying the present model, especially the insistence uping tifea electron
and antineutrino as being physically present in the deuteron nucleus. Again the results of Table
XVIII appear reasonable on this point, showing kinetic energies for the electron and antineutrino
of 36.49 and 41.14 MeV. Under the assumption of a deuteron radius @t hdhr, an estimate
based on the approximation@ can be made of 46.68 MeV (pc =1&%c = 1.5%a" hartree)
for each of these quantities.

It also should be noted that the addition of d functions to the basis set employed in the
XBPS calculations should also favor the triplet state of the deuteron over that of the singlet. This
is becage a ds proton configuration can have a J = 1 multiplet but not one with J = 0. It has long
been thoughP that the deuteron ground state contains a srefaihdtiion component because of
the observation that its magnetic moment deviates by a significanird (2.6%) from the sum
of the proton and neutron moment values. The small buzner o val ue of the detl
guadrupole moment is also consistent with this conclusion. The extent of the present 4s,2p
calculations for the % n system precludes the addition of d functions to the basis set at the
present time, so it has not been possible to verify this effect explicitly, but the above arguments

at least make it seem plausible that such a result would occur.
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Before concludinghis section it is well to return to a key point which has walgging
consequences regarding the qualitative interpretation of nuclear interactions in terms of neutrons
and protons. To obtain a sound basis on which to discuss heavier nuclei it sess@sable that
proton orbitals appear in pairs of nearly equal energy, one set to be associated with neutrons in
the conventional model, the other with the corresponding protons themselves. Such a
development seems unlikely when reference is made to tb&ogle structure of atoms and
molecules, according to which the lowest two s orbitals are of greatly different energy, for
example. The form of the potential employed in the XBPS Hamiltonian suggests that the
situation may well be different in the presarase, however. Unlike the Coulomb potential,
whose fdependence is monotonic in character, the damped-Baeit counterparts possess an
extremum similar to that shown in Fig. 6, which is essential in the present model to avoid
variational collapse andehce to suitably describe bound nucleons. Consequently there are equi
potential points on either side of the minima in the variation of the dampedPBuditterms
with inter-particle distance which conceivably could lead to orthogonal orbitals of cimgras
radial dependence but very nearly equal stability. Once this possibility is accepted, it is not
difficult to imagine how the results of calculations for larger nuclei could be formulated in terms
of the nucleashell model of GoeppeMayer® and Jensnt®, or even more simply in terms of

distinct neutrons and protons serving as the nuclear constituents.

F. STRUCTURE OF THE LIGHTEST NUCLEI
It was recognized by Wign€Fin 1933 that the binding energies of the simplest nuclides

increase very rapidly with atomic mass number, and that this phenomenon is very strong
evidence for the short range of the forces involved. Even if one allows for the quadratic increase
in the nunier of nuclear bonds as nucleons are added, one still finds that the binding energy
trends are notably different than one observes in the study of atomic and molecular structure. In
the present model, in which the electron and antineutrino are treatécltiyxiol the theoretical
calculations, the next simplest system after the deuteron fthaucleus, with a total of five
elementary constituents. The experimental total energy oHbewucleus relative to that of its
separated protons, electron anatireutrino is-254965.67 hartree, which corresponds to a
binding energy of 201992.86 hartree relative to the stable deuteronrplos fragments. In

view of thej 4 » configuration assumed for the deuteron in the last section, the simplest
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assumption ighat the additional proton occupies one of these two orbitals with opposite spin.
Since the potential in Fig. 6 has only one extremum, it seems plausible that a thirdj grbital
would not be sufficiently stabilized by thenecomplex © make a proton configuration with
three open shells advantageous. Because of ttteafacter of the @ unit the overall symmetry

of such g & » ground state would be 1/2

In order to investigate these possibilifiasseries of calculations has been carried out for
the pen system employing the 4s,2asis introduced in Chapt¥il.B. It was not possible to
solve the secular problem corresponding to a full Cl treatment in this case, howetead s
multiple referencE® Cl common in molecular calculations has been employed, which should be
capable of approximating the corresponding full Cl eigenvalues and wavefunction to a
satisfactory approximation. The CI space considered is generatedifny élkpossible single
and double excitations relative to a series of 42 reference configurations chosen on the basis of
the magnitude of their coefficients in the final eigenvectors. The Hamiltonian employed is again
that of Table | augmented with theiss p i -fanctién term for the proteprotoninteraction
discussed in Chapté&fll.LE. The same g/mvalue (0.5375 a.u) fon is assumed as yields the
experimental neutron (negative) binding energy for fleenpsydem (ChapteWIl.B). The same
value of the exponelasi damping constant A (1.0568.u) is also employed as in the latter
treatment. The exponents of the most compact tiype functions were optimized specifically
for the ge'n system in the 1/Xtate, and it was found that these values are about 30% larger
than those which produce minimal energy for thesp systemj.e. aj = 0.338 x 18 a;2 andaz
= 0.8 x 108 &).

The total energy obtained in the optim 4s,2p treatment is found to b212334.852
hartree. Optimization of the above exponents from their origfteai pralues brought an energy
lowering of 14562 hartree, indicating a substantial contraction of the charge distributfen of
protons in the larger®g n system. The resulting total energy is thus 42631 hartree (1.16 MeV)
higher than the experimentally deduced value for e nucleus mentioned above. The
computed binding energy relative to th&ep 1" state (see Table XW) and a free proton is
141202 hartree. Although this is a substantial amount, it is still only 69.9% of the experimental
energy difference between thide nucleus and the deuteron plus proton system. Thessipin

d-function protorproton interaction is quite important in this determination, having a value of
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127952 hartree, as compared to virtually zero magnitude for the correspofelingxpectation
value in the 1state.

The most impdant configuration in the3s n wavefunction is of th¢ 2% b type, so that
the simplest interpretation is that that the more compagpes orbital corresponds to that
occupied by the twcdHe protons in the conventional descriptiofFhe magnitude of the
Coulomb repulsion for the three protons is 35369.772 hartree, nearly five times the value
found for the pen 1 system. Since there are three times as manywisér interactions in the
heavier system, this result also evidence for a general contraction of tPenp system
relative to its tweproton counterpart (see Table KM. This result is understandable with
reference to the nature of the XBPS Hamilonian employed in the present trieaisi@ new
proton is added to the’n system, one has both an increase in the total kinetic energy of
these heavy particles and an enhancement of their net attractive interactions fon the e
complex of lighterelements, thereby disturbing the equilion prevailing for the lighter
nuclide. Because the changes in the starge attractive interactions are greater, this leads to
a drawing of the entire system together and a greater increase in total bindigg tbaar
would be possible by simply occupying the original proton orbitals of the lighter system.
Under these circumstances one must be wary of making a strict correspondence between the
s12 orbitals occupied in the deuteron alitk, respectively. The fact that only one electron and
antineutrino are present inevitably leads to the designation of only one of the nucleons as a
neutron (opershell occupation) and the remaining pair as protons (clsiselt.

This line of argumentation dels to an interesting question, however, namely what
happens when still another proton is added to the system. On the basis of what has been said
above, it is tempting to think that the resultifigiX nucleus would be bound by a ratHarge
margin, possssing a absedshell j 2% ,?> proton configuration. A Li isotope of this mass
number is not stable, which raises the specter of a breakdown in the above model, or at least
unusually high Coulomb repulsion effects that make such extrapolations very inacthrsite
need not be the case, however, becausélihgystem is more likely unstable because it is
prone to electron capture and the subsequent formation of the highly stable alpha‘ptaticle

(E=-982528.11 hartree), rather than because it is subjepbtdaneous decomposition itself.

Calculations similar to those discussed above have thus also been carried out for a
system with four protons and a singl@ aunit. The closeghellj 53 »> proton configuration

145



mentioned above correspgito a Op*en state. The most stable state of this symmetry in the
present treatment does not have a significant contribution from this configuration, however.
Instead, proton p orbitals show significant occupation, which according to the rstuddar
model are the ng available to the hypotheticdlli nucleus. The total energy of thisfiate is
-219926.758 hartree, some 7600 hartree lower than that ofdtre P2 ground state. The
lowest energy obtained for the feproton system is for the* state {313119.128 hartree).
There is also a*lstate of only slightly higher enerdy310409.680 hartree) and asbecies

lying just above it 303091.067 hartree). In the first two cases the preferred configuration is

j a3 bj o i.e.threefold si2 occupation corresponding to théefn ground state discussed above

and having the remaining proton located in the lowest p shell. Since there is-oolspiarm

of the type foreseen in the nuclesirell model®1®in the Hamiltonian employed, there is
essentially no splitting computed between the correspondingnul p/2 subshells. Even with

such a specific proteproton interaction, however, it seems clear that the lowest of such states
would be quite unstableith respect to the electron capture process required to forfiHehe
nucl eus. The exper i men tgaound staieisastill merathan §8yMed f t h e
lower than any of the calculated results for thevpsystem associated with tAigi nucleus in

the present model, and so it seems plausible that such states could not exist for sufficient time
to be observed prior to their decay. Hence, no contradiction exists between the present
computed results and experiment. The lifefifhef the °Li isotope is only 18 s and this
species should be considerably more stable than the Ifhtgystem, in agreement with this
assessment.

As a result, it seems best to terminate the present discussion of systems formed by adding
still more protons to a 8gle ev binary and turn instead to the far more interesting possibility
that as the number of protons continues to increase in a nucleus, there is a strong attraction for
additional electrons and antineutrinos. The fact that species is also required in electron
capture is consistent with the inevitable appearance of atogpaeutrino as well (see Chapter
IV. B), both of which come from the same massiessbinary according to the present model.
Such casiderations lead one naturally into a discussion of the weak interaction in theoretical
physics, but this is best deferred until the next chapter. Instead a second nuclear series will be
considered which results from the addition of successive prot@pdo of en units.

A system of two protons and twonesinglets can best be thought of in the present
model in terms of a deuteron interacting with a single ele@ndimeutrino unit. The spatial
orbitals whichc o mpr i se the | atterodés wavefunction must
the first en complex because according to the XBPS calculations of Chapter VI, every
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conceivable spin combination other than that for the lolyesg O state is quite unstable. It
therefore follows that the next best tparticle en function is probably somewhat less stable
than the first. In essence the calculations show that one proton must make up for deficiencies
relatedtothee | ect rondés pairing with a ptamdassratibe of
than that of its antiparticle. A proton has the capacity for doing this because it has a net
attraction for both the electroand antineutrino (see Tables XVII, XVIII) ard it has
relatively small kinetic energy in the required short htarticle distance range. Nonetheless it
canodét quite achi ewenitonea bnddonenbdsisnTyis rasulttamoudtato e
concluding that a bound systewf two neutrons does not exist, as is well known
experimentally, even though the simplest view of nuclear structure holds that the nn
interaction is of quite similar strength as that for pn.

The situation seems likely to improve when an excess of praamsilable, especially
because the intg@roton distances can become smaller because of the net increase in-the spin
sameorbit and Darwin term attraction to thenespecies. A system with three protons and two
such binaries correspds to one proton and two neutrons in the conventional accounting, i.e.
the tritium nucleusH. Experimentally this system is found to be only 0.4935 MeV (18136
hartree) less stable than tiée nucleus. Considering that their respective total energiemare
the order 0f250000 hartree relative to their separated (stable) particles, this is a comparatively
small difference. As before witfHe, two configurations come into question to describe the
ground state, namelys%j » andj 4 v>. Because the number of particles increases to seven in
the ®H calculations in th present model, it has nbeen possible to carry out explicit
calculations to study this point. One can speculate that the relative stability jof &inelj »
proton orbitad must depend fairly strongly on the number af e@nits present in a given
system, however. It may even be that the designation of each of thegmesies as either of
proton or neutron type is different féH. so that the compd#n of the doubly occupied
orbitals of the two systems are actually fairly similar to one another.

In any event the true growsdate wavefunctions of bofile and®H can be expected to
consist of heavy mixtures of the above two configurations inge@se. What of the Iolying
excited states of complementary structure which are indicated in each case, however? It seems
conceivable that whenever either system occupies the state of lesser stability that it rapidly
either loses or gains anneunit to become the corresponding ground state of the other system
without greatly altering the original occupation of its two most stable proton orjbitaied] p.

In fact, only one of the four possible configurations is truly stable, simc#itiground state is
known to undergo beta decay with a Hi# of 12.4 years to form th#He ground stat&’® In
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other words3He is weakly repelled by a second especies but this effect can be minimized

by altering its protortharge distributions. The situation may also in some way be similar to a
phenomenon which often occurs in molecular phySitsaccording to which two iso
electronic systems havwautually inverted ground and excited stategh correspondingly
distinctivenuclear conformations. For example, ozone prefers to doubly occupy-thebitbl

which tends to give it an opahain structure, whereas cyclopropHfprefers the 2pspecies
instead, which in turn allows it to have a triangular ring conformation. Batlecules have
excited states with the opposite occupations, however, whose nuclear conformations are quite
different as a result, corresponding to an epleain form of cyclopropane and a ringed isomer

of ozone. In this case the numbers of electronsequal for the two systems but the nuclear
environment is quite different. In the present comparisoki@nd3He, the number of protons

is equal according to the present model (corresponding to the mass number in standard usage) ,
but the two systems dédf in the number of @ units combined with them in each case.

Another important characteristic of thenecomplex which it shares with the'ee
massless system is that the Darwin repulsion between the two cemispirticles is very
small (see Tables-XV ). As remarked in; Chaptérl.D, the expectation value for the -un
damped Darwin term vanishes exactly for the & prototype system. In both cases this result
indicates that the particles avoid each odwecompletely that they never (or only rarely in the
en case) reside in the same region of space (with or without the same spin). This result
strongly implies that a definite region of space must be reserved to accommodate each
electon-antineutrino pair within a given nucleus. Analysis of Table Il shows that this
situation arises primarily because it allows for maximum advantage to be taken of the
attractive BreiPauli interactions between the two particles. ‘lg, dor example, ayp change
in the respective charge distributions which leads to azeomd-function expectation value
must result in a net increase in total energy because a variational minimum is involved. The
situation is not quite as severe forme(Tables XXVIII), but nonetheless the absolute
magnitude of the Darwin term in this instance is only 5% of that of the corresponding spin
sameorbit expectation value. At the same time the calculations indicate that the proton and
electron charge distritions are not similarly restricted. as a rather large Darwin interaction is
invariably computed between them (178980.181 hartree in Tabli Xbor example).

These results are very reminiscent of the experimentatredtsons mentioned in
ChapterlV.C. Theyindicate that the nuclear volume is essentially directly proportional to the
number of its constituent nucleons. According to the pressatilations, it appears somewhat
more precise to say that the nuclear volume is proportional to the numbenstituent en
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units, which arithmetically amounts to essentially the same relationship. In other words,
because each electron must avoid each antineutrino, one can expect a fixed volume to be
reserved for every such pair of light peles to insure maximum stability for the nucleus as a
whole. The protons are much freer to move in a small volume because their rest masses are so
much greater, but even as they shrink in orbital size with increased binding, the corresponding
e n charge distributions remain relatively unaffected. This observation is also consistent with
the form of the exponential damping factors in the -sgimeorbit and Darwin terms (Table 1),
which as mentioned before allow a closer approach ddigfinter particles to maximize the
attractive forces as each proton is added to the system. The exponential operators are strongly
dependent on the momentum (and consequently the orbital compositions) of the electron and
antineutrino, however, so that tkkelume occupied by them is relatively independent of the
number of protons in their environment. Only if the proton occupation drops below or rises
above a critical level necessary to support a given numbemofits is a volume ange
advantageous, which is to say a beta interaction occurs to either decrease or augment the
number of electro@ntineutrino pairs within the confines of the nucleus.

To conclude this section iemains to discuss the result of adding a fourth protdheto
double en complex. The producsiclearly the relatively stabfitle nucleus, originally named
the alpha particle a century affdt has a closeghell ground state corresponding to jth§ n?
proton configuration and represents an optimal proportion between the number of protons and
electrons for such light nucleThe experimental binding energy of the last proton (compared
to ®He) is 728212 hartree. Relative to two neutrons and protongepissents a binding
energy of 1.04 megahartree, iie.exces of 250000 hartree per protomu€leon). The latter
result is about 2.5 times larger than the corresponding valifeléoand®H. The indication is
that the protorn aj b orbitals shrink markegll as the last proton is adtiewhich isconsistent
with the closeeshell configuration characterizing this system. The fact 4Hat is the only
stable nucleus with this mass number indicates that the numben ain@s is similarly
optimal, however, as already discussed in connection with the hypotHetisgstem.

G. NUCLEI HEAVIER THAN THE ALPHA PARTICLE: COMPARIS® WITH THE
NUCLEAR- SHELL MODEL

The discussion of the last section is seen to be largely consistent withdlearshell
model of Goeppemayer’® and Jenset? differing from it mainly in the concept of protons

interacting with en units rather than neutrons as elemental particles. The lanesgy
proton s orbitalsj a andj » simply replace the corresponding neutron and proton species
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employed in the shell model. A key element in the XBPS calculations which suggests this
adjustment is the finding that the most stable state of theystem is a singlet. Since et

the electron nor the antineutrino can exist inside the nucleus without the other, it follows that
pairs of these fermions can be added indefinitely withaeictdy affecting the magnitudef

the angular momentum of the constituent protons of a gi&em.

The possibility exists that the hierarchy of spmbitals for protomeutron shells in the
original model can be obtained from calculations based on an augmented XBPS Hamiltonian
similar o that employed above in Chapt&B.E-F, in which case the resulting proton shells
are expected to occur in pairs of the same symmetry, in analogy jtq #melj , s> species
already considered. It is likely that theosi/> configuration for en is not the onlypossibility,
however. Any configuration of two orbitals of the same j but differing by one unit in | contains
a single Omultiplet, and thus different B units could vary widely with respect to theitype
orbital composition whilestill retaining their singlet characteristic. One can conceive of a
series of concentric spherical units, each differing in volume from their neighbor of smaller
radius by a constant amount, consistent with the arguments of the last section based on the
Darwin term. The exact naturef these relationships ia matter to be settled by explicit
calculations for larger nuclei.

The negative parity of the'® units must have an effect on the overall nuclear
symmetry, but it is generally aquted that there is no way to determine absolute parities of
nuclear states experimentatfif In the case of nuclei it should be noted that parity is always
inferred indirectly on the basis of angular momentum changes which occur upon scattering
relatively light systems such as deuterons off heavier nuclei. Analysis of the resulting proton
or neuton capture reactioh€ allows a determination of the | value of the incoming nucleon
from which the corresponding parity change is deduced. Sincerthebmplex has J =0, it is
impossible to learn anything about its parity from Fsunvestigations, so that existing
assignments of nucleon quantum numbers necessarily only refer to the proton orbitals which
are occupied in the calculations of the present model. By assuming thah theits always
have 0 symmetry it is always a simple matter to convert the total J values obtained on the
basis of the present model to those deduced from the nucleon capture angular momentum
distributions. For example, since the deuteron has a single such unit, it follows that the 1
symmetry computed for its ground state is tantamount to predicting that the results of such
experiments will lead to a*lassignment, as actually observed. Nonetheless, although the
intrinsic negative parity of the @ unit defies dedction in the traditional nuclear physics
experiments described above, it will be seen to have interesting consequences regarding the
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interpretation of other pivotal obs&tions in elementary particles physics, as will be
discussed in succeeding chapters

It is well to emphasize that the XBPS treatment does not assume fixed positions for the
various nucleons, in contrast to the practice in the Eyppenheimer approximation
commonly used in molecular calculations. As a result, the symmetry afotinesponding
Hamiltonian is that of the full rotation group with inversion, exactly as assumed in the nuclear
shell model. This feature does not really distinguish molecules from nuclei, however, because
the rotational states of the former also transfoigorously as irreducible representations of
the same point grod@ This seems surprising in view of the fact that molecules are said to
have electric dipole moments, but a closer analysis shows that such properties only result as a
consequence of the mynetry reduction produced by the introduction of an external electric
field.”® The electric dipole moments of molecules are thus seen to result because perturbations
of this nature cause rotational states of different parity to mix with one anothee lasth
analysis it is the relatively small energy separation of rotational states which distinguishes
molecules from nuclei in this respect. In summary, the rotational symmetry of the XBPS
wavefunctions results bencuacu see diondostisat agher a b | e
Born-Oppenheimer approximation is made, rather than because a convenient simplification is
introducedad hocin order to maintain identification with the principles of the nuckdsll
model. The calculations discussed above have ifal¢hntage of simultaneously including
translational effects as well, but the difficulties brought about by this characteristic become
somewhat less critical for systems containing relatively heavy particles such as protons.

After the 13> shdls have ben filled, the shellmodel leads us to expect that the next
most stable orbital available to succeeding protons3s, tiosely followed by 1p.. Since the
present model foresees pairs of such proton orbitals, it might be expected that the same
symmetryis not always involved for both partners. Because the two orbitals are assumed to
occupy essentially equyootential locations (see Sect. VIILE and Fig. 6) relative to a given e
unit, however, it seems at least plausible that thdferdonly in their respective radial
distributions. The operators involved in the XBPS model are of theospinand related type,
and aghis choice has been suggested irt pgithe results of the nuclesihell model, it is thus
clearly consistent withthis approach. If the traditionad/m, factors of the BreiPauli
Hamiltoniarf® (Table I) are employed exclusively, it is seen that the only interactions of this
nature which are of great importance for protons are thesgieorbit and Darwin terms,
whereas the n units participate in all such interactions (except the Darwin term for the most
part). A spinorbit term which can account for the larggp2 and related splittings deduced
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from the locations of nuclear energy |&7&190.165164g glso required, however, which has far
larger coupling constants than those found in the conventional-FRaglt interaction®
between protons.

A spin-spind-function operator employing a unit (electronic) gAmalue for theproton
proton interactions has been found to be effective in explaining the triplet multiplicity of the
deuteron's ground state (Chap#l.F), but it is clear that such a term cannot account for the
observed splittings of j levels belonging to the samguéantum number. It needs to be
recognized that such sparbit interactions cannot be assumed to occur between a proton and
an antiproton without up#teng the arguments of Sect. \\.Hhey predict that the'e and pp
systems have wavefunctions whicate atrictly related by a scaling operation. It is also clear
that some type of longange damping is required, similar to that originally suggested by
Yukawa!%? to account for the fact that the influence of the strong interaction does not appear
to extend beyond nuclear dimensions.

The search for such spdependent proteproton interactions is clearly far easier when
an accurate description of the central field attracting these patrticles is available. It is in this
context that the present XBPS Hamilian can playa crucial role. ie én units provide a
strong attraction for protons while having no direct effect on the angular momentum of the
nucleus as a whole by virtue of theirsgmmetry. In this view the bond between a praiod
a neutron comesabout to a large extent because two protons are strongly attracted to the same
electron and antineutrino. Since the protons in question occupy different orbitals (Sect. VII. E),
their individual relationships to the lighter particlemcstill be quite different from one
another, thereby making it appear that they are associated with two fundamentally different
particles, i.ea neutron on the one hand and a proton on the other, exadtieasen in the
nuclearshell model.

H. THE ISOSPIN PROPERTY AND ITS RELATION TO THE XBPS MODE

Before concluding this comparison between the results of the preceding calculations and
the concepts which form the basis of the theory of nuclear physics, it is important to give close
consideration taanother fundamental quantity, the isospin prop&ty The present model
employs a Hamiltonian which depends only on the spatial and spin coordinates of the
constituent particles of a given system, and on this basis the corresponding energies and other
expectation values are computed without making any prior assumptions whatsoever regarding
the isospin property. It is thus important to see how the fundamental relationships underlying
the isospin theory might be inferred from the results of such calaudaftidhe idea which led
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to the introduction of isospin can be traced back to the suggestion of Hei$éitb&882 that

a neutron and a proton can be looked upon as two different states of the same system
(nucleon). As such, these fundamental particlesefegred to as an isospin doublet, differing

only in the z component of the vectorial quantty The | atterds transform
assumed to be identical to those of orbital and spin angular momentum, and saefined

mathematical framewhkrfor the theoretical treatment of isospin is immediately at hand.

The most important physical conclusion regarding such isospin multiplets is that the
various component systems would be perfectly degenerate if only the hadronic force were
active, and nothe electromagnetic (gravitational forces can be safely ignored because of the
nature of the problem). The theory asserts that under these circumstances the rest masses of the
proton and neutron would be of identical magnitude. In the present model esnghalaiced
instead on the possibility of converting a proton into a neutron by the addition of an electron
and an antineutrino in the form of arv edinary unit. In this sense, elimination of the
electromagnetic force can be equated with placing barenmah an environment which is
absolutely free of electrons and antineutrinos. Because of the high density of massiess e
nn binary systems, so the present model goes, this state of affairs is impossible to achieve by
any experirental means, similarly as it is not really feasible to turn the electromagnetic force
of f and on at oneds volition.

Explicit calculations with the XBPS Hamiltonian show that a esysiof two protons
forms neithetbound states nor resonances, and henceasrséimse the pp interaction is purely
repulsive. The reason that roughly one hundred years of scattering experiments have been
interpreted differently is understandable in terms of the premise that whenever two protons
approach each other at very closeganthey have a sufficiently strong attraction for an
electron and an antineutrino to overcome the dissociation barriers of thpresent & and
nn binary systems, thus making these particles available,fiie.r eat i ngo t hem |
conventional terminology. The fact that the partner positrons and neutrinos are always set free
in such nuclear formation processes is consistent with this interpretation, although the
evidence is clearly less than totally unambigiotlio settle the matter definitively would
require experimental proof that particles can be created or destroyed with appropriate
application of energy, which amounts to observing the unobservable. Suffice it to say that the
charge independence of nuclaaactions, which is at the root of the isospin concept, is
accounted for in the XBPS model. Thus to the extent that a suitable Hamiltonian can be found
and the associated Schrodinger equation solved to a satisfactory degree of accuracy, one can
expect thekey results of isospin theory to emerge from such treatments without having to

153



make additional assumptions of anhemt nature.

One of the greatest successes of the isospin theory in the realm of nuclear physics is the
elucidation of trends in the rest ss@s of isobaric nuclidé® i.e. groups of systems with the
same mass number. One of the clearest examples of this type is the isospiti@iptst and
40 in their respective*Ostates. In such cases it is found that the differences in the regtsmass
of these systems can be estimated to a good approximation by comparing the respective
magnitudes of the Coulomb repulsion of their constituent protons and correcting for the
promotion energy required to convert protons into neutrons. In the present isaabeic
nuclides differ from one another mainly in the number of their constitueninégs, each of
which changes the atomic number of a given nucleus without changing its mass number.
Assuming that the various proton shells correspond to pairs @élsrps, j b which can be
associated on a o#ie-one basis with the neutron and proton -paeticle functions of the
nuclearshell model, it is only necessary in the present view that the occupation of the
outermost shells (in the above case @f gymmety) change in concert with the addition or
loss of the &n units.

The relatively good agreement achieved with experimental data through the above
approximation suggests that proton orbitals can be distinguished in a reasorahlyiguous
manner on the basis of their spatial relationship to theuait lying closest to it. Again the
existence of pairs of equipotential points in the exponential dampedH2udit terms, as
indicated in the schemataiiagramof Fig. 6, make such aidentification at least plausible.

More significant in this respect is perhaps the sf@pendent force which exists between the
protons, however. The (partial) concretization o timteraction discussed in Chapéi.E

preventsthe development of atomlike trends in which shells tend to be completely filled

with electrons before the next most stable species is to be occupied. By providing a strong
repulsive interaction between protons of opposite spin, this term minimizespbetance of

stability differences between two neighboring shells and causes them to be occupied
alternately in a manner akin to the way houses and hotels are added to properties of the same
color in the parlor game MonopolyMoreover, the fen calculations of ChapteVIIl.F
indicate that the gain in stability possible
very much dependent on the number of neighboringuaits in the system.

Another key aspedf the isospin formulation is its assumption of nuclear wavefunctions
which are antsymmetric with respect to any exchange of a proton and a néftidns
specification is referred to as the generalized Pauli priféigke call attention to the fachat
in the original work® an antisymmetric form was only required for indistinguishable
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fermions. In the present model no such generalization is necessary because protons are already

assumed to satisfy the Pauli asyimmetry principle, and accordingly is actually two of

these particles which are being permuted when one speaks in the conventional model of an

exchange of a proton and a neutron. The corresponding electron and antineutrino of the

Aneutronicd proton ar e vietwpdnédthus gre roteaffeateddy sechp ar t i

a permutation. In retrospect, it would be more difficult to bring the present model in line with
the isospin formulation if the latter insisted that its nuclear wavefunditbnot have to satisfy

a particulapermutation symmetry for the exchange of a proton and a neutron. This eventuality
would force an exception to the original Pauli princifiéo be allowed in the present model
according to which the exchange of two such indistinguishable protons wouldadoto a

sign change in the total wavefunctions under these circumstances. Instead the realization of the

consequences of beta decay of neutrons left no other choice in the formulation of the isospin

theory’®®t o0 br oaden the dehabnlied omarotfi ciliensdiisnt itnlgeu

include the proton and the neutron in the same class despite their apparently distinctive
characteristics.

In this discussion it is also important to recognize that the predictions of the isospin
theory in nucleaphysics are not of a generally quantitative nature. The comparisons of the
energies of isobaric nuclides mentioned at the beginning of this section do often work
remarkably well for ground states, but the experience with excited states is less sanguine. |
their book Goeppetayer and Jenséhpoint out, for example, that although excited levels of
a nucleus with = 1 should be closely related to some of those of the corresponding isobar

with I, = 0, isel dom has it been pssignmenbdf éhis t o ma k
kind.o'®"182As a result these authors prefer to distinguish between the "charge symmetry" of
nuclear forces, involving either two protons or two neutrops=1°1) , and Achar

i ndependenc e o-protoh mteracton is gresérdonelading that the experimental
evidence for the latter property is not nearly as strong as for the former. Furthermore, it is well
known that correspondingly simple relationships in either isotopic or isotonic series are all but
non-existent, as illusttad by the deuterefHe-alpha particle serié& discussed in Chapter
VII.LF. There is thus a danger of oversimplifying the theory of nuclear binding by rigidly
assuming that all nucleons in equivalent shells have the same properties except for
electromagnic effects.

As an additional remark on the relation of the isospin concept to the present model, it
seems inescapable that at some point the numben afréts reaches a critical value, at which
point it is no longer possible to form even a m&&ble nucleus with the original number of

155



nucleons. In isospin theory such theoretical isobaric members are simply assumed to be non
existent, whereas in aab initio approach they correspond to virtual states whose mass and
other properties can be computed in principle, but which in all likelihood are quite unstable to
either beta decay or electron capture processes. A similar situation is not uncommon in atomic
and molecular physics, whereby states which correspond to bound species for other
(isoelectronic) systems are found to lie in some continuum region for the system of immediate
interest. Sometimes a resonance of the expected character can be locatede lodtermdoinan

not such corresponding (diabatic) states are totally absent in the computed spectrum, or more
precisely, they are apportioned among the wlawetions of continuum states lying in the
appropriate energy range.

In summary, the present model daa expected to be at least indirectly relevant to the
isospin concept by virtue of its (hoped for) capacity to successfully predict the masses and
properties of a variety of related nuclear systems. To the extent that the solutions of the
corresponding Swddinger equations can be obtained quantitatively, and in the process be
shown to reproduce the pertinent experimental data to a satisfactory degree of approximation,
such results will inevitably be found to be in agreement with the conclusions otherwise
reached independently through application of the theory of isospin. Such an attitude toward a
concept which has become so well established over the years as to have been referred to by
one authdf®as an fAindustryo might w e leptabldeger.per c e i v
Opinions have varied widely on this issue, however, as illustrated by a passing reference made
in 1950 by Goldsteit# in his survey of the principles of classical mechanics in which he
wr ot e, Ai ndeed for nuclaeray wWorrtche ss pveea kdiomg t a bhece
return tothe subject of isospin in Chaptet.J when the relationship of the present model to
the quark theory of elementary particles is taken up.

I. NUCLEAR REACTIONS

The discussion of nuclear forces in terms ofXB#S model has thus far being confined
to the study of structure alone. The possibility of carrying out calculations for such systems on
anab initio basis also carries with it the prospect of studying nuclear reactions in a new light.
One can order theggocesses most conveniently in terms of the types of particles which are
produced by them. These includeb andgrays in the original language used to describe this
field.> Later on neutrons were also discovered as decay produetsd the general
possibilities of nuclear fusion and fission became known. When studying reactions it is
necessary to know something about energy barriers separating products from reactants, and not
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just relative energies in their respective equilibriurated. Since the Bom@ppenheimer
approximation is not used in the XBPS treatment, there are no potential curves as such from
which to deduce the magnitudes of such barrier heights. For many purposes the variation of
the total energy with scale factiorfor the associated ofarticle basis set provides equivalent
information, however, as demonstrated in the andnn treatments (Figs. 7 and 9). Asis
increased from small values the energy always rises until a certain point wisothr@ange
interactions begin to overtake the effects of kinetic energy (Fig. 5). The heights of such
computed barriers are necessarily basis dependent, since for a complete set the
corresponding results must be independent of scale factor. Fovelldéirge basis sets this
degree of saturation still remains an unattainable ideal, however, and one can hope that data
such as shown in the above figures can be successfully analythedsuggested manner.

Because of the extensive computations requirede present model for the treatment of
systems consisting of a few particles, it is likely that such investigations will not be feasible for
heavy nuclei, thus making the study of nuclear fission and glptle decays accessible
only if suitable aproximations can be found which allow inert shells to be treated in a
simplified manner. The subject of beta decay will be taken up in detail in the next chapter,
however, and the treatment of photon emissions from light nuclei also appears to be @ practic
goal ofab initio calculations of this type. In the latter case it is necessary to develop methods
which clearly distinguish pairs of states differing mainly in translational energy from those
corresponding to distinct internal states between which trgseopically observable
transitions are expected to occur.

The most attractive reaction type that might be accessible to treatment by such
computational methods is nuclear fusion, since only relatively small nuclei in their respective
ground states armvolved in the most interesting cases. There has recently been renewed
interest in this subject because of reports on electrochemical studies on heavy water with
platinum and palladium electrod€88¢ The results of these experiments have led to
specudtion regarding the identity of the reactions which might be involved, although there is
mounting evidence that some of the original observafénan be explained to at least a large
extent on the basis of purely chemical transformations. Traditiogattémperature fusion
experiments have been based largely on the reaction of tritium and deuterium“degplas
a neutron'® The exothermicity of the above tritium reaction is 646458.62 hartree (17.6 MeV),
which compares favorably with that the anbogous fusion process

d+d 3Het+n VIl.4
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whose exothermicity is only 120238.74 hartree (3.3 MeV). Despite the fact that no radioactive
substances are required to drive the latter reaction, the higher heat output of the tritium process
makes it tehnically more appealing. The reaction ¥ie plus a neutron is itself quite
exothermic, however, since it leads to the formation of the highly stable alpha particle. If this
product were formed directly in the d + d reaction, the corresponding exothgrmaild
increase to 876582.49 hartree (23.8 MeV), 6.2 MeV more than in thel counterpart
preferred in the highemperature fusion investigatiofi$ Moreover, both reactants and
product of the former process are thermodynamically stable.

The reason thatHe is not formed with sufficientegularity from d + d collisions
understandable in terms of the laws of conservation of energy and momentum. A second
product is indispensible for sharing the energy potentially released in this reamsiobn,
decomposition intdHe plus a neutron achieves this purpose with relatively high probability
under typical reaction conditions. A photon could carry away most of the available 23.8 MeV
energy if the intermediatiHe state reached were of apero muliplicity, however, so as to
make a subsequent emission process to the J=0 ground state allowed. Since deuterons have
zero isospin such an excitéide state must also be expected to be an isospin singlet, but this in
itself would not seem to rule out therfimation of an intermediate with angular momentum J =
1 or 2 because of the triplet miplicity of each deuteron. the pertinenfHe wavefunctions
became available, it would be possible to compute the rate for radiative decay to the ground
state as welas for decomposition into tiele-plus-neutron products. The practicality of such
calculations is something which remains open to question at the present stage of development,
but this example at least illustrates how the above quantum mechanical appightlie
used to shed light on the mechanisms governing the reactions of small nucle

VIll. WEAK INTERACTION IN THE XBPS MODEL: PARITY CONSERVATION AND
SOLAR NEUTRINOS

In the preceding chapter the strong interaction responsible for nuclear bindibgemas
represented in large part by means of an exponentlatyped, momentwdependent
potential which has as its lewelocity limit the spirorbit and related operators of the Breit
Pauli Hamiltoniart®® The key assumption in the accompanying theoretiwadel is that the
antineutrino is capable of undergoing an attractive stamge interaction with other particles
because it possesses a+zeno chargdo-restmass ratio (its charge and rest mass are each
assumed to be zero). Under these conditions shown that the twbody potential defined
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above (XBPS Hamiltonian) is capable of binding protons fiokenary systems with sufficient

force to allow identification of the stable products with experimentally observed nuclei.
Insteadof assuming that the electron and antineutrino decay particles of a neutron are created
at the time of its decomposition, it is demonstrated that, contrary to past argumentation, a
potential does exist which is sufficiently attractive to confine such loginticles within a
volume of typical nuclear dimensions. In this view the electron and antineutrino retain their
existence within the bound nucleus, and they are simply set free in beta decay processes.

The question that obviously arises as a result istidr such a model can be used in a
consistent manner to describe the weak interaction itselthedorce which is believed to be
responsible for the beta decay of nuclides. The accepted view in theoretical physics today is
that the strong and weak a@naictions are basically different in nature, although the possibility
has long been sought of unifying them in some way with each other as well as with at least the
electromagnetic interaction. In more recent times a theory which succeeds in combining the
electromagnetic and the weak interactions has been formifatedt the hopedor union
with the strong nuclear force has yet to be achieved. Once it has been assumed that the binding
of nuclei can be described in terms of interactions involving thiéereht constituents, the
proton, electron and antineutrino, however, it is straightforward to assume that the same types
of effects must be involved when such systems undergo spontaneous decomposition. This line
of approach is investigated in the presdrdpter.

A. QUANTUM MECHANICAL THEO RY OF RADIATIONLESS TRANSITIONS

It has been mentioned in ChapkérA that the neutron can be looked upon as an excited
state of a system whose ground state is unbound, a state of affairs which is analogous to that
existing for excimers in molecular physics. The beta decay of a neutron involves a
radiationless transition in the language of that field, since photons are not emitted in the
process. The most direct way of computing the lifetime of any radiationlesg idecasolve
the corresponding Schrodinger equation for the excited state in question (more commonly
referred to as a resonance). The eigenvalues associated with suchtabletastates are
complex (E - iEj) and the | ine width istequal® dwice that ed wi
imaginary componenE;.1*® The same Hamiltonian is employed for this purpose as for the
computation of bound states. The distinction between stability andstadiitity of a given
state arises naturally out of the solution of theegponding Schrédinger equation, namely in
terms of the magnitude of Eero for stable, neaero for unstable or resonance statbBre
details about suchb initio calculations may be found in the works of the author and his group

159



members 192 Upon carrying over this formally simple approach to the present discussion,

one must expect that the neut r ehcorespendsdodagy ei g

line widthG= >/t, where the lifetime is observed experimentally to be 918 s.

Because the neutronodés | ifetime is quite
or molecular radiationless processes, it is quite impractical to compute its value in the above
manner, however. The imaginapgart of the corresponding energy eigenvalue is only in the
order of 108 eV, as compared with a total (real) energy of 29000 ha{@@89 Mev) so the
accuracy required in obtaining a useful result in this way is prohibitively high.

Instead, it is fabetter in such cases to resort to an approximate method closely related to
it, namely the Fermi golden ryt¥ which can be derived from the tirdependent
perturbation formalism introduced by Dir&t In essencelow-order perturbation theory is
employal to obtain the desired result, and because the effect of interest is very small the
accuracy expected from this level of approximation is correspondingly high. The usual
procedure is to divide the total Hamiltonian into two parts,aHh d HO , aand f i
solutions for the former operatoroés Schrodi
basis in which to apply the goldenle formalism. In a typical application a sgmee
Hamiltonian (h) is diagonalized, while the sporbit operator servea s HG . In the
example, it is very difficult to know how to divide up the XBPS Hamiltonian, however,
especially to identify a small interaction in it which is responsible for inducing the transition
from initial to final state Such a division of #total interactions is not essential, however, as
can be judged from the complex eigatue approach first discussad,which only the full
Hamiltonian is actually needed. Because the getdén formalism deals with offliagonal
matri x el e madsis of duhctiomsdwhich rdiagonalizey, Ht follows that the
corresponding full Hamiltonian matrix elements have the same magnitude as those for the
perturbing term alone.

On this basis it can be recognized that the main purpose of dividing up the full
Hami |l t oni an ocomgommentsHOto @avide alduitable definition of the initial and
final states of the problem. The difficulty in applying the gotdelle formalism for the XBPS
Hamiltonian in the description of neutron decay thus comes dowdemdiflying realistic initial
and final states which represent the physical situation satisfactorily. In srjginpre
dissociation of a molecular energy le¥® for example, one chooses pure spin states of
different multiplicity for this purpose. In n@ther typical example, Bor®@ppenheimer
solutions are taken as initial and final states and allowed to interact via the nuclear kinetic
energy operator (neadiabatic effects). A completely equivalent way of proceeding in both
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cases, however, consists fokt diagonalizing the full Hamiltonian and identifying solutions
which correspond to mixtures of the initial and final states normally employed in the -golden
rule approach. A unitary (diabatic) transformation can then be defined which connects the
diagoral representation of the full Hamiltonian to one which is-d@mgonal, based on the
physically appropriate goldemle states. The offiagonal matrix elements of the latter
Hamiltonian matrix are then recognized as the quantities to be substitutedgoldbarule
formula for the desired lifetime computation.

When described in this way the above procedure sounds a bit arbitrary, which in a
certain sense it is, but no less so than in the alternative method of dividing up the full
Hamiltonian into twoparts. The correct lifetime can only be obtained if the choice of initial
and final states conforms to the experimental conditions at hand. That is why the complex
eigenvalue method is more acceptable in principle because no comparable choice is needed in
this case. Instead, it is only necessary to identify the Schrédinger equation solution which
corresponds to the physical state of interest. In summary, to describe the weak interaction in
terms of the XBPS Hamiltonian it is not necessary to first devisanainteraction, but rather
to identify a suitable diabatic transformation which leads to the physically meaningful initial
and final states involved in the decay processes of interest.

B. SPIN-FLIP MECHANISM FOR NEUTRON DECAY

In ChapterVII.A it was noted that the most stable state of the p system to be
associated with the neutron has 1$§mmetry and that the M= 1/2 component can be
described primarily in terms of the spin configuratien(ganf3i e€3na), that is, the e O
complex discussed above is bound regtdbly to the proton in this model. The spin of the
neutron is thus determined almost entirely by that of the pfddrhe spins of the three
partickes emitted after neutron decay have been studied experimentally by Burgy Etede
authors found that of the three;M 1/2 spin combinations possible for thep system, one
is missing almost entirely, namehal3. It is thus seen that the antineutrino carries away the
original total spin of the neutron to a large extent, and this implies that the proton and electron
form a singlet complex once decomposition takes place. Since the beta decay process involves
a trang#tion between two states of the same system, we can combine the above theoretical and
experimental results to arrive at the following interpretation. In the initial ¢(statde) state
the spins of the electron and antineutrino are opposite and constiéeithating. At the time
of decay a spin flip occurs so that the proton and electron spins become opposite and
alternating and th@ spin consequently must remain fixed. The system is expected to be quite
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unstable in the resulting spconfiguration, so that decongtion occurs as a consequence.

A key result of the above'@n calculations based on the XBPS Hamiltonian is that the
absence of thaald spin configuration is not compleféhe CI coefficients of TablXIl show
that the ideal ratio of8 : 1 of the two doubtespin eigenfunctions (see Chapiéi.A)
corresponding to the same spatial orbital occupation is never quite attained. Discrepancies of
1- 2 % in the square of this ratio are generally obset¥ed.

With reference to the general discussion of lifetime computations given in the preceding
section, it seems reasonable to assume that this admixture of anotiserrlé&genfunction is at
| east partially responsi bl eof thisoimpurityhnetherpeenut r on 0
wavefunction Y1) there is a small probability that the system foregoes thar@ngement
preferred by the'@ complex, thereby causing the system as a whole to break apart. Adiabat
transformation can then be defined along the lines discussed above which removes this impurity
by mixing in a second stateY' ) which consists primarily of the other (undesirable) spin

configuration. The & n diabatic state/';° with the pure en 0" component is then defined as:

Yi® =cosQYi1+sinQY: VIl

A second diabatic state corresponding to the orthonormasgif2 function is similarly defined
as:

Y =-sinQY1+cosQY: VIl .2

Normally several such excited states are required to allow for a thorough deperturbation of the
desired initial diabatic state, in which case a unitary transformation of higher dimension is
required.

In order to use the results of théeg calculations discussed in Chapter VII to obtain an
estimate of the corresponding decay lifetime, it is necessary to compute matrix elements over the
full XBPS Hamiltonian between the diabatic states defined in the last sectionsTh&mple
matter if the eigenvalues corresponding to the adiabatic excited tate=eded to define the
required unitary transformation are known, involving a reverse transformation of the diagonal
Hamiltonian matrix in the original eigenvector basikisTbrings us to an important qualitative
point, however. The decay process must involve a final state of the same total energy as that of

Y 1P, which rules out any of the other diabatic species described above. All such states must be
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far less stable, corresponding to a highly undesirable change in the spin orientations of the three
component particles relative to those in the initial state. Instead the true final staie a
member of a continuum corresponding to the free proteotreh and antineutrino system of the
same energy asi°. More precisely there are an infinite number of such states which correspond
to the continuous range of antineutrino and electron energies whose distribution was successfully
predicted by Fermi>>>1%7 in his original theory of beta decay. The other diabatic species
mentioned above are thus to be looked upon as virtual states which only act as intermediates in
the decay process.

The decay is accordingly expected to be predominantly of second ardkmproperly
described by the golden rule formiifd
<YIPHYP>=45" <Y PHY P> <Y PHYL> (EPT EP)T VI3

n
and t1 = 2p|<Y1° HY PP>F dN/dE, VII.4

wheret is the lifetime in atomic unitsxa/e? ) and dN/dE is the density of states of the
continuum®*Fr om these equations it is relatively
lifetime is so long. First, the energy denominatoss EE:° are expected to be quite large, as
already mentioned. Secondly, each of the continuum functighss a freeparticle state and as

such cannot be expected to have very large Hamiltonian matrix elements with the very compact
diabatic functionsY.° which ae confined for all practical purposes to within nuclear
dimensions. In this connection it is well to note that the matrix elemén? &Y > is not
computedab initio in the original theory®’ but rather is inferred from the measured lifetime of

the decq process.

Thus far we have only emphasized the effect of different spin orientations on the lifetime
of the pen system, but it also seems clear that tiiep® (or ps-ds2) polarizdion effects
discussed in Chapt#&fil.A also should be an important factor. One of the major inducements for
the binding of a proton in the XBPS calculations is its attractive sgmmeorbit interaction with
the electron, which for an/sproton orbital requires that the electron occupy.aspeces as far
as possible. The antineutrino resists any polarization of the electronic charge distribution from
s12to pr2 because such a change decreases its own attraction for the electron. When a relatively
small number of protons is presenta nuckusas compared to the number oheunits, the

competition for the electronds favor i s expe
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possibility of a spin flip of the type discussed above. When more protons are added, hdwever, t
electron can more readily adjust its orbital character to satisfy them at the expense of the
antineutrino without sacrificing the overall stability of the nucleus. It can thus be anticipated that
nuclei of high binding energy are characterized by radgtihighly polarized & units relative
to their respective protefree states, while at the same time preserving trehd@racter of the
light-particle binaries more thoroughly than has been computed above fotethengutron
system.

Nevertheless, in view of the variety of Br®iawli terms which contribute to the stability of
the en units as opposed to those with a major influence on the nuclear protons (Tables X
XVI), it still seems higly plausible that the electron and antineutrino remain indispensible to
one another for the purposes of keeping them bound within the narrow confines of any given
nucleus. This characteristic of the XBPS Hamiltonian (Table I) thus ensures adherence to the
well-known fact that beta decay always involves an addition or loss of the same number of
electrons as antineutrinos (or positrons and neutrinos). In this way neutrons can be converted into
protons andiice-versaas a consequence of beta decay. When e@sexof protons is present the
results of the XBPS calculations (Sect.@)lindicate that a relatively high binding energy is still
possible. Under these circumstances, howdliernuckus becomes unstable to electron capture
that would otherwise lead the conversion of protons into neutrons via this mechanism in order
to further enhance stability. Ultimately in the present model it is the high density dettameé
nn massless binaries throughout tn@verse (see ChaptétD) which keeps systems such as

4Li from having a stable existence.

C. LONGITUDINAL POLARIZATION AND PARITY CONSERVATION

In ChapterlV.B the phenomenon of longitudinal polarization of the emitted particles in
betadecay processes was briefly mentioned. &ghriod immediately following the first such
experiment® physicists quickly had to come to grips with the surprising thesis that parity is not
conserved in the weak interaction. This proposal had first been made by Lee aPitiry 4856.

The original notivation for their hypothesis was the observafibof two seemingly identical
particles, then tentatively referred to fasand Q, which nonetheless were thought to decay

differertly from one another (see Chapt&rC). As mentioned before, since the evidence from
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nuclear and atomimolecular processes was consistent with the view that parity is conserved in
all physical interactions, the assertion that this state of affairs does not hold generally was first
met with considerable skepticism.

The experiments of Wat al®®, carried out in response to the suggestion of Yang and Lee
and fulfilling their expectations in a spectacular manner, changed this view dramatically,
however. The situation is perhaps best illistd by a letté? written by Pauli shortly after being
confronted with this experimental evidence. The theoretician who had prevented the discarding
of the conservation of energy principlén interpreting the results of beta decay by postulating
insteadthe existence of a previously unknown parti@léhe neutrinon, was now put in the
position of having to accept the fall of an equally cherished law of nature, the conservation of
parity. When we examine the theoretical arguments which ultimately |dustalevelopment,
however, we find that an important assumption of a different kind is also involved, one which
has been at issue from the outset of the present study, namely the hypothesis of the creation and
annihilation of matter. It is therefore inésting to review the key experimental observations with
special emphasis on this aspect of the theoretical description.

The ®Co beta decay studied by Vet al®® involves the Gamoweller selection rulg? DJ
= °1, which makes the experimental verificatiof the longitudinal polarization of the emitted
particles somewhat easier to follow. Since the experiment is carried out at an initial temperature
of only 0.01° K in the presence of a strong magnetic field, the J =5 Mstate of°Co is
populatedalmost exclusively prior to decay, from which the J = 4,94 ®°Ni state must be
formed in view of the above selection rules. Conservation of angular momentum thus requires
that the emitted electron and antineutrino both hegein, i.e.pointing in thesame direction as
that of the product nucleus. Since electronsadngerved to exit predominantly in the direction
opposite to that of the external magnetic figlte hypothesized polarization effect is clearly
demonstrated by this experiment. The pakation is not complete, but it is found to be of the
hi ghest degree that can be expected when acco
is less than the speed of light. As Wu recounted in a subsequent review!&rticleviewed
from theposition of the emitted beta particles, the nutd€b appear to rotate clockwise; left can
be distinguished from right, therefore, parity net always conserved, as shown by this

experiment; moreover, the asymmetry observed is as large as pbssible
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It was subsequently shown that electrons are also longitudinally polarized when they
emerge from woriented nuclet®® By counting electromed spinn
ant i par@thé diréctiof af the nuclear spins the polarization P wasnietd as

P =.-08&a (+d ajl=/+ vic,
where the upper and lower signs hold for decay electrons and positrons, respectively. The
degree of polarization was demonst rla®pdd, to be
where p and W are its momentum and energy, respectively. In addition, these experiments
verified that the sign of the polarization was opposite for thepaticle, i.e. positrons behave
as righthanded screws, while electrons are more likelge lefthanded by the same margin.

The neutrinobs l ongi tudi nal pol arization in
studying t he -decaps™ dtaas found that thd polarimatiob was complete within
experimental error. Neutros were found to behave as {efinded screws, while asieutrinos
exhibited the opposite polarization, thereby providing a clear means of distinguishing between
these two chargkess patrticles.

Subsequent experimefftéon the electron capture 67Eu demonstrated that the emitted
neutrinos are also leftanded, and by inference that the antineutrino is-hghtded. Nuclear
recoil in both Gamoveller (DJ="1) and FermiDJ=0) decays consistently verify this property
of neutrinos and antineutrind®¥° In the®°Co decay the recoil of the product nucleus is such,
for example, that caervation of momentum forces the emitted antineutrinos to always exit in
the direction of the applied magnetic field. This fact when combined withs{sn as deduced
above leads to the conclusion that the antineutrino is characterized by positivehérnigled)
helicity.

The thrust of the parity neconservation argument is thus as follows. Since neutron decay
takes place in free space, one must expect on the basisuphiag that parity is conserved in all
interactions, beta decay in particular, that there should be no preferred direction of motion
relative to the nuclear spin applied magnetic field can have no effect on this relationship,
because as a pseudecta it is unchanged by a coordinate inversion. If a neutron is a particle
without internal structure prior to its decomposition, the observed longitudinal polarization of its
decay particles is therefore incompatible with parity conservatiba. situation bhangesfi the
original system consists diiree particles instead of onkpwever,as suggested in Refs. [203
205]. Particularly if the relative orientation of the spins of these particles plays a major role in
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determining the stability of the initial arithal systemsit is no longer logically compelling that
the longitudinal polarization observed in all beta decays is inconsistent with parity conservation.

The calculations for the*pn system discussed in Refs. [2285] indicate, br example,
that the en complex greatly prefers to be in a singlet state, and that the spontaneous decay
comes about primarily because of a spin flip which destroys this relationship between these two
light particles. The terms in the XBPS Hamiltonian which are responsiblaiforesult are the
shortrange Bre#Pauli interactions which at typical atomic infgarticle separations correspond
to magnetic effects. The Hamiltonian itself commutes with each of the parity, at@argegation
and timereversal operators as well asyaombination thereof, including the CPT product of the
SchwingerPauliLuder's theorem®’® so it cannot be claimed that there is any inherent property
in the present model which could lead to a-gonservation of any of the above quantities.
Calculations with this Hamiltonian find a strong binding for the proton, electron and antineutrino
in the lowest 1/2state of the combined systemhigh it has been argued (Chaptt.C) would
correspond to a (mettable) particle with a magnetic moment of thdesrof a nuclear Bohr
magneton. After a spin flip occurs of the type discussed above, it can be expected that a quite
different situation results, howeven which each particle is strongly repelled by the same
forces which hold the system together iroiiginal metastable configurationThat there might
be a high correlation between the spin of each particle and its direction of motion under such
circumstances is not at all implausible, in decided contrast to what must be concluded if it is
simply assmed thathe electron and antineutrino first come into existence at the time the decay
process begins and not before it.

If we assume that strong magndile fields are set loose at the time of beta decay, in
accord with the arguments based on the ptesaiculations, it follows that the spins of the
individual particles (and their magnetic moments) determine the strength of these forces. There is
no law of conservation of magnetic fields, but the net force on the three constituent particles
mustbeuncanged by virtue of Newtonés Third Law as
structure of the decaying system, and the s
momentum. Since no particle is affected by a-gelferated magnetic field, it folivs that the
resulting forces are different for each of the decaying species. For example, the antineutrino is

only acted upon by the fields of the proton and electron, while the electron experiences the fields

167



of the antineutrino and proton only. The ondguirement is that the vector sum of the individual
forces vanishes.

Since the exponentialiggamped Bre#Pauli interactions are mainly responsible for such
forces according to the present calculations, it follows that the chargstmass ratios whit
are the coupling constants determining the magnitudes of these effects are crucial quantities for
understanding the dynamics of beta decay. In tigenpsystem the absolute magnitude of the
g/my values decreases in the order: elattrantineutrino, proton. A positive génvalue only
about 6070% as great in absolute magnitude as that of the electron is required to obtain the
experimental neutron energy in the above calculationslliIbavrecalled from Chaptérl. A that
this choicestill allows for a consistent explanation of the fionizing properties of neutrinos
(Fig. 8) on the basis of the exclusively lerange repulsive character of the corresponding
interactions which result from it, while at the same time providing for shage attractive
forces of the strength required to form a suitabicemplex with which to bind protons in
nuclei.

On the basis of these considerations an interesting series of correlations can be identified
between variousheoretical and experimental properties related to the longitudinal polarization
phenomenon. For example, the gAmlues for € and n are positive, just as are their helicities.
Charge conjugation changes the sign of these @tios giving them negative values forand
n, which is also the sign of their helicities. In terms of the Brali interactionsthe correlation
becomes even more striking, nam#lg magnetic moments of each of the four particles above
point in the saméirection as their momentum vector in beliecay.After taking account of the
v/c factor in the polarization functigli’**®one can summarize all known experiments dealing
with this phenomenon as follows (Fig. 1%fwe emitted electrons and neutrinos Ardtheir
antiparticles always show a strong preference for orienting their magnetic moments parallel to
and in the same direction as the forces acting on them after beta decay occurs.

In any conventional system subjected to a strong magnetic field, litecarpected that the
constituents with the largest magnetic moments will show the strongest reaction in order to
minimize the total energy, so the direction of the accompanying force can be deduced most
simply by observing their behavior. The above catieh is perfectly consistent with such a
pattern. The lighter components of the neutron or otherdsstaying systesworient themselves

with a definite preference. The importance of the v/c ratio also fits in with such observations,
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since the velocity ofhe emitted electrons is clearly a good indicator of the strength of the forces

to which they are subjected, and their tendency to orient themselves in the magnetic field
depends very much on this factor. Since the net force on the nucleus must be Zevbohes
because no external interactions are present, it is also clear that not every constituent is free to

alter its spin direction so as to have its magnetic moment parallel to the magnetic field.

FIG. 15. Schematic diagram showing the relationdieippveen the lineari pnd total angulari nomenta of the particles emitted
upon the beta decay of a neutron. The magnetic momen(gi2moi) J of the electron and antineutrino is observed to point in
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the same direction as its momentum vectpthusgiving rise to the phenomenon of longitudinal polarization. The corresponding
proton quantities (with by far the smallest |¢gf/walue of the three decay particles) must point in opposite directions in order to
satisfy the conservation laws fiimear andangular momentum for the system as a whole. If all three particles are assumed to be
present in the neutron prior to decay, it is possible to explain this behavior in terms of inhomogeneous-likediatis which

arise as a result of a neadiative tansition (spin flip), rather than as a violation of the law of parity conservation.

As a result, the behavior of the heavier particles in the weak interaction is inevitably more
determined by momentum conservation laws than by any magnetic prefereitsesvm. Thus,
the positive muon must leave a decaying pion with the opposite spin and velocity direction as the
associated neutrin® '’ Consequently, since a neutrino has negative helicity, so must the positive
muon as well. We thus have a syster) (hich has a magnetic moment with a sign opposite to
that of its helicity. This behavior is exactly what must be expected when one realizes ghe |g/m
value of the neutrino is much larger than that of its heavier counterpart. It therefore has more to
gainby orienting its spin in a particular direction than does the muon. Similarly, the proton also
exhibits a negative helicity?%?in beta decay, i.eof opposite sign to its magnetic moment. This
is clearly seen in FermiDJ = 0) interactions for which bwotelectron and antineutrino must
depart in the same direction with opposing spins. Under these circumstances the proton must
recoil in the opposite direction. The experimental results indicate thah tepin is almost
always parallel (with a 5/6 probablity) to that of the decaying neutron, so the proton spin must be
opposite to that of the electron (and thus parallel to that of the antineutrino) to ensure doublet
multiplicity for the system as a whold.dn the other hand, the electron and -aetitrino were
createdin a state with S=0, there would be equal probability that the neutram spids would
be antiparallel, contrary to the experimental data. Again, the proton can kedlagon as
simply reacting to the magnetic behaviour of the lighter particles, and therefore foregoing its
tendency in the isolated state to align its magnetic moment in the same direction as its
momentunt®® In summary, the lighter particles behave ia tieak interaction as if they strongly
prefer to orient their magnetic moments in the direction of the respective field acting on each of
them (Fig. 5), while the behaviour of all other (heavier) particles in the same processes can be
understood on the bia of the consequences of the consequences of the conservation laws for
linear and angular momentum.

The occurrence of longitudinal polarization in pion and muon decays is also disoussed
detail in Sect. V of Ref. [2(06 . I't i s t hethegpiomdecayostudiels dochet deally h a t

tell us anything about the intrinei teikledtl Bci ty
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handed and fully polarized in such experiments. The muon decay process
since it produces threparticles (& ne a n d)). After detailed consideration of the spin
relationships, it is concluded that Ait appe
nature of the longitudinal polarization effects observed foh#eier particles involved in weak
decay

There is one other key point which needs to be taken into account in attempting to
rationalize the observed correlation between magnetic moments of particles and the direction of
their motion. A homogenous magitefield does not impart a net force on a magnet. Instead only
a torque is applied which tends to orient the magnetic moment of the system in the direction of
the field. Since the particles in beta decay depart with high energy, it is clear that the
correponding fields acting upon each of them cannot be homogenous, but such a property is
hardly surprising in view of the spiitip mechanism in the above model, which causes a rapid
reorganization of the magnetic forcds the SterrGerlach experiment an inmogeneous
magnetic field imparts a net force on an electron or other particle which deflects it in a given
direction, depending on the sign of the magnetic moment p and that of the field gradier If the
field is in the z direction, E =u;B; and the omponent of force in the same direction is given by
F. = Yz uB/pz. This means that if the gradient is positive in the direction of the magnetic field,
i.e. uBz/uz>0, the direction of the force must be the same as that of the magnetic mament p

Since electrons and neutrinos prefer to move with their magnetic moments in the same
direction as their momenta in beta decay, the above arguments indicate that the field gradient
would have to be positive in the field direction for each partatlehe tme immediately
following the radiationless transitionThe key point is that such a field is generated by the
spontaneous decay of the nucleus. It is distinct from an ordinary magnetic field, in other words.
To this end, it will be given a name, nam@i, which makes clear that it is electroweak in
character and is not to be confused with a magnetic field. Moreover, it will be helpful to specify
the particle on which the field acts, for example, by including the particle name in parentheses.
Thus, for he neutrino the corresponding field will be denoBde ( 3 ) . 't is direc
from the nucleus along the z axis of the specific coordinate system used to describe this
interaction. The force applied to the neutrino is therefore dengtedsF) ; (=uBE ( 313, in
order to make the analogy with the magnetic S@enlach effect as transparent as possible. The

sign ofpz ( 3 ) is clearly critical in the ensuing a
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magnetic moment is parallel antiparallel to the spin of the particle. The experimental data
indicate that this sign is negative for both the electron and neutrino and positive for each of their
respective antiparticles.

The example of the neutron decay in Fi§.skrves as a usefulustration of the above
interaction. It is modelled after the Ferm decay wi t h gnlinrel@rinoiemergghi c h t
wi t h Whislpe nt he e l.dnthecasaof theaastinehtrine, this means that the sign
of the magnetic momesst; is positive and therefore that it ptsrin the same direction as §gin
Jn. As the particle with the smallesistmass it is assumed that the electroweak field gradient
MBE; (1)/1z is positiveat the onset of the transitiorAccordingly, the force also pointsoalg the
positive z axis, and therefoone expects the antineutrino to be ejected in the forward direction
as shown in the figure. Note, however, that if the spin direction is chdngéar example
inverting the magneti@ield in the longitudinal polarization experiment, the result would be that
the direction ot i is also changed. Inverting the magnetic field has no effect on the electroweak
field, however, so om expects from the electroweak St&arlach analogue that the force and
thereforethe momentumPn direction arechangedas well As a result, the spin and momentum
vectors would both still lie in the same direction, and the helafithe antineutrino would have
the same valugight-handedas before the change in magnetic field occurred.

Nonetheless, it is still possible to imagine another set of experimental conditions in which
the antineutrino would be found to behave as ahmfided screw. This is not possible in the
present example because it is assumed that the field grafiEn{(i)/uz would inevitably be
positive at such an early stage in the decdn other words, it is not necessary to assume a
unique characteristic for the antineutrino in order to explain its exclusively positive helicity in
the Fermi decay process. A completely similar analysis can be made for the -Galfleov
decays. The same conclusion holds for the decays-ofiented nglei. The salient point in all
these cases is that the sign of the electroweak field gradient must be expected to be positive at the
time thd the field acts on such a méss particle. If this were not the case, a-lefhded
antineutrino would be posde and there is no reastmexpect that this relationship cannot exist
in other types ohatural processes.

The emission characteristics of the electron in the Gafetler decay® in which case
both the el ectr on a ocadbesplainedineawerysimiaowan @OneconyJ s p i

needs to assume that there is a reasonable chance that the corresponding field gradient
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MBE; (€)/uz will be positive a t the time of the electronds e
likelihood of having a negativealue for the field gradient at this time increases with the elapsed

time subsequent to the moment of spontaneous decay. This possibility can be the reason for the
v/c factor in the electron counting raf&2%! If the field gradient is still positivat the time of

emission it is expected that, since the magnetic mongergioints in the opposite direction as

BE(e), the momentunie will also point in that direction. In that case, it is seendgétU s pi n)

and Pe are anti-parallel and that the predominant helicity for the electron valud,iss is

observed.
The fact that the electron has U spin is a
Reversing the direction of the magnetic field changes the valtenoe s pin t o b, w h

also changes the direction ©f. As a consequence of the analogue of the Skentach effect,

i.e. because the sign pBE; (€)/pz remains constant, this means that the electron momentum
also changes direction. Tie¢ore,the helicity of the electron is unchanged, iJeandPe remain
anti-parallel to one another. This shows up in the experiment by the reversal in the electron
counting rate. The preference is still for the decay electrons to be detected more in tfeedackw
direction to the applied magnetic field (and nuclear spin) than the forward.

While it is difficult to be certain about such details, the above set of circumstances does
make such an arrangement seem at least plausible. If it were possible to obseofethan
lighter particles from down field at the start of the decay, it is reasonable to expect that the field
strength acting on it would increase monotonically as it is approached more closely. For the
gradient to be positive at the location of the ipbetitself would mean that there is a type of
inertial effect a c c o r-upiwould ndt stop writili sante laterhpeint ini e | d ¢
time. The larger this effect, the greater the force that would be imparted to the particle, and the
greater thaendency for a system with a large |g/matio to orient its magnetic moment along
the field direction in which it departs. That would mean positive helicity for positrons and
antineutrinos, and negative helicity for electrons and neutrinos, exactlgayed.

The point of this argument is not to insist that specific conditions caused by damped Breit
Pauli. interactions must occur exactly as speculated above. Rather, it is to show that once one
assumes that the neutron is a system with-atdrnic compsition (p'e n) prior to its decayijt
is no longer necessary to assume that the pertinent Hamiltonian must fail to commute with the

parity and/or chargeonjugation operations to produce the type of correlations observed
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experimentally between the respective sgirdl momentum directions of badacay fragments.

In other words,there is no reason to be certain that parity is not conserved in the weak
interaction once one gives up the idea that only a single particle wititeroal components is
present prior to decay.

The same observations can be taken as strong evidence that: a) the electron and
antineutrino do exist as components of thetm#uor of an associated boundcleus, and b) the
forces which bind them togethéand overcome the high kinetic energies required by such close
confinement) are very much dependent on the spin orientations of the individual particles both
before and after the decay process occurs. Again, it can be noted that the analysis of multiplet
structure in the nucleahell model of Goeppetayer® and Jensef® quite consistent with the
second of these points, indicating that strong-spiit and related effects of Brdftauli type are
needed to explain the observed systematics in electreatiagand other properties of such
systems.

Viewed in this manner it is possible to draw a parallel between the longitudinal
polarization phenomenon and another effect which proved to be crucial in the development of
the theory of molecular structure. Forany years there was considerable uncertainty over the
guestion of whether an electrolyte such as NaCl is best looked upon as a neutral diatomic
molecule or as a pair of oppositely charged atomic ions. It was known that melts of sodium
chloride and otheradts could be electrolyzed to give the respective positive and negative ions,
but since a substance such as water was thought to consist of molecules even though it can be
decomposed by electrolysis into ions as well, this characteristic was not deeifi@dnsuh
itself to settle the issue. The study of the colligative properties of solvents (vapor pressure,
melting and boiling points and osmotic pressure) ultimately did produce ¢fritpwever,
since a system such as NaCl was found to exhibit neladyple the effect per gramole of
solute as any of a large series of fsd@ctrolytes. This result showed that the individual ions in
NaCl enjoy nearly the same freedom of movement in the condensed phase as do single
molecules of nofpolar substances.

By analogy, the question raised in the present analysis is whether a neutron always behaves
as a single unit up to the point at which it undergoes decay. The only way to answer this question
affirmatively based on the longitudinal polarization results isdiscard the law of parity

conservation in the weak interaction. As soon as one leaves open the possibility that the neutron
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is a metastable complex of three different elemental particles, however, such a conclusion is no
longer the only alternative. Insté, one can turn the argument around and lsagause parity

must be conservedhere is no recourse but to assume that the neutron does contain several
component particles before decay, and thereforetllegtare not merely created at the time the
decompsition process beginsThe construction of a Hamiltonian which is capable of describing

the binding of protons, electrons and antineutrinos within the small dimensions of a nucleus
clearly gives credence to the latter interpretation, and thereby rhesgmssibility that parity,

charg conjugation and time reversalist as energy, linear and angular momentum, are all
perfectly conserved in beta decay, as well as in all other physical processes which have yet to be
observedMore details about the geméisubject of longitudinal polarization experiments and the

related theoretical discussions may be found elseviffere.

D. TWO-COMPONENT THEORY OF THE NEUTRINO AND SUGGESTED EXPERIMENTAL

TEST
An outgrowth of the longitudinal polarization experiments weesintroduction of a two

component theory of the neutrino. A forerunner of theoty had been given by Weyl. Two

updated versionwere proposed, one by Land®U,ee and Yan®f and Salarff and another by

Majoran&® and Serpé® In both cases it s assumed that the neutrino and antineutrino are
identical. A new quantity, helicity (H), was introduced, in which a value of +1 was assigned to

the antineutrino (righhanded screw) and a value-&fto the neutrino (lefhanded screw). The
two-compone t theory holds that t-Haredéd s@ew,caadntimab t beh:
cannot be lefhanded.

The twecomponent theory of the neutrino is strictly valid only if its rest mass is exactly
equal to zero. It was originally assutinghat only the product of parity and charge conjugation
operations PC is an invariant changing-tfeinded neutrinos iatrighthanded antineutrind¥.

Later experiments with pion and muon deédyidicated that there is no difference in the
helicities of such highe ner gy nc.eandtantinautan®s:2han in their counterparts in
lowere ner gy n uc ktaadne) botsteredabglisf in the neconservation of parity in the
weak interaction.

T h e n e dongitudinab @okarization in the weak interaction was also measured by
studyingnuc | ear r e c®whereby inis was fouadathatythe polarization was complete

175



within experimental error. Neutrinos were found to behave ashdmitied screws, wei
antineutrinos exhibited the opposite polarization, thereby providing a clear means of
distinguishing between them, despite the fact that both are elemgge The observation of
nearly total polarization for the neutrinos is consistent with the v/eralmce observed for
el ectrons, @& iare expectéddothlve Bearlg e inertial mass and thus move with
close to speed c. For Fermir a n s i %0) tleercareldtiap distribution was found to be
1 + a (v/cy ctesdhewkéeetron velocity and d t
neutrino momentum vectors. The value of a was found to be +0.9/14/, in agreement with
the theoretical value of +1, which was predicted based on the opposite signs of the longitudinal
pol ari zati on o f el ectrons and antineutrinos.
experiments with polarize’Co,°° where the angle is between nuclear spin and the electron
velocity. For GamovT e | | er t r=a)nasvalueiofca&39+#} Gudbwas measured, also
within experimental error of the corresponding theoretical value e1/8.=

Nowhere is the contrast greater between the present dynamical interpretation of the
longitudinal polarization phenomenon and the-temponent theory discussatiove®467:209210
The latter holds that there is no such thing as a-hghtled neutno, of whatever flavq nor is
there a lefthanded antneutrino. The dynamical model indicates, on the contrary, that it is just a
matter of the conditions underthweh neutrinos can be observed experimentally. There is thus a
need for a means of distinguishing between these two views. In the following, an experiment
will be outlined which at least has the potential of settling this issue in a definitive margher, an
also the broader issue of whether parity is always conserved or not.

When a spinning object collides with a wall, it normally rebounds in the opposite direction
and either stops spinning or continues rotating in the same direction as before. Thetefore,
a neutrino experiences a heaw collision with a heavier particle, a similar result can be
expected, but this means that a-ledinded neutrinavould often be converted into a right
handed one Yet, the twecomponent theory of the neutrino holds that this result is absolutely
impossible, whereas the dynamical model under discussion suggests not onlgahagajppen,
but even that it is a far more probable result than that the neutrino vemglie its spin as well
as its velocity direction as a result of the collision.

To investigate the twoomponent theory, it is necessary to measure the change in spin that

occurs when neutrinos collide with nuclei. If the colliding neutrino does reversspin
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direction, one unit of angular momentum must be transferred to the collision partner. Therefore,

if the recoiling nucleus is in a J=0 spin state, then its total spin would change in-anhead
collision as well. Observation of an acceleratedeuscin its original spiless state would then

be an indication that the backward scattered neutrino also has the same spin as it had before the
collision and, therefore, that it must have changed its helicity. Such behaviour would clearly
stand in contadiction to the twacomponent theory of the neutrino, and therefore demonstrate
that the longitudinal polarization experiments are by no nsiemcompatible with parity
consenration.

Because of the known extreme penetrability of neutrinos, it is of coargeunlikely that
the aforementioned collision with a nucleus could be detected in practice. The possibility needs
to be put in context with the original argument of Lee arahg?® Under the experimental
conditions of the GameVeller (1 test carried ot by Wu et al.®° the spin of the emitted
electron points in the direction of the magnetic field. Therefore, they argued that if parity is
conserved in this process, it should be gmobable to detect the decay electrons in the forward
as in the backwadrdirection relative to the field vector. The experiments showed, however, that
there was a large asymmetry, with more electrons emitted in the direction opposite to the field
vector than along it. The amount of longitudinal polarization was found podpertional to the
velocity ratio v/c of the decaying electrdifsSince spin is an axial vector, while momentum is a
polar vector, Lee and YaPargued that parity cannot be conserved in this process, because
simply inverting the coordinate system domet lead to an egtprobable experimental
arrangement. i.e. with the electrons departing mainly in the forward direction relative to the
magnetic field.

In their book?223 Frauenfelder and Henley argue forcefully in favour of parity-non
conservation keed on the Wu et &. experiment. In their Fig. 9.6 on p. 208, they show a
concise illustration of the Gameév e | | ®lrdecapJ The cerium magnesium nitrate nucleus
with spin J=5 is subjected to a strong magnetic tlghich isparallel to the nucleapin. They
point out that as a result at the outset the
normalized counting rate in the forward direction is found to be only 78% of its value at a later
time when the adiabatic magnetization hassedato have an influence on the results and the
spins of the electrons are just as |ikely t

backward direction is 120% of the latter value, whereby ideally the two percentages must add up

177

(



to 200%. In termsfdhe electra counting notation used in Chapter VIIJ.C+&¢a 0. 79.=and de
1.21, so thatthe rati® = +-@ @& {+d a)=-0.42/2.0=-0.21. The latter value of P is thus

seen to be consistent with v= 0.21 ¢ as the average speed of the electrons considered in the
experiment.

According to the present interpretation, these results lead to the conclusion that the
probabilty that theelectrowealfield gradient ispositive i.e. in the same direction as both the
electroweak field itself and also the applied magnetic field, is 0.605. The corresponding value
for a neutrino would be 1. 0.age%ftmecerperimdngitsel| e ct
magnetic moment points in the opposite direction to the magnetic field, which, by virtue of the
electroweak analogue of the St&Berlach effect, causes a force to be applied irbtukward
direction. By elimination, the correspding probability valudor the electroweak field gradient
to benegativeis only 0.395, i.e. in the direction opposite to the magnetic field, which causes a
force to be applied in thiorward direction to the field in this case. According to the present
theory, there is amertial effectinvolved in the radiative decay process which is responsible for
the above disparity, whereby the greater the speed of the particle, the greater the probability that
the field will be increasing at the time that it ijected. The result is that more electrons are
counted in the backward direction than in the forward. As time goes on, the likelihood that the
electron spin is parallel to the nuclear spin gradually decreases as a result of adiabatic
demagnetization. Evenual | 'y, it becomes just as | ikely f
no further polarization is observed.

When the field direction is reversed, the counting rate bias shifts in direction, but it is again
more likely that the electrons are emittadhe backward direction to the field, and by the same
margin as before. On this basis, they conclude, in agreement with the earlier position of Yang
and Le&° that parity is not conserved in this case.

Once one accepts the fact that there is an elecatoield generated in nuclear decay,
however, the situation looks quite different. Everything falls into place by assuming tk& the
field points in the direction of thauclear spin and that the field gradient also points in this
directionat the onsebf the decay process. The St&erlach analogue therefore predicts that
the direction of the force on the emitted electron is the same as for its magnetic moment, which
points in the opposite direction as its spin. Thus, the favored direction oétdteerlmomentum

is opposite to that of its spin, as observed. As time goes on, the likelihood that the electron spin
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is parallel to the nuclear spin gradually decreases as a result of adiabatic demagnetization.
Eventually, it becomes just as likely fone el ectrons to have b spi
polarization is observed.

Finally, when the direction of the magnetic fiellis changed, the nuclear spin also
changes under the letemperature conditions of the experiment. Consistency therefore requires
that the direction of the electroweak fidi and its gradient at the outset of the decay process
continue to lie paralleto the nuclear spin; thus, they are also changed relative to the original
arrangement. Note that the magnetic field is complételgpendent oEB. The radiative decay
takes place spontanesiy even for uroriented nuclef®?'2for example.

The role of the magnetic field in the Wu et al. experiftfeistto insure that the ejected
electrons have U spin because of the @l=1 sel
decay there is an even chance that the el ectr
Aspfiln po | n othadtensitioh.oThea resdits of éhe electron counting experiments
60.23 can be explained by assuming tha spinflip produces an electroweak field in the same
direction as the applied magnetic field.o be specific, if the magnetic field is in thertio(N)
direction, the electroweak fieldEB (€)] must also lie in this direction. The magnetic moment of
the electron I|ies in the south (8S) direction
transition theEB field is increasing, i.e. UEB/uz>0. As a result, the Stei@erlach force is
pointed in the S direction as well, and therefore in the opposite direction to the electron spin,
thereby producing the negative helicity which is observed. This state of affairs is more likely to
occur when th speed of the ejected electrons is quite high, which is the cause of the observed
v/c dependence of the disparity in #lectron counting resulf§:23

When the direction of thB field is reversed so that it now points in the S direction, itgypar
is unchanged because it is an axial vectorpaiated out by Lee and Ya§ The EB field
gradient does change sign, however, because it is a polar vector quantit§{£B(E)efield is
now increasing in the S direction in the early stages of the decay process, and therefore the parity
of the field gradient, unlike that of tieB(€) field itself does change; the field is now increasing
in the S direction, contrary to the omga | situati on. The el ectrons
spin because of the magnetic field, but now the spin is directed to the south (S). Therefore, the
magnetic moment of the electrons has changed direction as well, and is now pointed toward the

north (N). According to the electroweak Stgaerlach effect, this means that the force applied
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