New Synthesis of

Elementary Particle Physics

A Theory of Elemental Balance in Physical Transformations

Robert J. Buenker
Fachbereich C — Mathematik und Naturwissenschaften
Bergische Universit Wuppertal
Gaussstr. 20
D-42119 Wuppertal
Germany



CONTENTS
[. INTRODUCTION

[I. POSITRONIUM DECAY AND THE CREATION-ANNIHILATION  HYPOTHESIS
A. ELECTRON-POSITRON INTERACTION
B. IS THERE A NON-HYDROGENIC STATE OF POSITRONIUM?
C. RELATIVISTIC CONCLUSIONS ABOUT PHOTONS OF ZERONERGY
D. STATISTICAL MECHANICS OF MASSLESS PARTICLES
E. SEARCHING FOR A QUANTUM MECHANICAL REPRESENTATI® OF
THE ZERO-ENERGY STATE OF THE PHOTON

lll. A SURVEY OF OTHER EXPERIMENTS INVOLVING PHOTON S
A. PROPERTIES OF THE PHOTON
B. PRODUCTION OF PARTICLE-ANTIPARTICLE PAIRS FROMHOTON COLLISIONS
C. QUANTUM CONDITIONS OF PHOTON INTERACTIONS
D. COMPTON AND RAMAN EFFECTS AND BREMSSTRAHLUNG

IV. PARTICLES RESULTING FROM HIGH-ENERGY INTERACTIO NS
A. THE NEUTRON
B. THE NEUTRINO
C. NUCLEAR STRUCTURE AND THE STRONG INTERACTION
D. METASTABLE PARTICLES

V. VARIATIONAL THEORY FOR THE DECAY OF POSITRONIUM
A. A SHORT-RANGE POTENTIAL
B. KINETIC ENERGY CONSIDERATIONS
C. SUGGESTED DAMPED FORM FOR THE BREIT-PAULI TERMS
D. SCALING PROPERTIES OF THE BREIT-PAULI HAMILTONIN
E. MAGNETIC PHENOMENA: NEUTRINO INTERACTIONS
F. TRANSLATIONAL ENERGY AND SHORT-RANGE INTERACTION
G. EXPLICIT REPRESENTATION OF THE EXPONENTIALLY DAKMED HAMILTONIAN

VI. COMPUTATIONS FOR MASSLESSS PARTICLE-ANTIPARTICL E BINARIES
A. DETAILS OF THE COMPUTATIONAL METHOD
B. TRANSFORMATION TO THE MANY-PARTICLE-TYPE BASIS
C. COMPUTATION OF ENERGIES AND WAVEFUNCTIONS: VARIAONAL CI APPROACH
D. CALCULATION OF NON-HYDROGENIC STATES OF THE'€ SYSTEM
E. CONSIDERATION OF TRANSLATIONAL EFFECTS IN THE XBS CALCULATIONS
F. THE PROTON-ANTIPROTON BINARY
G. THE INTERACTION OF A PROTON AND AN ELECTRON
H. EXTENDING THE XBPS MODEL TO NEUTRINO INTERACTION
[. NON-IONIZING PROPERTY OF NEUTRINOS
J. RESULTS OF CALCULATIONS FOR OTHER BINARY SYSTEMS

VII. NUCLEAR BINDING IN THE XBPS MODEL

A. INITIAL CALCULATIONS OF THE p'€ V SYSTEM

B. THE MECHANISM FOR PROTON BONDING IN THE p+&- SYSTEM

C. COMPARISON OF THE PROPERTIES OF THEEW SYSTEM WITH THOSE
KNOWN FOR THE NEUTRON

D. THE BINDING ENERGY OF THE DEUTERON IN THE XBPS O®DEL

E. THE SPIN-DEPENDENCE OF THE INTERACTION BETWEENJCLEONS

F. STRUCTURE OF THE LIGHTEST NUCLEI

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

o ~NO®

13
15
18

19
19
21
24
29

30
32
38
41

47

49
49
54

57

60

62
65
67

74
74
76
78
18
90
98
100
103
108
110

113
114
120
a3

34
138
143
149



H. THE ISOSPIN PROPERTY AND ITS RELATION TO THE XBAMODEL 152

I. NUCLEAR REACTIONS 156
VIIl. WEAK INTERACTION IN THE XBPS MODEL: PARITY CO NSERVATION 158
AND SOLAR NEUTRINOS
A. QUANTUM MECHANICAL THEORY OF RADIATIONLESS TRANSTIONS 158
B. SPIN-FLIP MECHANISM FOR NEUTRON DECAY 160
C. LONGITUDINAL POLARIZATION AND PARITY CONSERVATION 36
D. THE FATE OF SOLAR NEUTRINOS 170
IX. ELEMENTARY PARTICLE THEORY WITHOUT CREATION AND 172
ANNIHILATION OF MATTER
A. THE STRUCTURE OF MUONS AND PIONS IN THE XBPS M@D 73
B. MUON NEUTRINOS 182
C. CHARGED KAON COMPOSITION AND DECAYS: SYSTEMATIGBIOTATION 185
D. NEUTRAL KAONS AND MORE ABOUT PARITY CONSERVATION 192
E. VIRTUAL PARTICLES IN THE XBPS MODEL 200
F. INTERACTIONS OF PROTONS WITH PIONS IN THE XBPSONDEL 04
G. PROTON-ANTIPROTON INTERACTION 209
H. COMPOSITION OF HYPERONS IN THE XBPS MODEL 212
I. REACTIONS OF ELEMENTARY PARTICLES 216
J. THE QUARK MODEL AND ITS RELATION TO THE XBPS TRETMENT 220
X. THEORETICAL DISCUSSION: RELATIVISTIC TREATMENT 226
OF TRANSLATIONAL MOTION
A. RELATIONSHIP BETWEEN THE SCHRODINGER EQUATION ADI 22
MULTI-COMPONENT RELATIVISTIC FORMULATIONS
B. THE ROLE OF TRANSLATION IN THE MULTI-COMPONENT IRAC THEORY 231
C. LORENTZ INVARIANCE CONDITION FOR QUANTUM MECHANCAL 233
TREATMENTS: APPLICATION OF THE BOHR CORRESPONBNEE PRINCIPLE
D. THE ROLE OF SHORT-RANGE INTERACTIONS IN HIGH-ENFEGSY PROCESSES 237
E. TRANSLATIONAL MOTION AND WAVE-PARTICLE DUALITY 239
F. LIGHT REFRACTION 242
G. PROBABILITY ADDITION LAW AND INTERFERENCE PHENONENA 244
H. THE EINSTEIN-PODOLSKY-ROSEN PARADOX 246
Xl. CONCLUSION 249
REFERENCES 281
ACKNOWLEDGEMENTS 201



I. INTRODUCTION

After the discovery of quantum mechanics, nothingegso excited the imagination of
physicists as Dirac's predictibof the existence of antimatter. Within a few yearslerson had
demonstratéetdthe existence of the positron as the antipartitiéne electron, and within decades
the antiproton had also been found. Although Dirac’s line of measg involved first and
foremost his treatmehof the fine structure in the spectra of hydrogemioms, the ultimate
theoretical basis for his prediction can be trabadk years before to Einstein and the special
theory of relativity (STRY. The famous mass-energy equivalence relation, E~was given a
more concrete interpretation by Dirac, namely tiaat particles of equal rest mass but opposite
electric charge could be converted entirely intergg. In the case of eand & the energy
appears as electromagnetic radiation or photonssevlirequency is related to the released
energy by the Planck relatiGnE=hv. A key element in this interpretation is the esrif
mechanical laws of classical physics, particuldhg conservation of energy and each of the
components of linear and angular momentum, whictewgaunciated in the seventeenth century
by Newtorf and Galiled.

The creation and annihilation of matter, as thisrmimenon is generally called, is central
to the theory of modern physics, ranging from thk-siicroscopic regime of atoms, electrons,
photons and more exotic elementary particles to ghper-macroscopic world comprising
astronomy and cosmology. Indeed, one uses theses t®o discuss processes which are
commonplace in our everyday experience, such aaliberption and emission of light. Energy
released or gained upon electronic transitiondoma or molecules is said to cause the creation
or destruction of a photon, again in accordanch ¢ Planck frequency relation.

As with other fundamental theoretical concepts afural science, the principle of
creation and annihilation of matter forced a rdtimg of old themes from the realm of
philosophy and metaphysics. For example, a negrprétation could be given to the famous
statemerit of Lucretius in the first century B.C. ie Rerum Natura“Nothing can be created
from nothing,” which is paraphrased by Shakespemr&ing Lear as "Nothing will come of

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



distinguished from nothing and therefore the proidacof electrons and positrons from it is thus
not inconsistent with Lucretius’s rule.

Yet it is clear that the creation-annihilation cept still represents a revolutionary
departure from ancient precepts, particularly cerdapects of the atomic theory of matter dating
back to the work of Democritd§. According to this traditional view, the elemefrism which
all matter is assumed to be constructed possegledinite characteristics. Again in the words
of Lucretius*' "Material objects are of two kinds, atoms and comps of atoms. The atoms
themselves cannot be swamped by any force, fordheypreserved indefinitely by their absolute
solidity." Suffice it to say that the annihilatiasf an electron and positron to produce pure
energy is not consistent with this statement. Tresgnt investigation concerns itself with the
theory underlying this revolutionary process in @thmaterial particles interact with one another
with such force that they are claimed to lose tlgyvdentity that Lucretius imagined was their

inherent property.



II. POSITRONIUM DECAY AND THE CREATION-ANNIHILATION HYPOTHESIS

In a book? published in 1661, entitlefihe Skeptical ChymisRobert Boyle originated
the modern concept of chemical elements. Simplied; he suggested that the elements can be
distinguished from all other substances by virtiighe fact that they cannot be split up by
chemical reactions into simpler substances. Tlagioaship between his ideas and the atomic
theory of Democritus and continuing on to Lucretisisinmistakable. The concepts were made
more concrete in Dalton's atomic thedfyproposed in 1803, which provided a sound basis for
interpreting known facts of chemistry. Thus whee @bserved two different gases, oxygen and
hydrogen, coming together to react explosivelyotonf steam, one could speak of the process as
involving two elements which were simply joined étiger in different ways before and after the
reaction.

Until the advent of Einstein's STRit was believed that each element had a fixed mass
and that the sum of the masses of the reactantexeasly equal to that of the products. Even
today one adheres to the underlying principle that numbers of each type of element are
unchanged in the course of chemical reactions,thnd the concept of a balanced equation
remains an integral part of the teaching of fundaalechemistry to the present time. Special
relativity merely rejects the assumption of fixedsses for the elements and replaces it with the
principle that energy absorbed or emitted in tharee of a physical transformation must be
taken into account by means of the E2medation in order to predict the combined masthef
products from that of the reactant species.

The concept of elemental balance in chemical reastis in no way disturbed by this
adjustment, and with its help it was possible toycaver the ideas of the early chemists to the
interpretation of nuclear reactions involving mueahger energy changes. For example, when
two deuterium atoms combine to form an alpha partice energy released is great enough to
allow for direct measurement of the correspondoss lof mass of the product system relative to
that of the reactants. The discovery of the neubprChadwick® in 1932 made it possible to
specify more precisely what the elements are is phocess. The deuteron is thus a compound
consisting of a single proton and neutron, whetieasilpha particle is tHéle nucleus composed
of pairs of each of these elements.

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

elemental balance in all physical transformatiofike above example involving a nuclear



process is more the exception than the rule irthbery of modern physics, particularly as one
makes the transition into the field of elementaaytigles. If particles can simply be converted
into pure energy, there is no longer any basid@nanding that the same number and type of
elemental species is present before and after diorahas occurred. One need only try to
imagine how the development of the theory of chainicansformations would have been
affectedif the principle of eéalanced reaction had not been enunciatedrder to appreciate the

consequences of rejecting the idea in other branchthe natural sciences.

A. ELECTRON-POSITRON INTERACTION

With this background it is interesting to analyrmesome detail the process which first led
to the postulation of the creation and annihilabbmatter, namely the interaction of an electron
with its antiparticle, the positron. For this puspoit is important to consider the experimental
data with reference to familiar theoretical modeithout accepting their conclusiomspriori,
recalling Newton's prescriptidhthat “these laws must be considered as restingpaomictions
drawn from observation and experiment, not on fiM&iperception." Assuming the positron
and the electron to be initially at rest, the fiodtservation is that they form a weakly bound
complex known as positronium. After a short lifiedi (ca. 13° s) something much more
dramatic happens to the system, however. In th&g ownmonly observed process, the decay of
positronium leads to the production of two high+gyephotons which fly away in opposite
directions to one another. In another branch isfsaction which occurs much less frequently,
three photons appear. In the primary decay protgesswo photons are always found to show
opposite polarization, whether circular, planelbptcal, and have equal energy (frequency).

The existing theory for these various observatmarsbe summarized as follows. First, a
typical low-energy phenomenon occurs, correspondmghe binding of the electron and
positron together. This process can be describedrately in close analogy to the treatment of
the hydrogen atom by means of the non-relativiSiahrodinger equation. An even more
thorough description in terms of quantum electr@dyits is also possibfé. One knows that
the ionization potential of the hydrogen atom is603 eV (0.5 hartree) and the Bohr theory of
1912 had shown that the amount of binding is priogaal to the reduced mass p =
mymy/(my + np) of the proton-electron system. The equalityhe test masses of the electron

and positron leads to the conclusion that p fortpmsum is only about half that of the hydrogen



atom. Hence, the binding energy in this case i-twif as large (6.80 eV). However, the
instability of the positronium complex stands imrghcontrast tothe known characteristics of
the corresponding H atomwhich is quite stable and appears to exist in shase for indefinite
periods in the absence of any outside influéfice.

Were it not for the spontaneous decay of positronione would have no difficulty
relating these observations to Dalton's atomic mh&b In this case, the elements are one
electron and one positron. At the beginning of thaction they are separated (existing in
elemental form, to use Boyle's terminolégywhereas afterwards the compound positronium is
formed in which the two elements are bound togeth®hy then must we give up the atomic
theory of elements when it comes to the decayofrppium? The conventional answer to this
question is that the elements with which we startesinely an electron and a positron, are no
longer present at the conclusion of the processte&d, one is left with a pair of photons in the
most commonly occurring case.

Yet in a strict sense the creation-annihilationlamation for positronium decay violates
Newton's prescription about always basing theamylfi on observation.How can one truly
observe that something disappear§hatural science is restricted to the domain lugervation,
how does one fit the phenomenon of creation antrudd®n into the picture? By definition
these processes involve material transformatiotiereto or from nothing, and therefore can
never be observed directly in their entirety. Thereearly something about nothingness which
defies observation. By the same token, it is insfiide to prove that things do not disappear. It
only seems prudent to recognize that the inabibtpbserve an object is not an unambiguous
sign that it has ceased to exist.

Especially since the natural sciences underwenbng land successful development
without having to yield on the ancient view that alaterial objects are synthesized from
impermeable elements, it is important to probedtaation-annihilation hypothesis with utmost
scrutiny. To this end let us follow the tried-ainde principle of mathematics employed
whenever a theorem is to be proven, namely to asghm opposite and examine whether a
contradiction can be derived as a result. In thgsgal sciences the definitions of initial
assumptions cannot always be as clearly drawn agathematics, however, so it is difficult to
be certain that the list of alternative hypothdsas been exhausted. In the present discussion of

particle-antiparticle interactions the finding ah acontrovertible hypothesis which doaet



require that matter is created or destroyed undgr @rcumstances would have its merit,
particularly from the point of view of the proponenof the classical atomic theory. To
paraphrase another author with less direct invoérdgnwith the physical sciences who put these
words in the mouth of Sherlock Holm¥s'When you have eliminated the impossible, whatever

remainshowever improbablenust be the truth.”

B. IS THERE A NON-HYDROGENIC STATE OF POSITRONIUM?

In the first stage of the electron-positron intéi@t there is a close analogy to what is
observed in the hydrogen atom formation. Howetle, fact that the 1s state of positronium
undergoes spontaneous decay clearly distinguisiiesn the proton-electron combination. In a
broader sense, however, the positronium decaymdasito emission processes occurring in
excited hydrogenic states such as #g species, for example. After a short lifetime @aje
photon is observed as the hydrogen atom returngtstoground state. Again quantum
electrodynamics is able to describe this procedis @itremely high accuracy. The fact that no
subsequent emission has ever been observed frohydhnegertS,, state is why one refers to it
as the ground state of this systeBut does this mean that the analogoustise of positronium
is its ground state? The close similarity between the hydrogenic andtiposium spectra
predicted by quantum mechanical theories rangimamfrthe non-relativistic Schrodinger
equation to quantum electrodynamics is the prinpassification for answering this question in
the affirmative, but the observed positronium deftagn its 1s state raises at least the possibility
that this conclusion is incorrect. If there istats of positronium below that of the 1s species,
the observed photon appearance can be explairedifferent manner.

To explore this possibility let us examine the natbs of the R—S,, emission process
in more detail for the hydrogen atom. The iniigstem is clearly the atom in one of its excited
states, whereas the final system consists of time s@om in its ground state along with a photon
associated with a characteristic frequency. Watlenrence to what has been said previously, it
can be noted that this theoretical description doeisrepresent a balanced reaction in the
traditional sense. Nonetheless, there are cleailasities between this process and the
positronium decay from its 1s state. This candmndy considering the distribution of energy
and momentum among the partners of the transit@ecause of the relatively large mass of the

H atom, conservation of energy and linear momentenuires that the photon carry away most



of the energy accompanying the transition, but albof it. In order that momentum also is
conserved in the process, it is necessary thaHtlaom recoil slightly relative to its initial
position. The momentum of the atom is thus givgnhe de Broglie relatidi as p= hX, where
A is the wavelength of the emitted radiation and Rlanck’'s constant. Consequently, some of
the energy lost in the transition is also carrie@yaby the H atom, specifically an amount equal
to p?/2My, where M; is the total mass of the atom,.j.electron plus proton. For higher-energy
transitions, such as gamma decays in nuclear pesgethe recoil energy can be so large that the
energy of the emitted photon differs considerabiyrf the internal energy difference of the pair
of nuclear levels involved (Méssbauer efféct

The decay of positronium can be viewed as simianature to the above emission
processes, differing from them only in quantitatidetail, provided one makes a crucial
assumption, as outlined in what follows. It is geily accepted, for example, that the reason at
least two photons are always observed after positno decay is because of the need to conserve
energy and momentum in the process. The rest mia$sbe particles present after positronium
decay are equal, however, whereas in the othertbadeydrogen atom is far more massive than
the emitted photon. Consequently in the two-phgtositronium decay the available energy and
momenta are equally distributed (at least as viedwedh the original center of mass of
positronium), whereas a much less equal distribut® found among the H atom emission
products. The assumption of a low-energy staggositronium below the 1s entity clearly would
give more substance to this analogy, but thererstitain difficulties as to how best to correlate
the various product and reactant systems in the pvowesses. To begin with, it seems
straightforward to associate the emission quanturthé H-atom case tone of' the photons
observed in positronium decay. The energies of Hhatom and positronium photons are
different to be sure, but so as to perfectly satisé pertinent conservation laws in each case. In
order to make the analogy even closer, howevernagbt correlate the second photon observed
in the positronium decay to the H-atomydproduct itself in the other example. The latter
association is tantamount to saying that this phetntinues to have the same estructure as
the initial complex, simply existing in a lower-egg state than the 1s species (see Fig.l4).
something of this nature notpmssibility?

Pursuing this supposition further, it is importamdt to forget that both photons

accompanying positronium decay (again in the m@sjuently occurring process) appear to be
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identical in every way, including with regard teethenergies and absolute values of linear and
angular momenta; only the directions of the latigo vector quantities are different, i.e.,
opposing. There is thus no justification from expent to attribute a different composition to
one of the decay photons than to the other. Befoeecan claim that particle balance has been
achieved by the above assumption, however, it cessary to face up to the fact that in this
model there is apparently (at least) one more ph@éwen if its proposed’@ structure is
correct) present after the positronium decay thefiore it. At least there is comfort in realizing
that the same state of affairs exists in the H-awmssion process, and therefore that the
analogy under consideration is not weakened orbtsss.

In any atomic, molecular, nuclear or other radmtémission process, the conventional
view holds that while the initial system consista®ingle substance in an excited state, the final
system consists of the same substance in a mdile state plus a photon of well-defined energy
and momentum. Despite the universality of sucltgsees, however, there is a way to describe
them consistently, positronium decay included, withgiving up the concept of complete
particle balance. It is simply necessary to assqmite generally that the observed emission
photons are also preserior to such transitiondyut that their energy and momenta are exactly
zero in these initial states.

11
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FIG. 1. Energy level diagram comparing the hydrogemm and positronium. In the standard quantunhigcal
theory the lowest (1s) levels of each system oate®.5000 and -0.2500 hartree, respectively. €aponding ionization
energies for the excited states of these two systdways differ by a factor of two as well, refiegtthe different reduced
masses of the electron in the two cases. The hgdiogs state is known to be stable, however, wasetlee corresponding
e'e state has a short lifetime and decays radiativhjis suggests that the true lowest state of tHesgstem actually lies
far below the n = | state of positronium, and ashstorresponds to the massless state of the phe#dh) with an
“jonization" energy equal to 2 or 37557.7306 hartree.
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We come then to the crux of the creation-annilatathypothesis. To deny this
proposition is to insist at the very least thattphs with zero energy and momentum exist in
their own right, despite the fact that accordinghe theory of special relativity they must be
in a massless state under these conditions. Fortiver the fact that radiative emission is
observed whenever a system populates an excitethattstate inevitably forces a new
assumption, namely that such massless particlebefound in sufficient numbers anywhere

throughout the universe at all times.

C. RELATIVISTIC CONCLUSIONS ABOUT PHOTONS OF ZERO E NERGY

The concept of photons other than the real vaeetsountered in everyday experience
is by no means foreign to physical theory. SoechNirtual photors play a key role in
relativistic quantum electrodynamics and are ingbie@ explain details of the interaction of
radiation with matter wherever it exists. Caregyénerally taken to exclude the possibility
that such entities have any but a theoretical excst, however. One prefers instead to speak
of them as a field quantity, with the non-localizadperties of a wave-like substance, rather
than simply as patrticles in the Newtonian sense&enkn classical electrodynamics it has
long been known that there is a need to attribude-zero energy and momenta to an
electromagnetic fiefd. It is easy to find situations where failure  tthis is tantamount to
assuming that neither quantity is conserved in quodtesses. This line of approach is at
least a clear indication that tipeopertiesof photons must be assumed to be present on a
large scale everywhere in the universe, evenisfitisisted that the particles as such are non-

existent.

But why not actual particles? A typical argumentdrawn from STR, asserting that
once a particle with zero rest mass (as one asstonasphotonin vacuo)does not move
with the speed of light c, it ceases to exist. Justification comes from the law of mass
dilation®: m=m, (1- V¥/c®™? = my, where rg is the rest mass and m is the relativistic
mass of the particle moving relative to the obsewi¢h speed v. Accordingly, if g O
and v < ¢, thery is finite and m= 0. On this basis it is generailyncluded that the
corresponding particle cannot exist.

13



Yet examination of this argument shows that thepsapd non-existence of the
zero-mass photon is really just an assumption.oflk learns with certainty from the
above formula is that O < v < c is a condition unghich the relativistic mass of such a
particle vanishes.lt does not say thate particle itself necessarily ceases to easta
result, however. The equation of non-zero mas# whe possibility of a particle's
existence cannot be said to be a logical conseguehthe theory of special relativity.
Instead, it constitutes an additional assumptioncwhhas had enormously broad
consequences over the length and breadth of mqudesical theory. At the very least it
seems only prudent to give careful consideratioralternative interpretations of the
possible meaning of a massless state of a systewi|lde done below.

To begin with, it is possible to give a simple ¢onity argument which makes the
existence of zero-mass photons plausible. Combpithie mass-energy equivalence with
the Bohr frequency relation gives: E ¥ & mé If m = 0, it follows that the
corresponding frequency of the radiation is alsovafishing magnitude, whereas the
wavelengthA = v/c is infinitely large. A photon field with infinitewvavelength is
inaccessible to experimental detection and thumisobservable in the traditional sense.
However, there is a clear distinction to be dravetween non-observability and non-
existence. When an infinitesimal amount of enegyadded to the same system, the
above equation indicates that the photons now spored to a non-zero frequency and a
finite wavelength, which at least in principle da@ measured. While there are definite
limits as to how long a wavelength or how shontemfiency can be measured in practice,
it seems arbitrary to insist that beyond this poust dare not think of the particles as
continuing to exist. If one can systematicallyhsiitaw energy from a single photon, at
what point can it be safely assumed that it has lsemihilated? The point is surely not
that one can prove that a photon with exactly zsmergy exists, but rather thtte
converse cannot be provew this or any other means either. There is eveertain logic
in dealing with the massless photon simply asithéihg case in the above experiment as
the wavelength of the radiation becomes infinitalge.

Another mathematical point relating to the masstiih formula should also be
considered in the present context. If m = O fopaaticle of zero rest mass, must it
continue to move at the speed of light? The an®ased on the formula alone is clearly

14



negative. Any value of the speed v up to and ohidlg ¢ is consistent with zero
relativistic mass for a system of zero rest md&S#en v > c is not inconsistent, which fact,
if nothing else, demonstrates that the mass dildomula is really not at all restrictive
on this point. The possibility exists in partiauthat a massless photonas restin a
given rest frame, unlike photons with non-zerotrelstic mass. There is no contradiction
in this with regard to the postulates of STR, sisuaeh photons defy observation in any
and all inertial systems. The photon in a massiéste actually corresponds to the null
world-vector of energy, which means that applicatidd any Lorentz transformation with
v < ¢ leaves it unchanged. This characteristic firesludes the possibility that observers
in inertial systems moving relative to one anothesuld ever come to different
conclusions about whether a given photon's mageris or not. A zero-energy photon
thus remains undetectable to all observers regardié their velocities relative to one
another. The same conclusion is reached by caasioe of the relativistic Doppler
effect®® which holds that the frequency of light as measusg an observer moving
relative to the source with a speed v < c is adimultiple of the frequency measured in
the inertial system of the source itself. Witherehce to th&edankerexperiment of the
last paragraph, a photon with decreasing energireges to move at the speed of light as
long as its mass exceeds null. In the limit ofozenergy it becomes free to change its
speed over a continuous range, although it mustdoato. As a massless system, its
momentum is unaffected by a change in velocityttsd a gradual reduction to zero

velocity in any given inertial system is possiblighout altering its energy.

D. STATISTICAL MECHANICS OF MASSLESS PARTICLES

In order to obtain a satisfactory explanation fporganeous radiative emission
which avoids the creation-annihilation hypothegiss not only necessary to assume that
photons can exist with zero energy and momenturh,also that they exist in great
numbers everywhere in the universe. One can apiprihiés aspect of the problem on two
levels. The first simply relies on the argumeritshe 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 great numbers of such systems.

However, it is also possible to find more positimelications regarding this point by

15



considering the phenomenon of blackbody radiatiQuantum mechanics originated with
Planck's discovefy that the observed intensity distribution in a petfabsorber can be
guantitatively described within the framework of eell- Boltzmann statistics, provided
one assumes that only certain energy values ardgalalea for radiation of a given

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

(BE)y = Ynhv exp (-nw/kT)/ 3 exp (-nlv/KT), (1.1)
n=0 n=0

rather than as a ratio of integrals in which nresated as a continuous variable with non-
integer values. The key point of interest in thesent context is thahe n = 0 term in the
above sums must be retainga provide for an accurate representation of theeoked
spectral intensity distribution. This term doed afier the sum in the numerator, but it
makes a decisive contribution to that in the demarnair (partition function).

According to the theory of statistical mechanicacte term in the above sums
corresponds to an allowed state for the systenthig1case a collection of oscillators or
photons with energy £= nhv. The zero-energy (n=0) photon is thus an ingredie
Planck's long-accepted solution to the blackboaplem. Moreover, as the lowest-energy
state available to a photon associated with a dgirgguency, it is also the most frequently
populated according to the Boltzmann exponential kand this at any temperature T. In
order to obtain the total intensity distributiorigtnecessary to integrate over all frequencies
from null upwards. It is important to note, howevthat zero-energy photon states are
present in the distribution faach value of vThis situation is illustrated in Fig. 2, in which
the various frequencies are represented by theespoka wheel. The allowed states for a
given v can be thought of as being plotted as poatbng the corresponding spoke at a
distance from the center of the wheel which is propnal to their energy. Especially if the
Boltzmann populations are taken into account, itfasind that by far the largest
concentration of photons is at the center of theekh.e. with exactly zero energy and

momentum.
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Allowed Photon Energies
in Blackbody Radiation

n
N/

FIG. 2. Schematic diagram representing the digiiobuof allowed energy levels in the theory of bdacdy radiation. Each
spoke of the wheel corresponds to a fundamentguéecyv whose energy quantum E = ls always proportional to the
distance between adjacent points on such a radiash such (equally spaced) point thus corresptmas allowed energy level,
one of which is always found at the hub of the Wwieeeach spoke, i.&€ = 0 is allowed for every value of The magnitude of
the energy quantum is shown to decrease monotbnasbne proceeds in a clockwise fashion fromitkeve o'clock position.
The partition function used in Einstein's explamatdf the blackbody radiation phenomenon must delthe E = O levels
explicitly for each fundamental frequency in orderobtain results which agree with experiment.isithus clear from the
diagram that the highest concentration of allowedrgy levels by far is located at the hub of theeethand the form of the

Boltzmann exponential factors exp (-E/KT) insufest the highest photon population always occurshiisrenergy value.
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Since a blackbody of a given temperature displéngs dame intensity distribution
regardless of its location, it must be assumedtthsistate of affairs exists everywhere. The
relatively high density of zero-energy photons th@oretical assumption apparently needed
to explain observed phenomena. This circumstames chot 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 arouhdyould be a very damaging piece of
evidence to the massless photon concept if sthte=ro energy had to lexcludedrom the
partition function in order to achieve a satisfagtoepresentation of the experimental
observations. Quite to the contrary, Einstein nthdeopposite assumption of a high density
of zero-energy photons. Seemingly the most natumarpretation for this theoretical
approach is to conclude that the populationsalbfthe various photon states are given
correctly by the Boltzmann exponential factors ig. €11.1), not only for those

corresponding to non-zero quantum numbers.

E. SEARCHING FOR A QUANTUM MECHANICAL REPRESENTATIO N OF
THE ZERO-ENERGY STATE OF THE PHOTON

It is interesting to shift the discussion from tfeneral topic of radiative emission back
to the original subject of positronium decay. Bymparison with details of the hydrogen
atom emission process, it was concluded that thgeapnce of only photons after
positronium decay does not rule out the possibilitgt the internal structure of both the
initial and final participants in this reaction éxactly the same. At least the creation-
annihilation hypothesis can be avoided by mearsidlf an alternative assumption. In other
words, it is proposed that the photon may also lsavé € elemental composition, simply
existing in a state of lower energy than the 1igseassociated with positronium itself. The
observed frequencies of the decay photons didtatethe energy of such afeestate must
be -2 mc? or -37557 hartree relative to that of the separatectron and positron, i.e., the
negative of what one conventionally refers to &ahnihilation energy. By comparison the
energy of the positronium 1s state is -0.25 haifrég 1).

Qualitatively one can imagine an attractive potdntvhich binds the electron and

positron so tightly together that there is a maskiction similar to that known to occur in
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nuclear reactions. The difference in this cagbasthere is a total loss of mass, and not just
a few parts in a thousand. Moreover, such a §iditlund ée state can have no counterpart
in the hydrogen atom spectrum. It is clear thanjum electrodynamics provides no such
attractive potential or corresponding internal estdiut one also knows that the range of
validity for this theory is limited to electromagdite interactions. Nonetheless, any
conceivable extension of this theory to includégattbinding ée state of the type required
must remain consistent with the latter theory is ilescription of conventional
electromagnetic phenomena. Before looking for aengmuantitative model to describe such
a positronium state, however, it is well to reman the phenomenological level in
considering the consequences of avoiding the omatannihilation hypothesis on the

interpretation of other experimental observationthe field of modern physics.

[ll. A SURVEY OF OTHER EXPERIMENTS INVOLVING PHOTON S

The discussion in the preceding chapter demonstfias¢ and foremost that there is no
compelling proof that particles pass to and fronstexice in the decay of positronium. It is
impossible to distinguish between objects whichehgone out of existence from those
which are simply lost from view for a period of #m The alternative assumption to the
creation and annihilation of matter is thus thattiples can exist in great abundance in a
massless (zero-energy) state without being direxiservable. 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 be used to expther fundamental observations in

modern physics.

A. PROPERTIES OF THE PHOTON

The interpretation of positronium decay as an eomsgrocess involving different
states of the same physical system has been sesuggest that the photon itself is a
compound of a single electron and positron. Itheréfore interesting to compare the
properties expected for such afeestructure with those known experimentally for the
photon. To begin with, it can be noted that aesystontaining two fermions in a highly
bound state would be expected to obey the Bosddiinstatistics observed for photons.

The spin of the combined system must be integrat,gs for positronium in any of its
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hydrogenic states. Whether a system consistiragn@ven number of fermions behaves as a
boson or not is known to depend on the strengtth@finteractions holding the individual
particles togethér. The®He isotope, for example, is fermionic and non-sopeducting,
but combining it with another fermion (the neutrgmpduces’He, which behaves as a
boson.

Otherwise, what we know of photons is that theyehagro rest mass and no charge,
the latter property being clearly consistent withedectron-positron composition. The fact
that photons of a given energy are characterizea bigfinite frequency and wavelength
does not distinguish them from other particlesemphasized by the de Broglie relatiSm
= h/\, and the Bohr frequency lawE = hv, and demonstrated explicitly for electrons by
Davisson and Germéf. For photons there is the additional feature ofll@sing electric
and magnetic fields being involved explicitly iretitvave motion. However, especially for
optical photons, the frequency of the oscillaticm®o large to enable a direct measurement
of the individual electric or magnetic fields.The oscillating properties of photons/light are
actually deduced from theoretical consideratioasnaly the solution of Maxwell's classical
equations of electromagnetist. In quantum mechanics photons have traditionaéigrb
treated as oscillatofé,without giving a detailed description of the imtef structure which
Is ultimately responsible for such characteristiédl that can be said in the present context
is that an & composition for the photon is at least consisteith electromagnetic
phenomena. The dipolar nature of such a binaryesysneshes qualitatively with the
photon's capacity for interacting with charged ighes, especially when the photon is in
relative motion to the latter. One would have tvén much more detailed information
concerning the wave function of thégesystem in a given state of translation to makeemor
specific comparisons with real photons. Similadince the speed of the photons is a
consequence of their zero rest mass, this is agawnceivable property for a system with
such a dipolar composition, one whose verificatiwould require a more quantitative
theoretical treatment.

The polarization of light has been one of its miostiguing properties. It has been
interpreted by WignéF to result from the fact that the photon possesseszero angular
momentumJ. The “twoness” of the photon's polarization ieréby explained as a

relativistic requirement according to which a paetimoving with the speed of light must
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haveJ oriented either parallel or anti-parallel to itsel of motion. Quantum mechanically
this means that only M= £1 is allowed for photons, despite the requireted symmetry
that components with M= 0 also must exist. Circularly polarized ligltresponds to an
eigenfunction of J while plane-polarized implies a 50-50 mixtureboth allowed M values
and elliptically polarized light is any combinatianbetween, all of which is consistent with
the existence of an effective two-fold degeneracareful experiment&®" have demon-
strated that the magnitude of a circularly polatizghoton's spin component is,
corresponding tbJ = 1, which is consistent with the Wigner interptieta® but also with a

possible & constitution for the photon itself.

Altogether it should be recalled that despite iseemvestigation over centuries, going
back at least to the work of Newt6rand Huygens? there is very little consensus about the
structure of the photon itself, or indeed whethédras any internal structure at all. Einstein
remarked® in 1951 that, despite his efforts of the precediali-century, he did not feel that
he had come any closer to answering the questiorhat a light quantum is. He went on to
say that apparently many peopléid think they understood the matter, but thay tvere
only deceiving themselves. At the very least lbisiments 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 whkaichelectron and positron are
produced with the aid of high-energy photons, alseeds to be considered in the present
context. The assumption of afeestructure for each photon is obviously consistettt this
result, but a few details require special attentig¢hen a photon with energy equal to &m
collides with a massless photon, no electrons avdyzed unless a heavy nucleus is also
present. By contrast, if two photons collide head-and each has.oi energy, electron
production is possible in free space. The distomctan be understood from relativity theory.

A collision between such a massless photon anduitheE = 2mc? is characterized by
a total momentum of p = E/c = 2m If one of the photons were to dissociate in$o i

elements eand & all the available energy would be used up fos fhirpose, so that the
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translational energy of the two electrons produged|d have to be null. The latter condition
makes conservation of linear momentum in such ags® impossible, however. By
contrast, if both photons have E zohand collide head-on so that the momentum Epn+

0, it follows that the electron and positron cande¢ free, but must remain at rest in the
original inertial system (the one in which the pirat are observed to have equal energy).
The latter process is seen to be simply the rewartige positronium decay process, or more
precisely the reverse of the interaction of a f&stron and positron which are initially at
rest in a given rest frame.

More generally, it needs to be recognized thaifgiven energy E, the momentum of
the photon (E/c) is always greater than for anytigdarwith rest mass ;> 0 , for which
pa=(E?c? - my®c)M2. This fact prevents a single photon of any endrgy causing a zero-
energy photon to dissociate, because no matter &gy might be transferred, there is a
disparity in the corresponding photon momentum &wst that which could be theoretically
given to each of the electron products. The pmesei a third body has the potential of
removing this restriction, as is well known, buetipoint to emphasize in the present
discussion is that the same result is found whéftieer space is thought to be involved, as
foreseen in the creation-annihilation hypothesisif @ masslessut existingphoton of ée
structure is assumed instead.

To make this point more clearly, it is interestitay consider the effect of relative
motion of the observer on the outcome of such éxyts. The relativistic Doppler effétt
tells us that the energy (frequency) of the phoiarthe above examples is dependent on the
relative speed of the inertial system from whiclhst quantities are measured. There is a
clear exception to this rule, however, namely & #mergy of the photon is zero in one inertial
system, it must remain zero in any other. Thus ihot possible to make the transition
between the above two cases simply by changingethgve speed of the observer. As noted
in Sect. 11.C, a massless photon corresponds tollavector in Minkowski spac& and as
such is unaffected by any Lorentz transformatiém.the same time, a photon with non-zero
mass can have its energy changed to any conceivahle other than zero by virtue of such
a transformation. The consequences of these ae$dtips are crucial in the present case,
with electron-positron production in "free spacetwring only if both photons have non-

zero energy, just as is observed experimentally.
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With much higher energies it is also possible toegate proton-antiproton paitsgain
as predicted by the Dirac thednyit is clear that this result cannot be entirelplained by
assuming an ‘e structure for the photon. Nonetheless, it canbetsaid that such
observations are inconsistent with what has besnnasd so far. Rather, they force an
additional assumption, namely that other types a$stess particle- antiparticle binaries exist
as well. There is of course a natural tenden@vtod introducing new types of particles into
any theoretical framework, however. At the vezgdt one hopes to keep their number to an
absolute minimum.

As long as its rest mass is exactly zero, the machbproperties already mentioned for
e'e, such aw=0, A = and the like, could also apply tépp or related entities. One can only
speculate that a'p system of zero rest mass will exhibit differenogerties under translation
than do the correspondingeespecies. Clearly, the dissociation energy af pnust be 1836
times greater than for&, which condition already constitutes a major distion. By the same
token, the fact that neutron decay produces nasffinwhose rest mass is already close to or
equal to zero, implies that there mustvwbe binaries as well, with extremely small to vanighin
dissociation energies. The real challenge presehtedhese observations is to construct a
guantitative theory, requiring as input at mosthsgmantities as the rest mass, charge and
perhaps magnetic moment of the interacting spewvbg;h leads to binding energies of the
above particle-antiparticle pairs which are equa 2¢ times the rest mass of each of the
respective constituents.

Since the charge-to-mass ratio is much smallethferproton than the electron, it seems
clear that a fp  binary would show much weaker electromagnetic ctffethan its &
counterpart. On this basis, it seems plausible thattraditional properties of a photowe.
oscillating electromagnetic field which is involvegten in low-energy emission and absorption
processes, are exhibited exclusively by the elagbasitron massless binary systems. The
statistical arguments given above in conjunctiothwhe discussion of blackbody radiation
(Sect. II. D) speak equally well for a high densifyother systems of zero rest mass. At least
one knows that protons and antiprotons can be pesHuogether wherever the appropriate

energy and momentum conditions are fulfilled.
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C. QUANTUM CONDITIONS OF PHOTON INTERACTIONS

The quantum jumps associated with photon interastiprovided an important clue
regarding the particle nature of light. In his expition of the photoelectric effettEinstein
reversed a trend away from the Newtonian Vfewf light as "corpuscles”. He showed that
surface ionization of metals could be most constiteexplained by assuming that a single
guantum of light gives up all its energy to a stnglectron. He used the word "heuristic" in
describing his ideas because the (exclusively) weery of electromagnetic radiation was
widely accepted by the physics community at thaeti While there can be general agreement
that the photoelectric effect is inconsistent vatkotally wave-like nature for light, it still must
be regarded as extraordinary that any particle vdrdnsmitall its translational energy to a
single electron in given interaction. Such a proyof photons is consistent with the concept of
annihilation, because it is reasonable to assumieatiparticle which has gone out of existence
does so by leaving behind all its energy and moument However, f it is assumed instead that
the photon retains its existence after photoioionabas occurred and simply assumes a massless
state which defies direct experimental observatibins necessary to look more closely at the
dynamics of this process to better understand aher@ of the quantization phenomenon.

To this end it is instructive to apply the lawsesfergy and momentum conservation to
the absorption process, as depicted in Fig. hidfghotory were to give off an arbitrary amount
AE of its energy to an atom A with mass Mts momentum would decrease by, = AE/c. If
the atom were to remain in the same internal sthte,amount would appear in the form of
translational energy, which means that the momendfirthe atom would change My, =
(2MAAE)Y2 Conservation of momentum requires thak andApy, be equal. For smallE this
can never be the case, however, in view of theelangss of A. Settingp, equal toAp, shows
that AE would have to be equal to twice the rest enefdgy or 2Mac?, which corresponds to the
GeV rang?’. There is a solution to this dilemma, however, egnto have a part of the photon's
energy be added to the internal energy of the atenthat another electronic state of the more
massive system be reached. If the excited electsiate differs bywin energy from that of the

initial state, conservation of momentum requirex th

Ap, = AE/c =Apa = 2Ma(AE - )2 .1
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which is possible providedvhis only slightly smaller thaAE, again by virtue of the relatively
large mass of A as well as the magnitude of c.

It is important to distinguish between two aspeatsthe absorption process in the
foregoing discussion. First, the quantized natdréne atomic spectrum is seen to be directly
connected with the large disparity between theaetsge masses of the atom and the photon.
When one considers the translational motion ofatoen, it is recognized that the energy levels
available to it are actually continuous. It is tieguirement of momentum conservation which
restricts the possible transitions between diffestates of the same atom and thereby produces
the quantization phenomenon. On the other hanthebasis of these arguments by themselves
there is no restriction put on the magnituxte of the energy lost by a photon in the absorption
process, save that it be less than its total endtgy rn,cz. Indeed, the analogous excitation
brought about by electron impact is well knd&rOne is thus still left with the conclusion that
there is something special about a zero-energg;m@mentum state of the photon, even though
many aspects of the absorption phenomenon candersinod by just assuming that the photon

is a particle of relatively small mass compareth®system with which it interacts.
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FIG. 3. Energy level diagram detailing the rolecofservation laws in determining whether a givetiative absorption process

is allowed or not. At the top of the diagram, tlystem is to retain the same internal enerdyit the transition,.e. the two

levels shown differ only in translational enedyy, = Ap§/2rrg (non-relativistic theory), wheredts the mass of the system and

Aps is the corresponding change in the momentum afeitger of mass. Such a radiative process is alVeaggiden by the law
of conservation of linear momentum, because thtemass of the photon is so much smaller than thiteosystem4ps > Ap,).
The only way for radiative absorption to occurfishie system changes its internal (frogi # E) as well as its translational

energy, as depicted in the lower part of the diagrdnder these circumstances the momentum congervatv can be satisfied

for a particular value of\p;, namely one that is equal tog(E Es" + Apg /2my)/c, where c is the speed of light. This condition

rules out the occurrence of a radiative absorgiimeess in which the system's translational enéogs not change at all, also as
indicated. Thus the "quantized" nature of radiatramsitions is seen to be intimately connectedh whte photon's vanishing rest

mass.
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The fact that the energy transferred in the abowvegss is exactly equal tq E m,c2 is
thus seen to be a separate issue from the photatmm phenomenon itself. In other words,
why doesn't the photon give off only part of it®ggy in inducing a transition in another system?
Dirac used time-dependent perturbation th&p answer this question, arguing that the
incident radiation introduces a frequency-dependenn in the Hamiltonian of the atomic
system. A resonance condition results accordinghich the energy of the most probable atomic
transition, W = E - &, must be the same as the energy of the incidestbphE, = m,cz. The
prospect of a massless photon being formed asult oéghis energy exchange (rather than that
the original photon is annihilated in the procesgjgests a somewhat different interpretation for
this phenomenon, however, one which does not ralythe ad hoc assumption of wavelike
properties for the incident radiation. If one signfdoks upon the process as a collision between
an atom and a photon moving with speed c, it seglanssible to demand that the observed
energy exchange take place over a relatively smalfinite period of time. As a consequence,
the temporal requirements of the interaction areemreadily fulfilled by an outgoing system
whose velocity has been considerably reduced b#levgpeed of light in a vacuum. As long as
the departing photon possesses a non-zero amouahesfly, this condition can never be
fulfilled, but as has been pointed out in SectC,lla masslessphoton is free of any such
restriction, and thus can move at any speed less ¢hincluding zero. In this view, the only
practical means available to a photon to reducentygy by virtue of an atomic collision is to
assume a massless state, so that its relative speguhred to the system with which it interacts
can be made as close to zero as possible. Acctydihgs interaction mode represents the only
inelastic collision process available to a systérmevo rest mass, since it is otherwise forced to
move with the speed of light as long as it posseasg non-zero amount of translational energy.

By combining this result with the conservation aeggy and momentum arguments first
discussed it is seen that the quantum characteassociated with radiative absorption (and
emissiofi?) can be deduced exclusively on the basis of themass values of the photon and the
interacting system, respectively. There is no neegostulate any wave characteristics for the
field inducing the transition. Rather, one is leddonclude from knowledge of the internal
energy states of the interacting system and theniatg of its rest mass exactly which photon
energy is required to induce maximum transitionbpfwlity. The magnitude of this transition
probability itself cannot be determined quantitayvon the basis of the above information
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alone, and thus for this purpose one does havettoduce some additional information about
the nature of the perturbing Hamiltonian, whictelitss ultimately based on other experimental
observations. This state of affairs does not affleetmain conclusion in the present discussion,
however, namely that the properties expected omdases of relativity theory for a massless but
nonetheless existent system are sufficient in tiebras to allow for a suitable explanation of the
observed tendency of photons to give up all thaimdlational energy upon interacting with other
particles.

These observations are also relevant to the pogitn decay process discussed in
Chapter Il. In order for the de-excitation pracés occur from the positronium 1s state to the
proposed tightly-bound’e photon state (as depicted in Fig. 1), it agaimsehighly desirable
that there be a minimum of relative motion betw#ennitial and final systems. This condition
cannot be said to be satisfactorily fulfilled whtwe product photon carries translational energy,
because it must then move away from the originahtpaf interaction with the speed of light.
That would be something akin to a business trammsacarried out between two people, one of
which is riding on a speeding train while the otieestanding on the station platform. In its
massless state the photon can move with exacthsdnge velocity as the initial positronium
system, thereby greatly improving the chancesdchs transition. In this way, momentum can
be conserved in the process, but the energy logtdgositronium complex still has to be carried
away. As shown in Fig. 4, the simplest way to agglish this objective is to have the released
energy divided up equally between two other photwhgch are in the neighborhood of the
interaction locale, which again means they musgtaily possess zero translational energy. The
conservation laws can then be satisfied by dividimg emitted energy equally among the two
departing photons and having them move with exastlyosed momenta. There are also angular
momentum conditions to be satisfied, which is wihe humber of emitted photons is different
depending on the multiplicity of the positroniunatst prior to its decay. This point will be
considered more closely in Chapter VI. To sumneaiiizis possible in this way to look upon the
most commonly occurring positronium decay proc€ss. @) as involving three distinct photons,
each of which exists in its massless state at quir in the interaction. One of them is formed
as a result of the de-excitation of the (singleiponium 1s state (Figs. 1 and 4), thus eluding
detection by virtue of its null frequency. The atl@o are already present at the start of the

reaction and are also unobservable as a conseqoktiedr masslessness. Upon taking up their
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share of the energy released in the decay probegsare detected, however, giving rise to the
"two-photon” classification commonly ascribed testimteraction.

Another important aspect of this topic arises ia tteatment of the blackbody radiation
phenomenon. As discussed in the preceding chalpiestein's quantum assumption assigns
allowed states to a given photon with only integnalltiples of its frequency. Since a
blackbody is a perfect absorber, each frequenpyasent, at least in principle, and one can think
of such a system as a collection of atoms of tipe fyst discussed. The success of Einstein's
assumptiorindicates that each frequency can be treated imdigmely of the other, however. It
also is important to recall that an equilibriumpiesent which is conventionally thought of as
arising from a series of collisions between thdip@ating systems over a long period of time.
This suggests that photons of energydmly interact readily with each other or with piag
possessing a multiple of this energy. The samelgsion can be inferred from the occurrence of
the coherence phenomeridim electromagnetic radiation.

It seems at least possible that the stability efghoton in its massless state is at the root
of the observed quantum characteristics of thekblady intensity distribution. The special
conditions of velocity seen to be permitted in stgte, namely & v < ¢, are at least suggestive
in this regard. The presumed high density of zerergy photons based on the results of the
blackbody experiment clearly derives from the theit this energy value is the minimal amount
available to photons dainy given frequencylhe key point which distinguishes the blackbody
radiation phenomenon from the other processes siecupreviously in this chapter is clearly
that a large collection of photons is required ésatibe the effect in a meaningful way. It is not
surprising as a result that it is quite difficudt analyze this particular experiment in the kind of
microscopic detail needed to deal with the genqradstion of whether individual massless

photons can exist or not.

D. COMPTON AND RAMAN EFFECTS AND BREMSSTRAHLUNG

The Compton effeét involves collisions between x-ray photons and wediound
electrons and can also be interpreted in a veayg$tiforward manner using conventional energy
and momentum conservation arguments in conjunatitm the Bohr frequency and de Broglie
relations. In this experiment a photon with a giesrergy is scattered off an (essentially free)

electron and another photon is observed after ¢iission with lower energy and momentum
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than the first. It might be argued that the samea{y photon is involved before and after the
collision, but in view of experience with the alyjsttwn and emission of photons it is generally
assumed that the first photon gives up all its gyenitially and that afterwards this is distribdte
between the electron and a second photon. Againconeentionally speaks of annihilation of
the first photon and creation of the second ingtaeess, but one can just as well imagine that
the first photon simply assumes a massless state cgllision, while another massless photon
takes up the energy left over from the electroristoh and appears as an x-ray photon, gene-
rally moving in a different direction than the firs

The Raman effett“® is closely related to the Compton effect, and imes inelastic
scattering of visible light off molecular system#. the initial frequency isv, it is found that
photons emerge at right angles to the incidentatanfi with frequencies + v’, wherev’ is a
characteristic infrared frequency which is smalinpared tov. Again there might be a tendency
to interpret incoming and outgoing photons as amkthe same, only with changed energy, but
the problematics are clearly the same in this kkgarfor the Compton effect. In both cases it is
clear that a particle interpretation for the electagnetic radiation allows for a quantitative
description of these phenomena. There is no pétidlifficulty interpreting these effects in
terms of massless photons located in the neighbdrbbthe pertinent collision processes.

Finally, it is pertinent in this connection to catex the Bremstrahlung phenomenon as
well. In this case an x-ray photon is producechvaih energy which is essentially equal to the
decrease in an electron's kinetic energy causets lopllision with a heavy nucleus. The process
can thus also be thought of as an interaction ifichvla massless photon picks up energy,
similarly as in the emission processes discussderearhe fact that a third (heavy) body is
required is again related to the energy-momentunsewation laws, especially the fact that a
given energy value always corresponds to a greawementum for a photon than for a

neighboring electron by virtue of the disparitytieir respective rest masses.

IV. PARTICLES RESULTING FROM HIGH-ENERGY INTERACTIO NS

In the preceding chapters, a model for describirmggsses involving the interaction of
electromagnetic radiation with matter has been @xadh whose main ingredient is the

assumption of an*e "molecular" structure of the photon. Accordingthe hypothesis of
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disintegrating matter is replaced with the assuomptof indestructible particles, including
electrons and positrons, which in a specific stdtédinding can lose all their mass, thereby
defying experimental observation but still retagitheir own existence. The latter distinction
seems subtle enough when formulated in this maniet, there is a potentially critical
difference. Put simply, if particles can be createdm pure energy, there is nothing
fundamentally excluding the possibility that muelngler objects can also be formed by this me-
chanism. It has been argdédfor example, that whole universes could be credteth the
"energy equivalent to just a few pounds of matteater in the same article it is pointed out that
the key element in the author's theory "is thatndgua physics permits the spontaneous creation
of something from nothing.” If on the other hantgtter can never be created or destroyed by
any mechanism, but instead only disappears from ureder certain well-defined circumstances,
the possibilities are much less fantastic. A muararsober view of the universe emerges, and
consequently it behooves us to find out which &f #ioove two hypotheses corresponds to the
true facts.

It is thus important to see that the creation-aitation concept does have definite
relevance beyond the subject of the interactiophmitons with other particles. In the preceding
chapter it was noted. for example, that the foramatbf protons and antiprotons from photon
collisions demonstrates thatee systems cannot be the only massless particleaatitie
binaries which must be assumed if one hopes toittmut the latter hypothesis . Once one has
grasped the possibility that the creation-annildtaiassumption may not actually be needed to
explain relatively low-energy phenomena, therehissta challenge to follow through on such
argumentation in the high-energy regime as welke @mreminded that considerable impetus was
given to the creation-annihilation concept at tineetwhen it first became possible to carry out
high-energy experiments in the laboratory. Itherefore to be expected that as the available
energy from accelerators and related devices inesgathe number of phenomena requiring
similar explanations will tend to multiply, as hasleed been the case. New particles with non-
zero rest mass have been identified over the pasyears, and these have provided fertile
breeding ground for new theories. In the presbapter the task of surveying such high-energy
experiments will be taken up, with particular emgiban the question of how the assumption of
the creation and destruction of matter plays a noléhe theories which are used to describe

them.
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A. THE NEUTRON

After the results of Rutherford's scattering expenits were understoid one had the
model of atoms containing a relatively massive auslof positive charge being orbited by a
number of electrons. The simplest atom is hydrogé&h a single proton and electron. The
heavier nuclei have rest masses which are neatdgrial multiples of that of the proton, but
charges which are always a smaller (exact) muloplhe electronic charge. On this basis it was
first assumed that the nucleus itself generallyt@ios both protons and electrons. The discovery
of the neutron in 1932 by Chadwiélcaused a shift in this position, however. The reutvas
found to have a slightly larger mass than the pratod to have no electronic charge. It is meta-
stable with a half-life of 1000 s, decaying intpraton and electron (or "beta-ray" in the earlier
terminology). Other unstable nuclei were also kna@undergo beta decay.

Several objections to the assumption of a protestedn constitution for the nucleus
quickly arose on the basis of these findings. Thstnmportant 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 conservation of energy and mommanithen a single particle decomposes into
two fragments. One popular interpretation fos thbservation was supported by BéhrHe
suggested that the usual conservation laws mighdmger be valid at high energies (0.8 MeV is
released upon the neutron's decay). Pauli todKferent view'’, however, which has since
been generally accepted, namely that the continspestrum observed indicates that at least one
more particle must be involved in beta decay. Adewly, the energy lost in the process can be
divided between several emitted particles in aiooous distribution without violating the above
conservation laws. The name “neutrino” was subsetpeoined by Fermif for this new
particle.

Other evidence was also found for the neutrino tgss, however. If a neutron were to
consist of only a proton and an electron, it shopi$sess integral spin and exhibit boson
statistics, so that a nucleus such'@é (containing seven protons and seven neutrons)dvou
behave as a fermion with half-integral nuclear sp8ince the opposite behavior is observed, it
was suggested by Pauli that the neutrino (if indéeéslia single particle) is also a fermion with

half-integral spin, and that its presence in thatma thus explains this aspect of the nuclear
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puzzle as well. This argument eventually carriegidhy and the third neutron decay product was
later renamed the anti-neutrirna

What needs to be emphasized in the present casttht in the search for a quantitative
theory of beta decay, confidence in the straightéod idea of the neutron being composed of a
proton, electron and antineutrino was eventuallst.Idhis development occurred primarily
because of the realization that the relatively smaalius of the neutron implies that an electron
bound within it would have to possess an enormousuat of kinetic energy. A figure of 100-
500 Me V could be computed for this quantity basedhe de Broglie relation, which connects
the magnitude of this radius (wavelength) with #lectron's momentum. Since the known
electromagnetic and gravitational forces are fanteak to explain how the electron could enjoy
a net attraction inside the nucleus under thesedittons, it was clear that an impasse had been
reached. In addition, the fact that the magnetienemat of the neutron was measuYetb be
much smaller than that of the electron seemed toth#y inconsistent with such a composition.

The problem was ultimately circumvented by Ferntihwhiis suggestion that the electron
might be annihilated in the presence of a stroraeau force. It is interesting to consider Fermi's
original remarks on this point, as given in tratesieform by Wentz&f. "The simplest way for
the construction of a theory which permits a guattie discussion of the phenomena involving
nuclear electrons, seems then to examine the hgpigtthat the electrons do not exist as such in
the nucleus before the 3 emission occurs, butthiegt so to say, acquire their existence at the
very moment when they are emitted; in the same Braas a quantum of light, emitted by an
atom in a quantum jump, can in no way be considasegre-existing in the atom prior to the
emission process. In this theory, then, the tatahber of the electrons and of the neutrinos (like
the total number of light quanta in the theoryadiation) will not necessarily be constant, since
there might be processes of creation or destrudtidinose light particles."

In at least one sense this was a significant degaftom the original hypothesis used to
interpret positronium decay, because up to thantpoharged particles were only thought to
undergo creation or annihilation pair-wise withithrespective antiparticles. If one continues to
doubt as in the preceding chapters that electrom @ositrons are really destroyed in
positronium decay, however, then it is only comsistto question the very similar hypothesis
made by Fermi in explaining the beta decay phenomerY¥et if one insists on the continuous

existence of the electron in an alternative theorng must face up squarely to the need for
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finding a potential which is strong enough to oeene the undeniably high kinetic energy the
electron would possess in the small volume occupied nucleus. The problem is more severe
than this, however, because in taking this appraaehalso must provide a suitable explanation
for the role of the antineutrino itself in beta dgc Before considering these points further, a few

additional details of the experimental observatisimsuld be carefully considered.

A whole series of nuclear reactions could be fowidch are closely related to one
another. Written in the form of reactions these are

B decay: Nn.p +€+V

B+ decay P n+€+v

electron capture: ep - Nn+v V.1
v absorption: V+p - n+é

v absorption: v+no p +é€

The notation is schematic, with” @nd n generally denoting constituents of heavigrlei
actually present. As always is the case, the cdalsshemist's balanced equation becomes a
casualty of the assumption that matter such asretescor neutrinos can be created or destroyed.
None of the above five reactive equations is badna the traditional sense. In the first, an
electron and antineutrino are created, while in ¢keond, both (&) and ¢,v) pairs are
created, with subsequent annihilation ofaad v in the process of neutron formation. In the
third, a ¢,Vv) pair is created and then the neutrino plus a cagtetectron from an associated
atom are destroyed. Finally, an,&) pair is created in the fourth reaction, followey the.
annihilation of € and v in the neutron formation, while in the last case tneutron
decomposition produces the same two particles, tinlyave the antineutrino destroyed along
with the neutrino which induces the reaction.
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The hypothesis of massless particle-antiparticleatyi systems is only partially
successful in restoring particle balance to thegeatons, but strict adherence to the original
definition of elements advocated by Boyle and cthieefore him completes the process. In
particular, when we surrender the idea that mdtpaeicles can be created or destroyed in such
interactions, we are forced to conclude tthegt neutron is not an element at aRather it is a
compound of its known decay produdts,. p*, € and v, akin to a triatomic molecule in the
usual chemical notation. The fact that the madheheutron is greater than that of its separated
constituents is perhaps surprising, but accordimgthie Einstein mass-energy equivalence
principle of STR this is what one must expect friima fact that the dissociation energy of the
neutron is negative (-0.8 MeV). There is considiergsecedent for such a situation, namely in
the description of excimer complexes, which have hagreat impact in the field of laser
research. Excimers are bound (meta-stable) ma@eathtes for collections of atoms with a
ground state that is characterized by a repulsotergial curve and is therefore unbound. The
fact that the neutron undergoes spontaneous decagrfectly consistent with this analogy.
Only the energies involved are far greater thaseheleased in excimer lasers. In the language
of scattering theory, the neutron is thus a rescmavith a relatively long lifetime. The nature of
the forces which hold the neutron together in thista-stable state constitutes a major
unanswered question in this model, but in thiseesgthe situation is wholly similar to that for
the €e tight-binding state which has been associated thigtphoton in Chapter II.

For the sake of clarity the conventional use of ten "elementary particle” for the
neutron and related systems will continue to beermdow?® Nevertheless, it is well to keep in
mind that the definitions of atoms and elements Democritus and Boyle espoused exclude the
neutron from this classification because of itg¢ab8gity. With these preparatory remarks, we can

rewrite the five beta decay reactions given in(Bg1) in completely balanced form:
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Photon (E=0) Photon (E=m c’)
. -
e +e >
Positronium (E=2mec2) Photon (E=0)
>
Photon (E=0) Photon (Ez=m lEa::z)

FIG. 4. Schematic diagram for the two-photon demfafsinglet) positronium. By assuming that
the photon also has aheecomposition, it is possible to describe this titamis without assuming
that particles are either created or annihilatethéprocess. In this model thrée ebinaries are
involved, two of which are massless photons atstaet of the process. They share the energy
released by the positronium decay, and are obseaged photons of equal energy at its
conclusion. The final state of the original posiiton system is another massless photon which,
as its two counterparts at the start of the tramsitescapes detection by virtue of its lack of

energy.
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i) pevin) -~ p +€E+V

iy e'€+vv+p - prev(n)+€ +v

iy vu+e+p - pev(n+v V.1

V) ee+v+p - pev(n+e

V') vV+pev(n) - p +€+VV

In this way the number of distinct particle-antijpee binaries has been kept to three in number,
namely ée , vv and pp. The need for npairs is thereby avoided by virtue of the triatomi
composition ascribed to a single neutron itselud heutron-antineutron production involves the

interaction of each of the three elemental bingsesmsj.e.

pPp+ee+vv - (PP+E+V)+(P+€+V) - n+n V.2

The economy of the assumptions in the above madekpecially desirable when one
attempts to construct a quantitative theory whiltapable of generating wave-functions and
properties for such massless particle combinatibhs.elemental balance in the above equations
also has the advantage of making the additionainaigBon of charge conservation unnecessary.
Since charge is an intrinsic property of each platinever to be altered in the course of physical
transformations, its conservation is always ensuhedeby. In addition, we must continue to
assume that energy and each of the componentsdidhlinear and angular momentum are
conserved in such processes, consistent with STRttes mass-energy equivalence principle.
More generally, it can be said that there is anrittem rule in the physical sciences according to
which the number of theoretical assumptions shdddheld to an absolute minimum. In
practical terms, an irrefutable contradiction basaa experimental evidence should be
established before adding any new postulate tahberetical framework in whatever form. In

this sense we can take a lesson from the consemvitivs of classical physics, according to
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which a truly remarkable variety of observationaurglerstandable on the basis of only three
fundamental principlés

B. THE NEUTRINO

The neutrino is associated with many puzzles theasall unresolved over 50 years after
its discovery. It apparently bears no electric geaand thus is unaffected by electric fields. It
also seems to be essentially massless, althoughcdimclusion itself has been the subject of
much controversy. During his lifetime Pauli commaff that the upper limit for its rest mass
was set too high based on what was already know fh@r a long time it was something of a
bookkeeping device, merely accounting for energpetise missing in the beta decay spectrum.
In 1956 the first successful experiment involvireutrinos as reactant species was performed by
Reines and Cowartsand this achievement allowed considerably morefidence that the
particle was more than a theoretical constructibnessence, Reines and Cowan carried out the
first antineutrino absorption re action [eq. (iv)in the laboratory. Extreme sensitivity was
required. The actual mode of detection was the ajapee of a photon signaling the reaction of
the positron product with an electron, but the tibegween positive events was typically 30
hours. As a result it was clear that antineutriaes extremely penetrating, with a chance of one
part in 16? of being captured while passing through the ealthg a diametric ray. The almost
complete absence of ionization products observedngluthe experiment also led to the
conclusion that the particle has virtually no magnmoment, but this raised difficult questions
about what forces actually govern the neutrinolsali®r. The lack of either electronic charge or
a magnetic moment also left uncertain the exaetiogiship betweern andv themselves, since
previously every other particle could be distingpeid from its antiparticle on the basis of these
properties.

An answer to this question was provided by Lee ¥adg’® when they concluded that
parity might not be conserved in beta decay. A sieeiexperimenf suggested by their work
was carried out shortly thereafter by \Wual on the longitudinal polarization of decay elenso
emitted by th€°Co nucleus in the presence of a strong magnetit didlow temperature, using a
method proposed earlier by Rose and GofterAs °°Co decays intdNi the nuclear spin

changes by one unit from 1=5 to 4, and is refetreds a Gamov-Teller transitihas opposed
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to the other possibility (Fermi transition) wifti=0. Because only the lowest-energy nuclear spin
component is occupied in the presence of a stroeamgetic field at low temperature, it was clear
that the emitted electron must be ejected witlsjiis parallel to that of th&Ni nucleus. Under
these conditions, a preferred direction for theadépg electrons could be detected, namely
opposite to that of the nuclear spin. One can suiamahis result by saying that the electron
behaves predominantly as a left-handed screw ia detay. In addition, subsequent studies of
nuclear recoil indicated that the antineutrinositexclusively as right-handed scréfvin the

same experiment.

Out of these investigations came a new theory @htutrino proposed independently by
Lee and Yany} ,Landad® and Salarf? , according to which the neutrino and antineutiGoald
be distinguished on the basis of their respect¥e &nd right-handedness, or alternatively their
negative and postive helicities (defined g¥lpl). It was referred to as the two-component
theory of the neutrino because it postulated thatam spin-momentum orientations are
forbidden to this particle. The idea was not ettirgew to theoretical physics as Weyl had
proposed something very simflarnearly 30 years earlier from strictly mathematical
considerations based on STR. Since the paritynetconserved in this theory, Pauli initially
criticized if°. The observed asymmetry in tHf€o experiments of Wet al ultimately caused
him to reverse his positih however, although he went to some length atithe to express his

amazement at this development.

Charge conjugation is also violated according ®ttho-component neutrino theory, but
Yang noted that the product CP should still be eoresf’, i.e. by simultaneously inverting the
coordinate system and changing all particles im@rtantiparticles, so that a left-handed v
becomes an (observable) right-handedA key assumption in this theory was that the meos
have zero rest masses, a possibility, which aa@renentioned, has thus far not been refuted by
experiment. The puzzle was later further complidateowever, by new experimefftsalso
involving neutrinos, which provided strong evideticat even CP is violated in beta decay.
Since a theorem by Schwin§ér_uder<® and Pauli* proved that the product of CP and the time

reversal operation T should be conserved underntiost general of circumstances, this
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observation seemed to indicate that neither Tfitsal any two of these operators together are

conserved in such processes.

The interpretation of the polarization phenomerscuised above has received support
from a wide variety of other experimental obsemwasi including studies on free neutron détay
and on muor§’ In the first instance, it was found that thetprois predominantly left-
handed, which ultimately led to the convention eflerring to the particle emitted in neutron
decay as the antineutrind rather than the neutrino, as originally suggestgd-ermi. In this
way all antiparticles present in nuclei (and aniclei) are right-handed, while their counterparts
in charge conjugation are left-handed. Another irtgrd distinction betweewn and v was
demonstrated by the fact that antineutrinos doumatergo the capture reaction of eq.(IV.1.v)
upon interaction with neutroffs Attempts to observe a double beta decay in whioh
antineutrinos are emittélhave also never been successful. In the preseméxtat should be
noted that this result is also consistent with lthéef in a definite composition for the neutron

needed to achieve particle balance in the five Betay reactions listed in the preceding section.

Another puzzle connected with neutrinos was dis@Vén 1964 by Bacahl and Daffis
as a result of their investigation of nuclear fusgrocesses on the sun. The fusion reaction is
closely related to eq. (iii), with neutrinos beisgt free in the process. Detailed knowledge of the
solar reaction profile enables a relatively predakulation of the magnitude of the associated
neutrino flux reaching the earth, but the aboveeexpents have invariably indicated a large
discrepancy in the computed value. Less thanthalexpected neutrinos are ever observed. In
addition there is evidence that the neutrinos wedlin the beta decay of muons are not the
samé® as those associated with neutrons and heavy nu@he distinguishes then between
electron Ye) and muony{,) neutrinos, and there is also theoretical evid€rbat a third type (or

flavor) also exists, namely the tau neutring.(

Yet the greatest puzzle of all in this connecti@@ms to be why such charge less,
extremely penetrating particles are involved in@direvery high-energy reaction ever observed.
Given this situation, the question of whether neos can be created or annihilated seems a

secondary issue, but one that nonetheless permaayeselevant theoretical discussion of the
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nature of these particles, beginning with the Fehwaory of beta decay put forward over a half-

century ago.

C. NUCLEAR STRUCTURE AND THE STRONG INTERACTION

The theory of nuclear structure relies firmly ol #ssumed elemental nature of the
neutrofi®. Any nucleus can be described as containing aiteefiumber of protons and neutrons,
thereby providing a means of discussing nucleacti@as with balanced equations along the
lines foreseen by Boyle in his general theory ofroltal transformations. The fact that the
neutron undergoes spontaneous emission complitasesimple picture, however, suggesting an
alternative interpretation according to which tealrelements are the electron and neutrino, in
addition to the proton. The proton itself has béeeorized" to decay as well, but careful
experiment¥ have never found any positive evidence for thjseexation. By any reckoning the

proton is an extremely stable substance, withegitlife far longer than that of the neutron.

The question of the nature of the forces which haldlei together is still largely open.
One refers to them collectively as the strong adtgon, a term which above all takes cognizance
of the fact that the forces in question have prigemwhich are far different from either the
electromagnetic or gravitational type. In the tiafeRutherford three nuclear decay modes were
well known, involvinga-, 3- andy-rays respectively. In the meantime one can addast two
more decay products to this list, namely neutrarsthe small nuclei which result from fission
of their heavy counterparts. It is interesting taenthat the creation-annihilation hypothesis is
only invoked to explain two of these five possiisls, the beta decay discussed in the preceding
two sections, as well as the gamma or photon eomgsiocess. In the other three cases the
decay products have much larger rest masses, asdath thought to be present in the original

nuclei prior to decomposition as well as subseqteeitt

As noted previously, the justification for this titiction in the case of electron (beta)
emission is the belig¥*? that no potential could be sufficiently attractieeoutweigh the large
kinetic energy such a light particle would havehia confines of the nuclear volume. Yet the fact
that the forces binding nuclei together are a matfesome uncertainty themselves lends a

degree of tentativeness to this conclusion. Onadtter hand, if we assume that neither the
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electron nor anything else can be annihilated uadgrcircumstances, we are left with no choice
but to look for a potential that is capable of himgdan electron so strongly. In Chapter Il a
similar line of reasoning has led to the concludioat the electron and positron form a much
more tightly bound system than anything inferreahfra solution of the electrostatic Schrodinger
equation, one which corresponds to a binding enefdy02 MeV. For comparison purposes, it
is interesting to note that nuclei are bound togetin the average by roughly 8 MeV/nucleon, a
number which is somewhat larger but of the samerood magnitude as that required in the
present interpretation of a tightly bound electpmsitron system. Moreover, it is over 200 times
smaller than the p~ binding energy which must be assumed on the samsis,tmamely 1.85
GeV.

The possibility may thus exist that in searchingdgotential which binds particles with
their antiparticles together with such force asdase a total loss of mass relative to the reactant
species, one is approaching the same goal as hgsbken sought in the context of nuclear
interactions. Merely saying that the energies giwknn the particle-antiparticle interactions can
be computed on the basis of STR and the mass-emengyalence relation does not after all
conform to the standards physicists have adherad ttealing with other types of elemental
processes. In almost every other conceivable tetyaa detailed description of the forces
involved in causing systems to be either attractedepelled by one another has become an
important goal of subsequent research, and thesdfrapproach has been rewarded with genuine

scientific progress on numerous occasions in tse pa

With this motivation, it is instructive to review hat is known about the strong
interaction from experimental studies of nuclearcpsses and what progress has been made in
interpreting these observations theoretically. b&égin with, one has a good idea from scattering
experiments what the associated potential must ld@k One distinguishes three types of
fundamental processes, namely pp, nn and pn sogttéfspecially when Coulomb repulsion
effects are subtracted for proton pairs, it is fbtimat the potential that causes nuclear binding is
essentially the same in all three cases. On theslthe nuclear force is assumed to be charge-
independent and, by inference, quite distinct ftbim electromagnetic force. Some evidence of

at least a secondary role for electromagnetismggested by the existence of nuclear magnetic
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and quadrupole moments, not to mention the positigetronic charge of all nuclei, but it is felt
that such effects can be dealt with separately. &se might say that the discovery of the
neutrino's involvement in nuclear reactions suppadhie charge-independence assumption in

view of this particle's lack of either charge orgnatic moment.

Probably the most influential conclusion based o dbove experimental findings was
drawn by Heisenbefdin 1932. He postulated that the neutron and pretere simply two
different states of the same system (nucleon) whicluld be perfectly degenerate in the
(hypothetical) absence of the electromagnetic aatégsn. Out of this hypothesis ultimately
evolved the theory of isosgitf> which has had a very great impact in both nugbgsics and

the corresponding study of elementary particles.

Some of the first attempts to describe the nucfeace employed a non-relativistic
Schrédinger equatidh and an empirical potential of the type indicatsdthe scattering data.
The most famous of these treatments employs thealexponential potentfd) V(r)=-V(a/r)
e’ where r is the distance between nuleons (pratomeutrons), ¥ characterizes the depth of
the potential and, its range. The non-relativistic kinetic enerdy2M is deemed appropriate
for this purpose in view of the relatively largestenasses of the nucleons. By varying the two
parameters Yanda, it is possible to fit a certain number of expegittal results on the basis of
the corresponding solutions of the Schrodinger gguiabut the Yukawa procedure has never
evolved into a truly quantitative theory of nucldanding. Nonetheless the simplicity of the
model on which it is based has led to much valuaideht into the subject. In particular, it
emphasizes the extremely short range of the effledugh the exponential form of the
corresponding potential. Forapthe potential is effectively damped to zero, veasrfor £a it
varies predominantly as'r In the latter respect it is similar to the Caul potential, but the
large magnitude of y/gives it a much stronger weight in the short intetear distance region
where the binding between nucleons is at its gstaleue to the creation-annihilation concept,
no recognition is given to the possibility thatheit electrons or antineutrinos are involved

directly in the nuclear binding process.
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Another approach to the nuclear problem is modeliéer quantum electrodynamics,
focusing on the idea that the Coulomb force inveltlee exchange of photons between the
interacting charged species. Using arguments basetthe Heisenberg uncertainty principle,
Yukawa postulatédi that the particle regulating the: nuclear force thas/e a correspondingly
short range, which in turn keeps it from being diyeobservable under normal circumstances.
By assuming a velocity close to the speed of lijlotkawa was led to predict a rest mass for the
new particle which was intermediate between tharoélectron and a proton (20Q«was first
proposed). The Coulomb force's range is therebyght to be infinite, consistent with the null
rest mass of the photon. The theory received stufyoon experiment a decade later when the pi
mesons1f andTt , with a rest mass of 273.13.seach) were discover&hnd shown to interact
with nuclei. Attempts to construct a quantitattheory analogous to quantum electrodynamics
were not generally successfilhowever. The use of low-order perturbation theorgompute
the mesonic interactions was concluded to be inzmtéd, despite the fact that a similar
approach in quantum electrodynamics is found togb#e accurate. The anomalous spin
magnetic moment of the electron amounts to a deviatf only one part per thousalidrom the
uncorrected value of Dirac theory, and can be ptedito an accuracy of six to seven significant
figures with the perturbative inclusion of quant@tectrodynamical effects. By contrast, the
proton magnetic moment was measured by Stern amrkers'®® to be 2.5 times the
theoretical value deduced on the basis of the otispemasses of the proton and electron.
Nonetheless, the pi meson theory accounts for hiogvk observations at least qualitatively, and
the concept of a cloud of such (virtual) partickgrounding the proton has received broad
acceptance, especially after it was found to beeqoonsistent with the resultsof elastic

scattering of high-energy electrons by nucleons.

Another theory which has had a great impact in figkl is the nuclear shell model
proposed by Goeppert May2mnd Jensetf. This work concentrates on certain regularities in
the properties of nuclei as a function of the nural their constituent protons and neutrons,
particularly the values of the nuclear spin andh# electric quadruple and magnetic dipole
moments. It is possible to predict trends in thesta by assuming that protons and neutrons are
added in shells according to Anfbauprinciple similar to that used in atomic structtiteory to

explain observed trends in the periodic table efétements. The shell model traces its origins
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to the independent-particle or Hartree mdtiehd also to the Wigner coupling schetheshich
was successful in classifying nuclear states witd &aid of a spin-independent zero-order
Hamiltonian. Each shell can be identified withide#é angular momentum quantum numbers |
and j, with their familiar degeneracy factors deteing degrees of maximum occupancy in
accordance with the Pauli principle. Isomorphiagaf shells are reserved for the individual
protons and neutrons, whereby the stability ofghaon shells always appears to be somewhat
lower, reflecting the effects of their participatian the repulsive Coulomb interaction. On the
basis of these considerations it was possible folagx the occurrence of certain "magic
numbers" which had been noted empirically for themac and mass numbers of nuclei in
surveying the aforementioned properfigg>*°

For the present discussion the most interestingcsy the shell model is the conclusion
that forces are at work which are akin to the gpiit coupling interaction familiar in the
classification of fine-structure effects observedatomic spectra. Terms of this nature arise
from a perturbative reduction of the Dirac equatinas shown by Breifi®® Paull” and
other®?. The origin of the spin-orbit interaction cantbeced to ther x E term which appears
as an adjunct to the magnetic fi@flupon application of a Lorentz transformation t@ th
classical Maxwell equatiort8 The form of the spin-orbit interaction involved huclear
binding is quite distin¢f® from the latter, however, because the magnitudaegffect is found
to be much larger than one would expect on thesbakithe small magnetic moments of

nucleons.

The fact that the quantum numbers employed in sncbels are typical for a central
potential has sometimes been remat®&m be inconsistent (or at least not obviously stast)
with the picture of the nucleus as a collectiopftons and neutronse. without a fixed center
comparable to that known for atoms. The succesk which the experimental data can be
ordered on this basis belies such criticism, buwt dd hoc nature of its central potential
assumption combined with its inability to obtaimlyr quantitative agreement with measured
results have tended to prevent the nuclear shetlem&rom being a complete triump.
Nonetheless, the ability of such methods to accaurdn extremely detailed manner for the
observed regularities in the properties of compleslei is a fact which must be reckoned with in

trying to construct a more quantitative theory o€lear structure in the future.
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It is impossible to do justice to the progress miadé&eoretical nuclear physics with such
a brief survey, but at least one more series oéldgvnents needs to be considered in the present
context. The liquid drop model proposed by BBhin 1936 points out similarities between
nuclear matter and the liquid state. This modébased first and foremost on experimental
measurements of radii and binding energies ofgelaeries of nuclei, and as such is reminiscent
of the theory of the chemical bond introduced imwlecular physics and chemistry by
Pauling® Probably the most important result of an expenitkenature is the finding that the
magnitudes of nuclear radii are approximately propoal to the third root of the atomic mass
numbert® or alternatively, that the nuclear volume increapeoportionately to the number of
constituent nucleons. This is a very simple rewsdiich gives the impression that, even more
than in molecular systems, for which a similar magl@lready very successful, the components
of nuclei are not at all compressible. If one knaWws volume of one nucleon (or better, the
volume of two nucleons that are tightly bound tbee}, it is possible to extrapolate this result to
obtain the size of the entire nucleus. This closekmpg condition is another important
characteristic that must be derivable from the @acpbotential. To this can be added that the
interactions between nucleons in the same shelfaned to be much stronger than between
those in different shelfg?

What do the theories of nuclear structure tell sua the forces involved in positronium
decay? If the pervasive view that nuclear forassuo primarily between elemental protons and
neutrons is correct, the answer must be that ikditle or no relation. On the other hand, iéth
neutron is looked upon as a compound of its dedaynents, the electron, proton and
antineutrino, a more significant relationship candmticipated. For one thing, it then becomes
essential to account for interactions between mestand protons inside the nucleus, in which
case it is not difficult to imagine that there ntidfe similarities between these forces and those
which might conceivably cause the electron andtpmsio be bound together much more tightly
than in positronium.Moreover, once this path is taken, it is only cetesit toassume that the

antineutrino also interacts strongly with eitheetilectron or proton or both.
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The above possibilities will be explored in subsaguchapters, but for now it is
worthwhile to consider how such a neutron hypothesould affect the simple bookkeeping
procedures used to describe nuclei in terms ofrm@ber of constituent protons (Z) and
neutrons (N). In the first place, the number Ndmees identical with the number of electrons in
the nucleus, as well as the number of anti-newdriibe number of protons is no longer Z, but Z
+ N, while the total number of constituent particls not Z + N, but Z + 3N. The latter
difference is 2N and thus is always even. This faetans there is no alteration in nuclear
statistics as a result of such an assumption, ra psid by Padll in postulating the existence of
the neutrino in the first place. Otherwise, pdetisalance in nuclear equations is ensured in this
approach (even in cases for which beta-decay odéourae form or another) if one inserts the
appropriate particle-antiparticle binary systemsnaseded. When photons are involved, this
means adding massles&especies as well. Conservation of energy can belédrin the usual

way, in accordance with STR.

The resulting elemental balance in the descriptifosuch processes would be perfectly in
line with the atomistic theories originated thowswof years before, as well as the more precise
formulations proposed by Boyle and Dalton much rlateNVhat is clearly missing in the
discussion to this point is a quantitative speaifmn of the possible forces involved, one that
would allow an accurate prediction of the differemén the masses of products and reactants in
such processes. In its simplest form, this wouehmtheab initio computation of the binding
energy of the deuteron relative to its constitygnton and neutron separated to infinity, or even
more fundamentally, with respect to two protonsebattron and an antineutrino at rest in their

respective elemental states.

D. METASTABLE PARTICLES

The hypothesis that the neutron is a triatomic camp composed of each of its decay elements
has far-reaching consequences beyond the realnnadéar physics. There are many other metastable
systems which are listed among the elementarygiestithe smallest of which are the two muons aed t
three pions. They differ from the neutron mainlytliat their lifetimes are much shorter (£0- 10%)

and that their decomposition energies are far gré¢atver 100 MeV in the case of the muons). In taldi
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their decay products do not include a proton, aigfoelectrons and neutrinos are emitted. Beyorsl thi
there are a large number of other metastable featimown, referred to as mesons and baryons on the
basis of their rest masses.

In 1964 Gell-Manfi?* and Zweid™ suggested that all of them could be interpretecbeisg
composed of hypothetical fermions called quarksa@es'® and their antiparticles. Probably the most

novel aspect regarding this suggestion is the gssomthat the new particles should possess nagiat
electric charges, either% e ori% e. In the meantime the number of quarks and aatiguhas grown to

twelve'** and the idea has achieved wide acceptance. FadnYang® and Sakafa® tried to identify a
common denominator of elements in terms of thegpateutron and lambda from which to construct all
other known particles had only been partially sasfid, primarily because certain combinations which
appear reasonable in this theory have never beserna. The quark concept is clearly consistertt wit
the view that all matter consists of elements, thate is still some question as to whether pagicde
non-integral electric charge actually exist. Onadeein the literature, to be sure, that individgahrks
have been discovered experimentally, but the evields always indirect, referring to a successful
prediction derived from the theoretical model.

The idea that all observed meta-stable particlegiie composed of their decay products, either
as elements or as other combinations thereof tisemessarily in conflict with the quark modelhaligh
it is also not obviously consistent with it eith@ast because a proton might have a quark compusiti
other words, in no way precludes the possibilitgtta quantitative theory which employs protons as
elements might not exist. The crucial test is whethe properties of the various meta-stable pastican
be successfully computed with the help of any stieory. In the present context this would mean
computing the rest masses of the muons and piongxample, just as for the neutron, deuteron and
other heavier nuclei, in a similar manner as oreutates binding energies and ionization potentidls
atoms and molecules with the help of quantum eldgtramics.

There is a new aspect introduced by the studyefother metastable particles, however, namely
that they exhibit multiple decay channels. Whettbasneutron is always observed to produce a proton,
electron and antineutrino upon decomposition, sdeats of decay products are known for most other
meta-stable systemBoes this not speak against the concept of ausnapmposition for them in terms of
certain elements?Not necessarily, because if massless particle-amiife binaries exist, other
possibilities must be taken into account. One dralg to look at a typical beta decay process dieduss

earlier in this chapter to see how the additiomef, p'p orvV species can effect a particle balance in

reactions which are conventionally interpretectimts of the creation-annihilation hypothesis.
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The situation can be compared to that faced bg#nly chemists several centuries ago when a new
substance was to be analyzed. A major distinctievéen the two cases exists, however, namely that
when very large decay energies are involved, thesesof the participating systems cannot be used
unambiguously to confirm a given structureother words, the concept of molecular weight is Imlgss
useful in elementary particle physics than it i€lemical investigations. All one knows with cemtgiis
that if the rest mass of the combined system is tkan that of its components it is a bound system,
otherwise it must be meta-stable. The experimdatilthatall the particles which decay into protons,
electrons or neutrinoBave rest masses which are larger than the totalttieir respective fragments
again speaks clearly for the analogy with molecebezimers mentioned earlier. It remains to be seen
whether a system of forces can be found which figiole of temporarily binding electrons and neusino
together in muons and pions and the like, evenghdbe total energy (mass) in the relevant states i
much higher than that for the corresponding decatigbes at rest.

V. VARIATIONAL THEORY FOR THE DECAY OF POSITRONIUM

In the preceding chapters it has been suggestedhteee is merit in considering the decay of
positronium as an interaction in which an electamd positron are so strongly attracted to one anoth
that the resulting binding energy is exactly edoahe sum of their rest masses, 2m,c? or 1.02 MeV.

A survey of the key experiments in modern physi&s $hown how such a development would fit into the
theory of elementary particles and the energefitsedr reactions. In the present chapter we vaidius on
the goal of finding a suitable potential which @pable of producing such a relatively large binding
energy, while at the same time giving consideratiiotihe possibility that the solution to this pretol may

have relevance for other types of interactionstiq@aarly those involved in the study of nucleaygpics.

A. A SHORT-RANGE POTENTIAL

The natural point at which to begin this investigiatis with the nature of the potential which midpet
capable of bringing about such a strong attradtietween an electron and a positron, although darefu
consideration must later be given to the mannevhicth the kinetic energy is treated as well. Itlisar
from the outset that this must be a distinctly tieistic problem, because the rest mass of the @waab
e'e€ system is assumed to be much lower than the suthosk of the separated particles. Both the
Schrodinger non-relativisfit and Dirac relativistit treatments of positronium tell us that the lowest

possible state for this system is analogous tdlthstate of the hydrogen atom. In this case thagoyi
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interaction is Coulombic, exclusively so in the wmefativistic treatment and almost exclusively et
relativistic.

A two-component reduction of the Dirac equationdke#o the characterization of a number of
perturbative terms which are basically magnetic neture. The most commonly employed such
approximation is that of Breit-Pauli the8f? including the Breit interaction. The perturbasaare on
the order ofa%2 010° hartree ¢ = €/hc = 137.036", the fine structure constant), and include the-spi
orbit (same- and other-orbit), spin-spin, orbitibrand Darwin terms, as well as the mass-velocity
correction to the non-relativistic kinetic enefgyThese terms increase asdt Z* (spin-same-orbit) for
atoms with nuclear charge Z. For positronium ad waelthe hydrogen atom they remain quite small,
however, and their effects are observed only as $itmucture in spectroscopic. studies. The potentia
terms all vary asYand thus have relatively short ranges comparéget@€oulomb interaction. This point
bears further consideration, however, since bineimgrgies of 1.0 MeV and higher are otherwise known
only for nuclei, in which case there is clear evicke that short-range forces are involved to a tigree.

We can represent the presumed interaction scheattatiyy plotting the total energy as a function
of the average distance r between an electron asitrgn (Fig. 5). The 1s state of positronium can b
thought of as corresponding to a minimum in totergy occurring at r = 2.0 bohr = 1.016i/&, roughly
double the corresponding value for the H atom Iofugi of the smaller reduced mass of th& system.
Toward larger separations the energy graduallyeames to zera.e. the energy of the separated particles.
The attractive Coulomb potential varies aswhile the kinetic energy varies as#r?, from which it
follows that the total energy itself at firdecreasess the particles approach one another from a large
distance. At the location of the energy minimum sherter range of the kinetic energy term becomes t
dominant factor, which explains why the total eyetigereafter increases rapidly toward still shorter
distances. It can be seen that these argumentgesyeclose to those used by Bdlm arriving at his
theory of hydrogenic atoms in 1912.

The binding energy at the latt€igeminimum is only 6.8 eV, which is quite small comgéto the
1.02 MeV given off when positronium decays from toeresponding (1s) state. The possibility we wish
to explore in this work isvhethera second energy minimum does not occua mtuch smaller electron-
positron separationlt can be imagined, for example, that at some pbiattotal energy stops increasing
toward shorter distances because an attractivé-sraye potential term begins to overcome the tffet
the increasing kinetic energy in this region. Saghotential term would have to vary at a higheemse
power of r than either of the other two terms ia tton-relativistic electrostatic Hamiltonian, anduld
have to be relatively unimportant in the regioritef first hydrogenic energy minimum. At the samesti
it is evident that some effect with an even shadege eventually must take over and cause thgether
increase (Fig. 5) once more toward even small¢éamies after the assumed 1.02 MeV absolute minimum
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value is attained. It is also clear that such aoisgcenergy minimum must betally absent in the
corresponding hydrogen atom treatmdfinally, it is only consistent to assume that aalegous double-
minimum curve exists for the proton-antiproton syst but with a binding energy which is 1836 times
larger,i.e. 1.85 GeV for its short-range minimum. At least &nmews that this much energy is given off
when the proton and antiproton interact, whereasamparable loss of energy is observed for the
combination of a proton and an electron.

E/E,
+ -
E(e e)
e
Positronium
Emm= 0.25
r-mm: 2.030
0
Photon
2
Fnin™ & @5
Emin= -2{1—2

(= p,"alo.1

FIG. 5. Schematic diagram showing the variatiorthef internal energy of thé' e system as a function of the reciprocal of the
distance between the two constituent particlesafge separations the Coulomb attractive interaatiominates because of its

long-range (f) character. A minimum of energy of only -0.25 heetis eventually reached, corresponding to thelitam

51



hydrogenic Is state of positronium, after which tbeal energy begins to rise because the shortgyerkinetic energy term
begins to dominate. In the present model this tisreventually reversed again at a much small@rseparation, at which point
attractive forces of even shorter range’j begin to change more rapidly than the kineticrgneFinally a second potential
minimum, much deeper than the first, is reachedcwlitiorresponds to a binding energy exactly equaheosum of the rest
energies of the electron and positron. At still Benanterparticle distances the total energy riagain, reflecting the effect of
some momentum-dependent damping of the short-nagigatial in this region. A form for the potentialsought for which only

the Coulomb energy minimum survives when the pasiis replaced by a proton.

Concentrating on the comparison of ewith p‘e, the obvious question is how can the differences
in the properties of the proton and positron leadstich an enormous distinction in their respective
attractions to the electron. The traditional viewbedied in the Schrodingérand Diraé® equations for
one-electron atoms holds that the large differeéncemass of the two positively charged particlesyonl
plays a minor role in this connection, simply affieg the reduced mass of the electron. The magnetic
moments (which have the charge-to-mass ratiosfastar) of € and g differ by a far greater amount
because of the difference in rest masses, butligtieiction is found to be of only minor importarioethe
Dirac equation treatment, in which effects suclihasspin-orbit and spin-spin interactions depending
this quantity are accounted for explicitly.

Yet one knows from the outset that if there is &dl@a much lower-lying state of thégesystem
than the familiar 1s species, it cannot be founaragnthe solutions of the hydrogen atom Dirac or
Schrédinger equations. To progress further in thigard it is necessary to do something differently.
Especially since the effect that might cause suclow! tight-binding & state seems almost certainly
short-range in nature (Fig. 5), there is reasogive closer consideration to the above magnetie-typ
interactions. As noted previously, there are numerBreit-Pauli terms which fall in this category,
varying as the inverse cube of the distance betirgeracting particles. They are all of oraef2 [110°
hartree for typical atomic electron-nucleus sepamat so this characteristic fulfills another reguient
from Fig. 5, namely that such a short-range etbectelatively insignificant at these distances.

Most importantly, however, all these Breit-Paulint€’> depend on the product of the magnetic
moments (or charge-to-mass ratios) of the intergcgiarticles. For the spin-other-orbit, spin-spimd a
orbit-orbit terms each of these quantities appeac® in the corresponding product. Thus these tarms
weighted by a factor of 1836 (the ratio of the mestsses of proton and positron) larger f@& ¢han for
p'e. For the spin-same-orbit and Darwin terms theirtitibn is less important because in these cases th
square of the mass of one of the constituent pestis involved rather than the product of both.aAs
result, there is an extra factor of two for thaseractions for ‘® than for the hydrogen atom, by virtue
of the fact that the square of the charge-to-matis of the proton is negligible compared to thiathe
positron. At atomic distances these distinctiores sfill relatively unimportant because in this rartge

52



Coulomb interaction dominates, but it is not difficto imagine the situation could be far differextt
shorter range.

Before considering this possibility further, howgvdt is well to note that the Breit-Pauli
Hamiltonian terms as such also have some undesifadoperties which make them unsuitable for a
variational calculation, that is, one in which tttearge distributions of the particles involved allewed
to assume optimal forms so as to minimize the t&nargy. Since these terms vary Asthere is nothing
to keep the total energy from decreasing beyondiamty They do not therefore provide a possibilitya
second energy minimum of the type indicated in Bigrather only the attractive branch to the long-
distance side of it. This fact has long deterredngi serious consideration to the Breit-Pauli termss
having any truly dominant role to play in quanturaaimanical calculations. There are other higherforde
terms in a power-series expansion of the Dirac tmuavhich need to be considered to properly
understand their role in determining atomic fimaicture. Specifically, the next terms in such exgiams
are of the order ofi’r”, and these higher-order effects prevent variaticoHapse in Dirac-equation
solutions that would otherwise occur if only @™ terms were included.

A similar situation exists for the Lorentz forcedlassical electromagnetic theory. There one has a
term of the forrﬂp + e A/cf, whereA is the vector potential. The cross term involving is typically*®

also of the forma® r® (¢ = a™ in atomic units) for the interaction of a chargealticle with an
electromagnetic field, but it is damped at shorigem by the AP term, which varies as*r®. An
interesting possibility is nonetheless opened uphleyfact that such repulsive terme ofeven shorter
range and higher order in” than their Breit-Pauli counterparts. Including stetms might not keep the
total energy in Fig. 5 from turning downward at ghihstances because of the attractive® interactions,
but they would insure that this trend not continimelefinitely toward still smaller interparticle
separations, with the result that the proposed maitegenic second minimum of energy could be

formed. If one simply assumes a potential whicthésdifference of these two short-range term&;*+
a’r?, it is easily shown that it possesses a minimuar n&éla®. Such a distance corresponds to roughly

10° bohr, which is a typical separation for bound eoaks (r =u?%/2 is normally given for the range of the
nuclear force, for example). The possible connacdtietween an‘e tight-binding state and the nuclear
force is thus reinforced by these considerationselk

There are basically three arguments for pursuirglithe of reasoning further. First, the theory of
guantum electrodynamics has a very precisely défraege of applicability. Despite its ability to kea
extremely accurate predictions for interactionolaing electrons and photons in an atomic enviromme
it is generally accepted that the theory in itsielished form is not capabté of describing high-energy
interactions such as those involved in nuclear bandAny indication as to howhe framework of
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qguantum electrodynamics could be adapted so agtorbe relevant to the description of short-range
forcestherefore merits serious consideration. Seconbéyanalysis of the positronium decay process has
provided a basis for associating the assuniedtight-binding state with the photon itself. Givéme
prominent role of the photon in quantum electrodyita, it seems likely that its internal structureuld
also have an important relationship to the elecagmetic force. Finally, examination of the multiple
structures and other properties exhibited by nuuési already led to the conclustdif in the nuclear-
shell model that spin-orbit or related teffisare almost certainly involved in this type of highergy
interaction . Taken together these observationgestghat a solution to the proposed problem nwinli
an adaptation of the Dirac equation which doesdedtact from the reliability of the original thetsy
predictions for quantum-electrodynamics phenomdéid,which at the same time enables an accurate
treatment of interactions of much shorter range higther binding energy. This eventuality would
19

amount to an extension of the Bohr corresponderineiple™®, which proved so effective in making the

transition from classical to quantum mechanicdatteginning of this century.

B. KINETIC ENERGY CONSIDERATIONS

As remarked above, it is not satisfactory to usemrelativistic form for the kinetic energy of the
positron and electron if a large binding energpssumed. In this respect the problem is signifigant
different than in the conventional treatment ofleac binding, because there the kinetic energiahef
nucleons are still relatively small compared to #émergy equivalent of their rest masses. As Einstei
showed on the basis of the special relativity theory, tiom-relativistic fl2m, term is actually just an

1/2

element in the power series of the square-root tifya(p®c® + m?2c)¥? - mc® The Breit-Pauli
approximation includé® a term of order hto account for relativistic kinetic energy contrilons, but
just as for the corresponding potential termss kriown that this correction leads to variatior@lapse
when the electronic charge distribution is allowedvary freely so as to minimize the energy. It is
possible to circumvent this difficulty’ however, by employing the Einstein square-rootresgion
directly in the Hamiltonian instead of relying on teuncated power-series expansion for it. The
inconvenience of employing a square-root operador lne dealt with for general atomic and molecular
systems by means of a standard matrix procedurh garticle has its own kinetic energy and thus the
square-root terms are treated as one-electron topgraexactly as their non-relativistic;/gm
counterparts in conventional quantum mechanicatrirents.

This procedure brings with it another difficultypuaever, namely how to separate the total kinetic

energy into its internal and translational (cemfmass) components. In the non-relativistic case i
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well known that the $/2m, + p,°/2m, term can be replaced exactlyby ¢/2p + P/2M by a linear
coordinate transformation (p is the internal andhie, center-of-mass, momentum respectively, péds th
reduced mass and M=+m, is the sum of the individual particle masses). Tieev coordinates are
defined as x = X- X, and X = (mx; + mpX,)/M, where x and % are Cartesian coordinates of the two
particles, with analogous expressions for the y andirections. Since the Coulomb potential only
depends on the internal coordinates, it is thusiptesto effect a separation of coordinates whéads to
the familiar situation that the solutions of theresponding Schrddinger equation can always beddrm
as simple products of the tyfé (r) x (R), i.e. as a product of a function of the internal coortisawith
one involving only those of the center of mass.

This procedure can be generalized for any numbpauicles, but there is an important assumption
to be noted. The derivation generally u$édomes from classical mechanics and relies onabethat
cross-terms involvingg P cancel out as a result of the coordinate transdtiom. The cancellation is
perfect for the non-relativistic kinetic energy,ttuse ofthe relativistic one-particle formin which p?
and p? appear in separate square-root expressitwes not lend itself to the same simplificatibone of
the particle's masses is much larger than the athlismot difficult to find approximations fromhich the
desired coordinate separation effectively reswtenén the relativistic case. Since the nuclearsessire
so much larger than the electron's, it is therefmsy to justify this approach for atomic calcalas,
either for the Dirac equation itself or in the Bfeauli approximation. The difficulty is not so égps
circumvented when both masses are equal, howesdg the case for the preseritee interaction. It
might be argued that it is intuitively obvious thlaé center-of-mass motion can always be sepacatied
but for quantitative work one would like to haven@re solid basis for making this simplifying
assumption. In general this question seems to tenaved relatively little attention in the litewa¢, and
it will be given more careful consideration laterthis work in Chapter X.

The most straightforward method which presentdfitseder the circumstances is to simply work
with the original Cartesian coordinates of eachtigar The quantum-electrodynamics treatment of the
positron uses a similar approattfin evaluating higher-order effects, including 8iion probabilities
for the decay into photons out of various positnomielectronic states, except that it imposes an
additional condition oP =2p; = 0. In such a two-particle application this meé&mstp; = -p, = p. No
comparable transformation is employed for the spiordinates of both particles in this approach,
however. Radiative corrections to the Dirac-equetasults can also be computed by employing theesam
condition for the center-of-mass momenttft?®> When more than two particles are involved
complications arise in attempting to generalizes fmiocedure, however, particularly in the relatigis
treatment of the kinetic energy. In the transformedrdinate system, one of the particles is effebyi

singled out as a reference for the internal coateéisy so that; = x; - X, is now employed instead &f,
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for example (withx, itself being retained in the new basis). As a ltethie expression for the conjugate

momentum of xisp; = - X' pj , i.e.a sum of internal momenta rather than a single gquelntity as in the
izl

two-particle case.

In order to develop a computational scheme which ba conveniently applied to systems
containing more than two particles it therefore nse¢ advisable to avoid making any type of
transformation to internal coordinates, and hencgirhply employ the original Cartesian coordinaiés
each constituent particle directly in constructihg corresponding quantum mechanical Hamiltonian
operator governing the interactions of a givenaystUse of such a coordinate system at all staigén® o
theoretical treatment carries with it the complingtfeature that internal and translational chandstics
are mixed together in the resulting wavefunctidng,in view of the precautionary remarks given abov
and the exploratory nature of the proposed calicuist this disadvantage seemed to be of acceptable
proportions. In this connection it is worth reaadji thatZp; commutes with eacl; andrj (particle
separation) quantity, so that the translationatggneperator itself must have a common (completepg
eigenfunction¥* with any Hamiltonian containing exclusively thesads of variables. Hence any exact
solution of a corresponding Schrédinger equatiostralways be characterized by a definite valudef t
translational energy. This observation underscanggher assumption in the usual separation-of-pkasa
argument for internal and center-of-mass coordmatewever. The Breit-Pauli terms mentioned in the
last section contain momentum factors as well sernial distances. Consequently, even when the non-
relativistic kinetic energy is employed, the dedirseparation is not complete for a Hamiltonian
containing these types of interactions. Again fiesents no real problem for calculations of one-
electron atoms, in which the masses of the coestitparticles differ greatly, but for a system dstisg
of only € and & there is need for more careful consideration.

Finally, it should be mentioned that there is aar@nt two-electron equatifi which does
employ a separation of internal and translatior@brdinates just as for the Dirac equation. It is
characterized by two separate time coordinatesremisein what has been described above it is always
assumed that there is only one such variable, lzaitdittcan be separated from its spatial countespar
the usual way by virtue of the time-independentureabf the corresponding Hamiltonian operator. 8inc
the statednodus operandin the present study is to depart from the purelgrqum-electrodynamics
treatment of the'e system, and especially since no other heavy syistgmesent, it is preferable to work
with a relatively simple Schrodinger-equation fofation of this problem which does not make any
assumptions regarding the way in which the intenmatiion is separated from that of the center ofanas
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C. SUGGESTED DAMPED FORM FOR THE BREIT-PAULI TERMS

A prerequisite for constructing a Schrodinger eiquiato investigate high-energy processes is the
use of a potential which is suitably bounded. Tésuaned tight-binding’e state most likely is the result
of a short-range interaction which is stronglyaattive over a given region of inter-particle sefiarabut
even more strongly repulsive at still smaller distgs (see Sect. V. A). The Breit-Pauli approximmatio
employs attractive terms fitting this descriptiont Backs corresponding shorter-range effects which
would produce the desired second minimum in fletetal energy curve sketched in Fig. 5. We have
seen how the Breit-Pauli kinetic energy term (idahg the mass-velocity correction) can be replangd
the Einstein free-particle square-root expressmravoid variational collapse without giving up the
advantages of having a reliable approximation ® Bhirac equation results for hydrogenic atoms. It
remains to find a similar means of dealing with Breit-Pauli potential terms.

If we look upon the spin-orbit and related inteimts as terms in a power series it seems
reasonable to look for a closed expression whighraaches this result in the low-energy relativistic
regime encountered in calculations of atoms withdenately heavy nuclesomething analogous to the
Einstein relativistic kinetic energy, in other werdAt least one knows from the form of the Lorentz
electromagnetic force that the next higher-ordemseafter those ofi? r spin-orbit type vary ae* r.
Simply adding such terms to the Hamiltonian hagssh\disadvantages, however. It falls short ofgbal
of replacing the Breit-Pauli interactions with @dsexpressions which themselves correspond tatiin
order power series. In addition, it is difficult tarry out computations with an operator varying as
because not all integrals which would be required ivariational treatment are finite, in particuhet
those involving only s-type basis functions.

The form of the desired potential (Fig. 5) is reiswent of that observed in nuclear scattering, as
mentioned earlier, and this suggests the follovéiftgrnative. The'¥ and  terms already discussed can
be grouped together adr® (1 -a®r* + .....). The terms in parentheses are the beujrofia power series
expansion of the exponential function exg(¥*), which in turn is quite similar to that appearingthe
Yukawa potentidl, thus making explicit the connection with the macl force description. By
multiplying the Breit-Paulia® terms with such an exponential function, we haveotential which is
capable of producing the second minimum fa& & Fig. 5 while at the same time retaining thereor
behavior needed at relatively large inter-partiskparations to properly describe the conventional
positronium (hydogenic atom) states. Since the dagneffects produced by the exponential factor are
relativistic in nature, it seems somewhat morelyikbat the corresponding argument is a functiothef
momentum of the particles rather than the distémtereen themi,e. of the form exp (1 a?p), with r* ~

p = |p|- This choice has computational advantagewedl, because it means working with individual
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guantum mechanical operators which depend on thelit@ates of a single particle rather than twonfrro
the Lorentz classical Hamiltonian we can also gudie that a given particle's momentum p is mudipl
by its charge-to-mass ratio g/m. Finally, to obttie desired binding energy for a given particlé-an
particle system it is convenient to introduce & fparameter A as an additional factor in the exptiale
argument.

The negative of the resulting potential is plotied-ig. 6 (atomic units are employed throughout)
as a function of the reciprocal inter-particle @iste. For this purpose we use the approximate
representation V(r) =c“rexp(a’r™). For high particle velocities it can be assumieat tthe kinetic
energy varies as pc in the range of interest, wbéhtherefore be represented in an analogous masne

1 o in atomic units,.e. as a straight line. This diagram is useful in anaky how binding can be

r
achieved with such an exponentially damped poteotier a very narrow range, consistent with thaltot

energy curve shown in Fig. 5. For small momentacsipof electrons in atoms, the kinetic energy far
outweighs the short-range potential because ofatter 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 shart-range potential required to produce the tfpge total energy curve
depicted in Fig. 5. At relatively small inter-paté distances (= a?) the relativistic kinetic energy varies nearlyeénly with
momentum p= r’. In order to obtain strong binding within a vergrrow range of the'e- € distance, the negative of the
attractive potential term must reach a maximumtbhafter it crosses the kinetic energy line frame fong-distance side of the
diagram, and then drop off again very sharply. Sartlextreme cancellation effect requires a potewtiich fulfills at least three
conditions: a) a small coupling constant (ordé), b) a shorter range (3y than the kinetic energy and c) a momentum-

dependent damping which is exponential in nature.

The absolute value of the potential increaseseasube of the momentum (or inverse distance) vihide

kinetic energy changes in a nearly linear manreit san be imagined that the two quantities evalhtu
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become equal at some point and binding becomesbpmsEhe exponential damping becomes noticeable
in the same region, however, and thus the abowe dees not increase as quickly as before and yinall
reaches a maximum. At the same time, the kineterggncontinues to increase linearly with p and
eventually a second crossing with the negativehefgotential occurs in Fig. 6. The area in which th
negative of the potential exceeds the kinetic gneogresponds to a very small range of r, but theunt
of binding with which it is associated can still taite large. For example, at o the undamped Breit-
Pauli potential is of the order* hartree, compared to the kinetic energy's order ohartree. Since the
assumed binding energy for thésesystem is 1.02 MeV oro?* hartree, it is clear that an enormous
cancellation must occur because of the dampingeopbtential to obtain physically acceptable result
This state of affairs is probably the strongesuargnt for employing an exponential damping to
produce such a large degree of binding over a warange of interparticle separation. The fact that
Coulomb energy is also of orde? hartree for r =u? suggests that it is not possible to ignore thisotf
either, however, despite its relatively long-rampparacter. Nonetheless, the predominant featutbein
tight-binding scenario given above is clearly tieticdte cancellation at small interparticle sepamat
between the exponentially damped Breit-Pauli tesints the relativistic kinetic energy.

D. SCALING PROPERTIES OF THE BREIT-PAULI HAMILTONIN

One of the key requirements for the Schrddingeagqgn under discussion is that it leads
to maximum binding energies for particle-antipaetisystems of 2Mg consistent with the
Einstein mass-energy equivalence relation. Oneutaist that a Hamiltonian exists which has
the required energy as itsinimal eigenvalue instead of assuming that annihilatiocucs and
the total mass of the particles simply appearshasegjuivalent amount of energy. It is well
known that the Schrddinger and Dirac equationgtoely electrostatic potentials both have the
property that their binding energies are proposdloto the reduced mass of the electron in
hydrogenic atoms, and this result is easily germ@lfor systems containing other charged
particles such as muons or antiprotons. More istarg in the present context is the fact that the
proportionality between energy and mass also halden the various Breit-Pauli relativistic
corrections are added to the Hamiltonian.

To show this let us assume that a solution to ttlerdlinger equation is known for a
particle-antiparticle pair with chargeq and rest mass gnFurthermore, its lowest energy

eigenvalue is taken to be -gth= -2mya (in atomic units), corresponding to the eigenfiorct

60



Y(r). The Hamiltonian itself consists of a seriekfetic and potential energy operators of the
type discussed earlier, including exponential daxgpactors F(p, q, g«
H(p, r, d, M) = (1 a® + my? a™)? — ma® V.1
-ort - of mo? o r* F(p, g, na)
If the coordinates are scaled so that
pP=Momy pandr =M"myr V.2
the original Hamiltonian becomes:
H(p, 1, 0, m) = Mo mo {(p"?a® + Mo? ™) — Mo o
Grt—oMo? @’ F (07, g, M)} V.3
=M mo H(p', I, g, M),

provided F(p, g, B) = F(p", q, M). The corresponding Schrddinger equation in thedesc
coordinate system thus becomes:
H(p", r’, g, My) W(r) = -2 Moo 2 W(r) Y,
i.e. by multiplying both sides of the Schrodinger equiatior the original Hamiltonian by ymy’
! As aresult it is seen th{(r), or the function¥” (") obtained by making the corresponding
coordinate substitution for it, is an eigenfunctiointhe analogous Hamiltonian for a particle-
antiparticle system of the same charge q as bebuwewith rest mass Minstead of m Its
energy eigenvalue is -2/, exactly as required by the mass-energy equivaleglation.

Moreover, this result is quite general, since itessily seen that the above scaling
procedure has the effect of producing an entiretspa of Schrodinger equation eigenvalues
which differ by a factor of Mm,* from those obtained for the original particle-patticle
system. Furthermore, by choosing the argument pf &( m) to contain the ratio p/g as
suggested by the form of the Lorentz electromagrietce Hamiltonian discussed in Sect. V.A.,
the requirement that this damping factor be un&fitbdy such a coordinate scaling is clearly
fulfilled. The Breit-Pauli interactions also comtaangular orbital momentum terms not included
explicitly in the above Hamiltonian, but these alearly unaffected by the above scaling
procedure because they either involve only prodofts and p, or in the case of the spin
interactions, are completely independent of spatairdinates. It is thus shown that the desired
proportionality between binding energy and restsraghe constituents of a particle-antiparticle
binary system holds for the Breit-Pauli interactias long as the charge q of the individual

particles remains the same. This is clearly the égasomparing the’e system to fp’, so the
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original objective sought at the beginning of teextion is guaranteed by the use of such a
Hamiltonian.

This result also tells us that the proportionatipnstant A in the exponential damping
factor F(p,q,r9) = exp [-Aa*(q/my)p] must be the same for proton-antiproton intéomst as
between electron and positron. Alternatively, onighihhave assumed a different constant for
the electron than for the proton, in which case woeld have had to adjust the inverse mass
dependence of the present exponential argumentdar ¢o obtain the desired scaling property.
From the point of view of economy of assumptionsl aalation to established theoretical
models, the former arrangement is clearly superldre units for the constant A are left
somewhat open by the choice of working in the atommit system. The exponential argument as
a whole must be dimensionless, but the fine stractonstanta can be defined as either
dimensionless®7 ¢ or simply as
¢! among other possibilities). Since p/ms units of velocity, one can look upon one efch
factors as tand the other as being dimensionless, in whick @asust have units of inverse

electric charge, so that Aq is also dimensionless.
E. MAGNETIC PHENOMENA: NEUTRINO INTERACTIONS

The charge-to-mass ratios appearing in the BreitiPPalativistic corrections are closely
related to the magnetic moments of the correspgngarticles. The Bohr magneton 3 of a
system is defined as/2 times the charge-to-mass ratio and the magmetiment is usually
measured in terms of this quantity. Strictly spegkithe magnetic moment is a vector
proportional to the angular momentum of the pagtiaihd in classical theory the Bohr magneton
would simply be the corresponding proportionalitgnstant. Magnetic measurements on
electrons in atoms have shown that such a straigtefd relationship is oversimplified, and
have led to the introduction of a supplementaldgdhe gyromagnetic ratio g. The discovefy
spin angular momentufif brought with it the equally surprising result of@ for the electron's
spin magnetic moméeft*?”. Later on, it was found that the correct valueadsually slightly
greater than this restit?®*?° however. Moreover, the corresponding value fer pnotori"%®

was measured to be several times larger than tila¢ @lectron.
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The question that arises in the present contewhither the observed g values should be
included explicitly in the Hamiltonian used to delse the particle-antiparticle states which have
been suggested above. Since the scaling resutissdisd in the last section no longer hold if one
multiplies the g/m values in the Breit-Pauli terwigh a different factor for each type of particle,
however, it seems clear that the measured g valesld not appear in such a Hamiltonian.
Moreover, this choice is also consistent with theepted explanatidft for the observed non-
integral g values for spin magnetic moments, narttedy they arise because the corresponding
particle is affected by external factors (virtuddopons or virtual mesons) which prevent the
measurement of its properties in a pure (bareg stat

Having made this decision, it can be noted thatotlg experimental constants appearing
in the damped Breit-Pauli Hamiltonian are the eleaharges and rest masses of the interacting
particles. It is therefore clear how to define aafic Hamiltonian for a system involving given
numbers of electrons and protons and their respeatitiparticles, particularly théezand pp’
combinations of primary interest. There remainsnaportant question, however, namélgw to
deal with neutrino interactiond’he obvious approach is to simply substitute theesponding
values for the charge and rest mass of such pestashd to solve the corresponding Schrodinger
equation, but the observed electrical neutralityhef neutrino seems to preclude any chance of
success for such a procedure. There is one pagsiedrth considering, howeveprovided the
rest mass of the neutrino is also exactly zeas, seems possible based on experimental
observations. In that case, the charge-to-mass catinot simply be computed by dividing the
above two quantities because the quotient of zeth uself is undefined. From a purely
theoretical standpoint this eventuality would setemnvalidate the conclusion that the Breit-
Pauli terms necessarily vanish for the chargelesgrimo,i.e. because @m,, itself might still be
different from zero. Such a possibility seems tshblwith the experimental observations bearing
on the magnetic moment of the neutrino, howeveichvindicate that it is also of vanishingly
small magnitud&® thereby implying that the corresponding chargeattss ratio is still
effectively zero.

The idea that the neutrino might possess a nonfragnetic moment which could help to
explain its observed activity in nuclear reactiésot new, and was in fact proposed by Pauli
as a general property of massless neutral particiesd on the Dirac theol$%. He later stately

that such a hypothesis “doesn't seem to me atdllfaunded.” The history of the relationship
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between the magnetic moment and the charge-to-raéissof a given particle has not been
without its surprises, however. As already notéd, ¢yromagnetic ratio, for example, is an
experimental quantityinvented for the expressed purpose of accounting for distreies
between observations and overly simplistic theocaétmodels. It is therefore wise to exercise
some care in making conclusions about a partide&arge-to-mass ratio based on magnetic
measurements alone.

In this connection it is important to recall thhetspecial theory of relativity emphasizes
that electric and magnetic fields are intertwinedh their respective magnitudes differing from
one inertial system to another moving relativettd/iewed from the standpoint of the affected
particle,there is never anagnetic force acting upon liecause it is by definition stationary in its
own intertial system (v = 0). Considerations dfthature led Lorent?? to point out that a
Galilean transformation does not leave the fdwes electricity and magnetism invariant, and
they eventually enabled Einstéito formulate the special relativity theory in thest place. By
this reasoning, it would seem to follow that sircehargeless particlean never experience an
electrical force according to Coulomb's law, it should consequenéyperience no
electromagnetic force at all in its own inertialssgm. Further, because of the principle of
relativity this conclusion leads to another, nantélgt a chargeless particle must be unaffected
by any electromagnetic field, regardless of thatned state of motion of the observer to it. If an
electrically neutral system is composed of sevelnarged patrticles, the analogous conclusion is
negated by the possibility that its individual campnts move at different velocities, but for a
true (chargeless) element this situation is exadude

In order for g/ to be non-zero for the neutrino, however, its mass must be exactly
zero and (for B2 O; see Sect. 11.C) it must move with the velocifylight (v=c). In this case a
Lorentz transformation to a different inertial systis no longer defined singe= (1 — ?/c?)™/?
is then infinite. Consequently, the above arguniested on the theory of special relativity does
not really prove that ahargeless, masslepastrticle is unaffected by electromagnetic fieldslin
inertial systems, although it perhaps suggests tthiatis most likely the case. It seems only
prudent to note, however, that the preceding dsoanshas been based exclusively on classical
electrodynamics. It might be anticipated that &tdefinitive answer to the question of whether

a massless neutrino can possess a non-zero cloangass ratio {dm,, without exhibiting a
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magnetic moment in the usual sense can only benalt@n the basis of a quantum mechanical

formulation of this problem.

The possibility of a non-zero charge-to-mass rafithe neutrino is interesting in several
other contexts as well, however. It provides a yeaxplanation for the existence of both a
neutrino and an antineutrino, for example. /g, is non-zero, then different signs are possible
for it, just as for charged species and their amtiples. This characteristic might then be closely
related to the helicity property of neutrinos meeadu in longitudinal polarization
experimenty "™ It might also explain why there are apparentlffedént types of neutrinos
observed in neutron and pion-muon beta de€ajutrinos with distinct |g/ghratios would be
expected to exhibit different behavior, despitertheutual lack of charge and rest mass.

In the present discussion, the point of immediaterest is whether the assumption of a
non-zero g/mp value for the neutrino leads to a solution of twresponding Schrodinger
equation (with the exponentially damped Breit-Panteractions mentioned above) forva
complex which has zero binding energy relativesseparated particleéise. - 2 m, ¢ in analogy
to that of the & and pPp systems. Zero binding energy does not necessamdgn that a
potential well does not exist, as Fig. 5 shows.réhmuld be a large barrier separating the two
minima in this case as well as for&, and thus the/v system might also be characterized by a
relatively small optimal inter-particle separafivh Calculations investigating this point will be

discussed in the following chapter.
F. TRANSLATIONAL ENERGY AND SHORT-RANGE INTERACTION

In Sect. V.B it was noted that the usual separatfonternal and center-of-mass motion is
not possible for a Hamiltonian containing the Eanstrelativistic kinetic energy operator and the
various Breit-Pauli terms. This observation desemleser examination before moving on to the
task of carrying out explicit calculations basedtle corresponding Schrodinger equation. The
condition of zero translational energy requireg tha expectation value &p; vanish, which for
a binary system such as positronium or the hydragem implies that the momenta of each

particle are equal and opposite to one anothdr tan@s and spatial positions.
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Sincep = nv, this means that particles of equal mass mustyslwave with equal speeds
in opposite directions relative to their midpoiotfulfill the condition of zero translation. The
Breit-Pauli interactions are not only short-rangg #lso momentum-dependent, and so the only
way to obtain a large attraction on the basis ehderms is for the expectation values papd
rij'3 to both be large for a given probability distriloat From the above argument, however, it is
clear that a positron and an electron, with thgira rest masses, can stay in close proximity to
one another while still moving at high velocity tlout having net translation for the system as a
whole. Hence a high degree of binding can resainfthis type of short-range interaction under
these circumstances.

By contrast, if the masses of the two particles quite different, as is the case for the
proton and electron in the hydrogen atom, they meste with widely different speeds to avoid
net translation. Particles whose speeds differ bgctor of 1836 can only stay close to one
another while fulfilling this conditionf neither is moving very fastcom which it can be seen
that the possibilities for obtaining a tightly baustate under these circumstances are much less
pronounced. On this basis, it is easy to imagine tie ée system might benefit much more
strongly from inclusion of the Breit-Pauli intergwts in the Hamiltonian than does the hydrogen
atom. In particular, & might possess a state of much lower energy tharfiathiliarls species
which results primarily because of the long-rangellGmb effect, whereas no comparably tight-

binding state could be expected to be availabteeédydrogen atom.

At the same time the scaling property discusseSeict. V.D tells us that the range of the
p'p interaction must be shorter than fde'eby a factor equal to the ratio of the respectiast r
masses of the proton and electron. The wv, condition for motion without net translation also
applies to the Jp” system and so one can explain the even largeinigirehergy of fp” on the
same basis. Their larger mass allows the protonaatigroton to approach each other far more
closely on the average than the electron and positrhile avoiding net translation of either
system. The exponential damping factor F (p, @) would also play a crucial role in this
distinction, particularly the inverse mass depewdenf its argument, since it begins to
effectively negate the influence of the Breit-Paidrms at much larger separations for the
electron and positron than for their heavier copads. These qualitative observations also

suggest that it might be importambt to assume that the internal motion can be totapasated
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from the translational when it comes to short-raimgeractions at relativistic speeds. This topic
will be treated in more detail in Chapter X, but the present we will simply represent the
proposed interactions directly in terms of the €sien coordinates for the constituent particles
of a given systemi.e. not employ the usual transformation to center-ofsnand internal
coordinates.

G. EXPLICIT REPRESENTATION OF THE EXPONENTIALLY DAKMED HAMILTONIAN

The explicit form of the Hamiltonian discussed abavgiven in Table I. For simplicity we
will refer to it subsequently as the XBPS Hamilami the abbreviation standing for
"Exponentially-damped Breit-Pauli Schrdodinger eguat As usual, there is a one-particle
interaction for each constituent in the system, aset of two-particle operators for each pair of
such species. The Hamiltonian of Table | is givesplieitly for only two (representative)
particles with respective charges and rest massp @nd m; (my), but in view of the above
discussion it is easily generalized for the desicnipof any number and combination of different
particle types. The only one-particle term in thandltonian is the relativistic kinetic energy.
Other common one-electron interactions such asCthdomb nuclear attraction for an electron
are to be found among the two-particle interactidie rest energy §u’= mya (atomic units
are used throughout) is subtracted from the Einstguare-root operator in the usual way to
represent the kinetic energy. This procedure effelgt defines the zero of energy as that of the
(infinitely) separated particles at rest.

The first two-particle interaction listed in Tables the Coulomb term and it is the only one
which is unchanged relative to the standard BraitliRreatment® The remaining terms are all
exponentially damped, but fall into distinct categs, depending on whether they are multiplied
with 0u0/MoiMoz OF G%/Mea? (or G°/My27). In the first group are the spin-other-orbit, ibwdrbit
and spin-spin terms, the latter includingddunction component. The spin-same-orbit and
Darwin interactions comprise the second categofyceS all particles are to be treated
equivalently, it is essential that each two-patiohteraction be symmetric with respect to
interchange of the corresponding indices, as peavidr in the original Breit-Pauli Hamiltonian.
The Coulomb term obviously satisfies this conditisimce f; is a scalar quantity denoting the
magnitude of the distance separating the two pestic
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The most significant change in the operators of |&dbcompared to those in the
conventional Breit-Pauli Hamiltonian is their mpltcation with exponential damping factors.
For the terms of orbit-orbit type, it is assumedtthwo such factors are needed: exp(-
Ad?|(g/mo)pi]), for i= 1 and 2. To insure that the Hamiltontas hermitian, it is necessary that
the same pair of factors appear on both sideseobtiginal Breit-Pauli terms, singg andr;; do
not commute with one another. The arguments ofhallexponential terms are defined to be
negative-definite, hence the absolute value sigth@se expressions. The damping factors for
the spin-same-orbit and Darwin terms have a somembee complicated form, however. Since
the g/m factors appear squared for these terms in theénatidreit-Pauli Hamiltoniar®? it
seems consistent to also use squares of the condisg damping factors for the same particle
in this instance instead of products of two différkinds as before.

The sign of the interaction in the latter classopérators requires additional comment as
well. Since the pre-multiplying factor is eithef/fno:® or g/me2%, it is not possible on this basis
alone to specify whether the interaction is attvecor repulsive. This information is contained
in the product of the charges of the two partickdsich appears explicitly in the orbit-orbit-type
terms but not for the Darwin or spin-same-orbitrap&s. It is thus necessary to define a sign
convention based on the product/fap1) (/me2) = G(1,2) according to which a positive result
corresponds to a negative sign for both terms,enthié opposite choice is made if the result is
negative. Similarly as in the other case, the e2Bd?|(q/m.;) p|) factor must appear on both
sides of the corresponding Breit-Pauli terms ireotd preserve the required hermitian character.
The absolute value sign guarantees that the arguaiethe exponential is negativee. the
factor always reduces the absolute magnitude obtiggnal Breit-Pauli interaction for the same

charge distributions.
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Table . Definition of quantum mechanical operators preserihe exponentially damped Breit-Pauli Hamiltonemployed

throughout the present study i§ the fine-structure constant; atomic units emetbthroughout). The indices i and j are used
generically to represent two interacting particteg quantities () and ny; (my;) are the electric charges and rest masses of the
i (i) particle, A is the exponential damping constamité of & see text), ang, (P, s (§) andr; are the standard vectorial

symbols for the linear and spin angular momentasihgle particle and the distance between'tmmil |" particles, respectively.

Designation Operator

Relativistic Kinetic Energy  KE NPT )
(pia +mya )2 - my,a

2
(one-patrticle only)

Coulomb C 0, ﬁ_l
Spin-same-orbit SsO G G(' )
—_ |1J
(exponentially damped) 2
2
X (i] exp —2Aa2ipi‘
mOi mOi
x(ry *p; 1§ )" exp —ZMZip.‘
mOi
2
o I exp —ZMZipJ
my; M,
X(r.. xp; § )r..‘3exp -2M0* iq :
I I 1) moj
I L I
m.m..
whereG(i, j) = o
1, it
My,; My;
Spin-other-orbit SoO oo q
(exponentially damped) My )| My
xexp — Ao’ ipi exp — Ax? ip]
m, My,

X(r,xp, § +5 xn B )r°
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Table | continued

Designation Operator
Darwin Term D 2

_ -2 6(i, )
(exponentially damped) 2

Orbit-orbit

(exponentially damped)

Spin-spin

(exponentially damped)

2
x (i] exp{—zmzipiD
mOi mOi
ol
mOi

xé(rij )exp{— 2h0?

1, |fm>1

whereG (i, j) = o
R L )

My; My,

00 _O‘_Z(i]{i]
2\ m, m,

xexp(—mzipiJex 2| S
0i mOi

(o) o )]

ot
Jex{_mz_

i

Oi

* ()

G

0i

Y
My

><exp{—A0(2 n

e -nct|
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(s ) +3(r ) (5 3)5°)

my,

_'pi

0i

><exp(—A0(2
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Table | continued

Designation Operator
Spin-spind SS$ smo? ( q q,
(exponentially damped) 3 (Ej m,
><exp{—Ao(2 Gy ]ex - A’ ipj
My; My,
xs (35( 1)
><exp{—,00(2 ipi Jex - M? ipj
My; My,

It might be argued that the above sign conventmmtifie Darwin and spin-same-orbit
terms can be satisfied more simply by replaciffgng.? by qg./mo:>. The result would clearly
be the same as before only if||g |g|, however?’ This is the case for interactions between
protons and electrons and their antiparticles, ihua more general formulation capable of
dealing with other types of particles as wellgéms preferable to employ the former definitions.
In this way the charge of a given particle only egus divided by its own rest mass in the
damped Breit-Pauli interactions. This prescriptaaneast formally allows for the treatment of
chargeless, massless neutrinos with such a Hamaiftporwithout introducing the types of
singularities which otherwise would arise when dmgpconstants involving ratios of the charge
of one particle and the rest mass of another apoyed.

Returning to the immediate focus of attention, ¢hes system, it can be seen that the
XBPS Hamiltonian of Table | exhibits a special syatry in this case, namely it commutes with
the charge conjugation operation C. This meansth®torresponding eigenfunctions must be
either symmetric or anti-symmetric with respectimterchanging the electron and positron
coordinates. The same result clearly holds for @anyicle-antiparticle binary system. This is a
different situation than one normally encounterscémjunction with the Pauli principl&, in
which permutation symmetry results because of ititestinguishability of the component
particles. As a result it is not necessary to asstimat the only physically meaningful solutions
are of one symmetry-type, for example, anti-symimétrthe case of fermions. The symmetry in

guestion arises not because the particles ardimglisshable, but rather because their (different)
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properties can be exchanged without affecting thienfof their mutual interaction. This
characteristic applies to all states of positroniumluding those of hydrogenic type. In view of
its special nature, however, there seems littlatpoi incorporating this symmetry into the basis
functions employed in explicit'e calculations with the XBPS Hamiltonian. In geneiawill

be assumed that the many-particle basis consigtsodficts of Slater determinarifs.for each
particle type,i.e. anti-symmetry is assumed only for indistinguishat@lemions. Bosons arise
naturally as even products of fermiéhsind therefore require no additional symmetrization

procedure.

VI. COMPUTATIONS FOR MASSLESSS PARTICLE-ANTIPARTICL E BINARIES

The central hypothesis explored in the previousptdra is that elemental matter can
neither be created or destroyed. Rather it is ardhere exist strong attractive forces between
elementary particles and their antiparticles wHedd to massless binary systems whose non-
observability is understandable in terms of the Bodquency relation (E = m = 0 implies= 0
andA = «). The XBPS Hamiltonian given in Table | has beeduted in accordance with such
expectations and calculations employing it willdmnsidered below, starting with the electron-

positron system.

A. DETAILS OF THE COMPUTATIONAL METHOD

The computational methods employed are modeled #itese of electronic structure
calculations for atoms and molecules. In essencmadrix representation of the XBPS
Hamiltonian is formed with the aid of products afesparticle functions. The first step is to
compute integrals for each of the original BreitsPaperators®? (except for the mass velocity
terms) over a set of basis functions. Becauseetiitision to treat all particles in an equivalent
manner, with no assumptions about fixed probabiflitstributions for any of them, it can be

noted that the Hamiltonian is symmetric with resgecall operations of the full rotation group
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plus inversion. Accordingly, it is reasonable t@dbze all basis functions at a single center,
simply the origin of the coordinate system. As nwned in the last chapter, the only one-
particle operator under the circumstances is théte (relativistic) kinetic energy. All the other
Breit-Pauli terms in the Hamiltonian, including t@@ulomb interaction. are treated exclusively
as two-particle operatdfé.

To construct the most general possible digital astpprogram it was decided to employ
the same set of basis functions to describe egehdf/constituent particle. This approach seems
reasonable because in a system with no net traorsldhe momenta of the particles should be
similar, which implies basis functions of roughhetsame extension for each of them. In the last
analysis it is always possible to employ individyaiptimized basis functions for each particle
type by simply combining all such sets and makimgm available to describe the probability
distributions of all the patrticles involved.

In this approach it is only necessary to compute warious one- and two-particle
interaction integrals for electrons in the initsidge of the calculation. These results can then be
conveniently adapted for treatment of particleseotthan electrons at a later stage. It was
decided to use real cartesian gaussian functiom®nstruct the one-particle basis, although it
would also be convenient to use Slater-type expialeunctions as more commonly employed
in atomic calculations. Since no exact solutionrstiie Schrédinger equations of primary interest
are known, the primary consideration was to choaseasis capable of describing general
continuous functions which vanish at infinite dista from the origin.

An option for use of one-center potentials is aldeg in the program which enables
conventional atomic calculations to be carried astwell, in which case only two-particle
interactions for electrons are assumed, althoughréstriction could also easily be removed. In
such applications the charge of the nuclear casteequired as input for the initial integral
computations. Otherwise no input is needed othan tine exponents and coefficients of the
contracted cartesian gaussian basis functions. Utaenfor the calculation of cartesian gaussian
integrals for all the Breit-Pauli operators mayfbend elsewher&®. The computer program for
evaluation of these integrals for the present shuy/been written by Chandra and implemented
by Phillips, Liebermann and the autfitr

Because of the presence of spin variables in tleepanticle functions it is desirable to

carry out the overall treatment by employing a $asi eigenfunctions of the total angular
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momentum operator$ and j. The corresponding spin-orbitals are formed wiité help of the
ladder operator techniqti& and conform to the standard Condon-Shortley caivesi*®. The
transformation of the Breit-Pauli integrals fronbasis of spatial functions to the desired spin-
orbitals is effected in two steps: the complex isp@igenfunctions of’land } are employed in
the first transformation, followed by a second amwof basis to thé jj, eigenfunctions. In the
process, the number of basis functions is doubilgtieé usual way because of the duality of the
spin representation for fermions. The final twotjgée 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. Becaafshe spherical symmetry of the Breit-Pauli
terms it is only necessary to specify thregvialues explicitly, since the only non-zero two-

particle integrals are characterized Dynij =0.
i

Two other indices are required, referred toraand . The index p simply refers to the
different operators employed, while r is an ordgitimdex with only two values. A standard order
of indices is defined, whereby the integral&) on(2) ¢u(1,2) (1) 94(2) > is characterized by
I = 1(2) if the standard order can be reached bgvaem (odd) number of permutations of the
orbitals of the same particle. As is common pratifcthe spin-same-orbit term is treated as two
separate operators, one fiars; and one fod, s,. All other Breit-Pauli terms are symmetric with
respect to particle exchange prior to multiplicatlny the various g/gcoupling constants and
can therefore be treated as symmetric sums atsthge of the computations, ileefore the
charges and rest masses of the actual constituenicles are introduced. More details

concerning these computer programs will be giveaveheré™.
B. TRANSFORMATION TO THE MANY-PARTICLE-TYPE BASIS

In Chapter V it was argued that the original BR#@uli operators need to be adapted so that
a Schrddinger equation employing them can lead toaasless state of a particle-antiparticle
binary system, i.eone whose binding energy is exactly equal to time stithe rest masses of its
constituents. The suggested changes have alwaglv@avfunctions of the momentum operator,
specifically a square-root and several exponentidiese operators lead to integrals needed for

their matrix representation which are relativelyngdicated to evaluate in a direct manner. This
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is particularly true for the two-particle exponatiy;-damped Breit-Pauli terms (Table I). Closed
expressions for the relativistic kinetic energyexist*, but in order to deal with all the required
operators in a consistent manner, an approximatiegral evaluation technique must be
employed. It was thus decided to apply the matrigcedure referred to aboVe for the
treatment of both the square-root and exponentiattfon operators. This involves use of the
resolution of the identity formalisif and thus results employing it approach their exaties
only as the basis set employed to obtain the maépresentation of the Hamiltonian nears
completeness. Numerical t€éfs*> comparing the exact and matrix representationeglior
relativistic kinetic energy integrals indicate thhts level of approximation is suitable for the
purpose at hand. The situation is more complicktedhe damped Breit-Pauli terms of a two-
particle nature, because it becomes impracticahtarate the basis to a similar extent as in the
square-root operator tests. Nonetheless, it isyavwassible to judge the numerical stability of
the final results of the calculations by companmith analogous findings obtained with basis
sets of different size. Since all the operatorscilare primarily responsible for these difficulties
are functions of the momentum operator, it is gedio proceed in a very similar fashion for all
of them.

Briefly, one first needs to form the non-relatiigskinetic energy matrix for electrons in
the assumed gaussian basis and then to diagoritalitghe basis functions were momentum
eigenfunctions, the desired relativistic squard-itegrals could be obtained exactly by simply
replacing the fi2 eigenvalues by the corresponding results foofierator in question. A related
diagonal matrix can be formed even if momentum rdigeions are not used, but then it is
necessary to subsequently carry out a reversefdramation to the original basis. The resulting
non-diagonal matrix is then used for all subsequemiputations. In the case of the damped
Breit-Pauli terms it is necessary to carry out ddional matrix multiplication** involving four
one-electron exponential matrices and the origwalparticle Breit-Pauli counterpart discussed
in Sect. VI.LA. The use of this matrix technique hlas disadvantage of rendering the overall
treatment non-variational, but again use of a blyitexible basis set minimizes this effect.

It is at this stage of the computations that thargbs and rest masses of the various
constituent particle types are first needed. Edcth® one-particle matrices for the relativistic
kinetic energy and the exponential damping facterpiires such input values explicitly. The

corresponding matrices are generated for eachcgartype from the 2 non-relativistic
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counterpart. It should be clearly distinguishedwsetn "particle types" and "particles” in this
connection. At this stage it is only necessaryrtovk what kinds of particles are contained in the
system at hand, and not how many of each. Once thes-particle matrices are generated it is
necessary to carry out a series of four-index toansations for each Breit-Pauli operator p and
pair of particle types p. Because of the naturéheftotal XBPS Hamiltonian it is necessary to
distinguish betweep = (1, 2) ando = (2,1),i.e. the order of particle-types is significant. This
becomes obvious at the next step in the procedarayhich each transformed matrix is
multiplied with an appropriate set of coupling ctams formed from the charges and rest masses
of the constituent particles (see Table I).

These results are then added together to formitlaé dne- and two-particle Hamiltonian
matrices, which are stored for further use in tremynparticle phase of the theoretical treatment.
The four-index (two-particle) integrals are ordebgdmeans of quartets of indices for each basis
function, as distinguished by their respective galdor the quantum numbers n, 1, j and m
discussed above. In addition there are separatev&br each of the twio permutations, as well
as for each pair of particle-types The operator index p has thus effectively be@taced by
the particle-pair index at this stage of the treatment as a result ofatditions and scalar
multiplications of the individual operator matricesform the Hamiltonian two-particle matrix.
The kinetic energy matrix elements are only ordevéd respect to n and | because they do not
vary with j and m In addition, only diagongb values are needed because of the one-particle

nature of this operator.

C. COMPUTATION OF ENERGIES AND WAVEFUNCTIONS: VARINONAL CI
APPROACH

The method employed to obtain approximation sohgifor the Schrodinger equation discussed
above is primarily the configuration interactionpapach. A self-consistent field calculation is
first carried out to generate an orthonormal badi®ne-particle functions which allows an
optimal description in terms of a single configioat A coupling scheme is employed which
amounts to using J - %K (J, Coulomb and K, exchaagerators, in the .conventional
notatiort*®**) for interactions of the same particle-type antydrfor all others. For this purpose

appropriate averages over multiplet interactiorss assumed’. The exact form of the SCF
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procedure is of little consequence in the presgmuli@ations, however, because a full ClI
calculation is ultimately carried out, in which eathe final eigenvectors and eigenvalues of the
many-particle XBPS Hamiltonian are independentef¢hoice of one-electron basis. In essence
the SCF procedure is used primarily to obtain gahasnormal basis whose use simplifies the
evaluation of CI matrix elements (Slater-Condoresif®

The next step in the theoretical treatment is ttien four-index transformation of the
XBPS Hamiltonian matrix to the SCF one-particleiba8dvantage is taken of the high degree
of symmetry blocking produced by the use of ondigler eigenfunctions of?jand j. The
resulting matrix elements are reordered into grounjtk the same |, j| andp values for the
orbital quartets,i.e. all n and m components are stored contiguously. Because of the
transformations to SCF orbitals, it is now necessardistinguish in general between kinetic
energy matrix elements involving the same | bufedént |.

Subsequently all configurations of orbital produstsich are possible in a given basis are
formed based on the occupation numbers of the waparticles. The latter information must be
provided by the user at this point. The desiredltdtangular momentum quantum number and
the corresponding parity P are also given as inpaotl only configurations which lead to
multiplets of the desired symmetry are retainechehr combinations of the many-particle
product functions (anti-symmetrized within eachtigde-type, as discussed at the end of the last
chapter) which are eigenfunctions &fwith My = J are constructed and Hamiltonian matrix
elements are computed with respect to this bass. this purpose, the Bunge-Davidson
projected determinant technid@&ensures that only the minimal number of deterntisanatrix
elements be computed. In general the Slater-Condes are employed with a procedure closely
related to the Table CI technidd®used in computations for molecular systems. lukhde
noted that imposing the condition of zero net tiaien for the combined system, as discussed in
Sect. V.B, makes the Slater determinant form ferabsociated wavefunctions considerably less
advantageous than in the present treatment. Thisetause the coordinate transformation
required for the above purpose inevitably singlesaoparticular particle in order to define a set
of relative spatial coordinatls In a relativistic treatment for which the refeterparticle's spin-
functions need to be considered explicitly, thixwmstance represents a considerable obstacle

to the design of a generally applicable many-plertomputational procedure.
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The resulting XBPS Hamiltonian matrix is then diaglized by conventional methdd$
provided the dimension of the full Cl is not veayde. Tests have been carried out in such cases
to demonstrate that the full Cl eigenvalues areséume for different choices of one-electron
(SCF) orbitals deriving from the same gaussiansh&r applications involving larger systems,
for which the full CI method becomes impractical,sabset of the corresponding space is
employed which is generated by taking all singld dauble substitutions relative to a series of
key reference configurations (MRD-CI approximaliBh In this case the Davidson
diagonalization proceduf® is employed to obtain the desired roots, wheratmyimte starting
vectors are highly desirable for this purpose. e present chapter dealing with particle-
antiparticle binary systems, only full CI computats are considered so that the only
approximation employed in obtaining the XBPS solusi is the use of a finite basis in the
corresponding Hamiltonian matrix representation.

As mentioned in Sect. V.B, the square-root fornthefrelativistic kinetic energy as well as
the presence of the various momentum factors irBtleit-Pauli potential terms eliminates the
possibility of introducing the usual separation infernal and center-of-mass motion in the
present theoretical treatment. As a result, thal tehergy resulting from the above CI
calculations generally contains a contribution esponding to net translation of the system. It is

therefore desirable to also compute the expectatidue of the translational energy T=f; )
i

a? + Mg a2 - Mqa®, for which purpose the rest masg bf the combined system must be
provided as input. The procedure employed againl#@g the matrix representation technique
described in the last section.

It is first necessary to calculate thgpﬁ)2 matrix in the same basis used throughout,
i

which is accomplished conveniently by dividing tbperator into its one- and two-particle

contributions: zpiz and 23 p; pj. For this purpose one-particle matrix elements tfe p
i i>j

operator are required. There is an important delectile in this case. namely L" =41, i.e.
only pairs of functions satisfying this relationsginon-vanishing results. A basis set consisting

of only s functions, for example, can only leadvemishing ¢ p; )? expectation values for a
i

given many-particle wavefunction if the diago@bi2 term itself vanishes, which as a sum of
i
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positive-definite one-particle quantities is impbts The two-particle terms can lead to a

substantial reduction in &{p; )>> relative to what is obtained with only one-pdetiterms,
i

however, if more than one | value is present inltasis set employed, but even in this case, it is

very difficult to obtain an even approximately velming result for <gp; )>> for the XBPS
i

wavefunctions in the present theoretical treatment.

In principle, knowledge of the total energy <E> an(dp; )>> values allows the direct
i

computation of the rest mass of the combined sydbeinthis possibility is of little practical use
when less than exact results are available. Hdmeeeliance on a separate input value for this
guantity is preferred, as noted above. There averakprocedures for obtaining the internal
energy E at this level of approximation. The first involvees variational calculation of the total
energy's expectation value <E>. The correspondiagefunction is then used with the help of

the Myinput value and the expectation value Bf{ ) to evaluate <T>, which is then subtracted
i

from <E>. A second possibility is to treat the agger H - T in a variational calculation directly.
This requires a matrix representation of T in thengaparticle basis, which is only practical for
relatively small one-particle basis sets. The tesyiwavefunctions are infinitely degenerate in
principle, since any degree of translation leadthésame gvalue for a given internal state. In
practice it is generally preferable to seek sohgiavith minimal translational energy, and this
goal is best accomplished by dealing with H alongha variational stage, as discussed first. The
expectation value for the translational energy edso be computed in the perturbational

approach by employing the above matrix represemtaif T, as opposed to first computing
<(Zp; )%>.
|

D. CALCULATION OF NON-HYDROGENIC STATES OF THE'€ SYSTEM

The basic strategy for obtaining afe'estate with a binding energy of 2chis to vary the
constant A in the XBPS Hamiltonian (Table I) urttie lowest energy possible for a given
number and type of basis function corresponds ¢odisired value. Without the exponential
damping (A = 0), this goal can never be reachedumse the Hamiltonian is not bounded from
below in this case. The first basis chosen contaiss- and two p-type primitive Gaussians
with initial exponents of 1.0x¥0and 1.0x18a, for both types. The exponents were multiplied
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by a scale factof and a full CI calculation was carried out for syatries spanned by this basis.
The computations show that the lowest energy redolt a state of Osymmetry (J=0 and
negative parity). By varying both) and the damping constant A, it is found that aimim in
energy of the desired value ¢3 =-37557.7 hartree) occurs for the lowesst@te fom = 0.11
and A= 1.054 & As expected, the value of the minimal energydases with the magnitude of
A for all n and advantage is taken of this relationship insegbhent optimizations. These
calculations thus demonstrate that the XBPS Hamédto can be subjected to standard
optimization techniques and the energies of theesponding full CI secular equations can be
suitably adjusted with a single free parameter.

The next step was to define a larger basis seistongsof five s- and five p-type primitive
Gaussians. The exponents were initially assumédrbo a geometrical progressiony 8 &y
The value ofy was taken to be 2.0 after some initial experintesria As before, the energy
optimizations are carried out with respect to glgirscaling parametey which multiplies all the
R values. The exponents are taken to be the sambear and p sets,(B 0.25 x 16 a,%). This
is already a reasonably large s,p basis, consistin®0 spin-orbitals or 40 for each particle,
considering that a full CI optimization is to bamead out. It is nonetheless considerably smaller
than those commonly used to study hydrogenic systema definitive basi&"**> but it will
serve the present purpose adequately, namely toie@ahe description of the proposed tight-
binding states in the XBPS model.

Again it is found that the most stable state of && system has Osymmetry. The
corresponding wavefunction consists of products;gfand p. (x denotes positron or electron
function respectively) one-particle functions. Fpuoducts of spin orbitals are required for any

pair of exponents:

0= py2(my = %2) sy (M = -%) - p1yo(M; = -%) sp/ (M = ¥5)

+p1/2 (M = ¥2) sty2 (M = -%2) - pry2 (M = -%2) s7/5 (M = Y2). VI

This function is seen to not only possess singlet But also to be symmetric with respect to the
charge conjugation operation (see Sect. V.G faseudsion of the latter symmetry property for

particle-antiparticle pairs). The optimal value file scale facton is 0.095 and the correct
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binding energy of @2 is obtained for A= 1.078% One should expect that the value of the
damping constant increases with improvement in ahe-particle basis and this behavior is
observed. The change in A relative to its 2s,2pe/ad 2.3%, which indicates that we are already
relatively close to the limit attainable with s gmdbasis functions. It is thus of interest to @ik

the results of the 5s,5p calculations in more tb&dow.
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TABLE Il. Total full Cl energy (in hartree) of tHewest states of various symmetries of the& system obtained employing the

5s,5p basis with scale factpr= 0.095 and exponential damping constant A = 1565 Tor the XBPS Hamiltonian of Table I.

Symmetry First Root Second Root
0 372025.142 561471.371
o) -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 IlI. Energy contributions (in hartree) of vaus operators (see Table | for definitions) fog @j ground state of the'e
system obtained employing the 5s,5p basis withestzaitorn = 0.095 and exponential damping constant A = 508 for the
XBPS Hamiltonian.

Operator Expectation Value

Kinetic energy 1992262.978

Coulomb -3233.894
Spin-same-orbit -378340.098
Spin-other-orbit -830993.650
Darwin Term 8889.119
Orbit-orbit -407592.397
Spin-spin -418648.776
Spin-spind 0.000

Total energy -37656.717

The energies of the most stabte states of each symmetry obtained in this treatraent
given in Table II, from which it is seen that thmwvest-lying O species is favored by a large

margin over the other states, being the only on&twls bound with respect to the separated
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particles at this level of treatment. Thet®al energy is broken down into contributionsnfiro
each of the terms in the XBPS Hamiltonian in TalileThe total kinetic energy is 1.99 x 40
hartree or 54.2 MeV, so it is clear that the twatipkes are tightly bound. The main attractive
contributions come as expected from the damped-Beeili interactions. The spin-same-orbit,
orbit-orbit and spin-spin terms are each in theepaf -4 x 18 hartree, while the spin-other-orbit
interaction is double this amount. The relativedeor of these contributions is easily
understandable in terms of the constants multiglgach operator in the Breit-Pauli interactions
themselve®? (see Table I). The cancellation between thesedtite potential terms and the two
repulsive quantities is very delicate, as seerhbyfact that the binding energy is only 1.88 % of
the total kinetic energy. By way of comparisongliould be recalled that the binding energy is
exactly equal to the kinetic energy in non-relatii treatments of atomic systems (by virtue of
the virial theorem).

It is important to note that a state composed &y srorbitals must give zero contribution
by symmetry for each of the above Breit-Pauli pp&erms, so it is not difficult to understand
that substantial g character is present in the optimal@vefunction. It is well known that the
p12 orbital is stabilized by spin-orbit coupling inoatic calculations, so this observation is also
not surprising from that point of view. The bindiisgconsiderably enhanced for the esystem
relative to the hydrogen atom because of the maofpef magnetic moment of the positron
compared to that of the proton, as demonstratdalote 111. In this sense the large binding of the
0 state can be thought of as resulting from a treloesly large increase in the,p- ps»-
multiplet splitting in the spectrum of hydrogenigstems. It might be thought that a.ppi
configuration would be even more stable on thisshdmit the added kinetic energy qf;pvis-a-

Vis s is decisive in avoiding this result. If the caktibns are carried out under the condition of
vanishing translational energl € O; see Sect. VI.B), it follows that the corresgimg function

of the electron-positron separation would be alptalr (more specifically ap species coupled
with the spin of the reference particle to prodad®solution).

The O state's composition is noteworthy in another wagmely that it possesses an
exactly vanishing expectation value for the Darnsfunction term appearing in the original
Breit-Pauli Hamiltonian, as can be verified usihg @bove sample wavefunction. This means
that the electron and positron never occupy theesapatial position when their spins are

identical. The expectation value of the Darwin temthe XBPS Hamiltonian itself (Table I) is
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non-zero in value (Table Ill), but this result stefrom the form of the exponential damping
factors employed in this case (same as for the sguime-orbit term). Thé-function term in the
spin-spin operator also has a vanishing expectatadoe for the 0wavefunction, with and
without the XBPS adaptations (Table Ill). This fésshows that the avoidance property for
electron and positron is not restricted to specfdbe same spin component since $he, scalar
product allowsa and 3 spins to have a non-zero interaction in rgénk view of the opposite
charges of the electron and positron it might lmeigjfint that these particles would prefer to be in
the same region of space much more than thesegegulild indicate, but one should not forget
that the Darwin term itself is repulsive in thisseaand thus its influence should tend to be
minimized in a variational treatment. This consadem does not completely explain the
observed behavior, however, as it must be assuhadstich a relationship between the two
charge distributions also maximizes the effectthefattractive terms in the XBPS Hamiltonian,
such as the spin-spin, spin-orbit and orbit-orbiefactions. Since the vanishing magnitude for
the various é-function terms is so clearly tied up with thé €mposition for the ‘&
wavefunction, there is good reason to expect timatas results will be found regardless of the
size of the one-particle basis set employed. IrPtke0 limit for this state discussed above, even
the expectation value of the exponentially dampeadnaih term must vanish exactly since it is
forbidden by symmetry from having an admixture ddpatial character. Such a function must
also be symmetric with respect to the charge catiog operation, in agreement with what has
been found in the calculations above for thev@vefunction with non-vanishing translational
energy.

The exceptional nature of thé @€ state also gives added support to the hypothesis
formulated in Chapter Il to the effect that suchnassless state of positronium is identical with
that of the photon at rest. Although this resulgimibe thought to be inconsistent with such an
assumption because the photon is normally assiinegmmetry, it should be recalled that the
photon state given the latter designation does awotespond to a massless system. The
experiments which demonstrate that the photon mes umit of angular momentdfit?, for
example, are based on a radiative emission pro&sse the dominant mechanism in such
transitions is electric-dipole in character, itléols that a change in angular momentum of one

unit must have occurred in the process, for bothatiomic systerand the photon itse(see Fig.
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3). In the creation-annihilation hypothesis, ati@mtis centered on the change in the atom's
angular momentum, but the premise in the XBPS misdblat a massless photon is present prior
to the transition and thus that its angular mom@angialso altered upon emission. On this basis
one can conclude from the rule for the vector aeolibf angular momenta that the original
massless photon must have possessed one of thssilpoJ values: 0, 1 or 2. Since it .is
difficult to imagine how a system with zero momanilas must be assumed for a photon with E
= 0, can have other than zero angular momentunfjrttimg that J = O is greatly preferred in the
present calculations for the proposéd ¢ight-binding state is actually easily reconcitmith

the results of the photon angular momentum measmntsn

Since the electric dipole moment has negative yaoite is also led to conclude ttiae
photon state after emission haglifferent parity than the initial massless staf@is deduction
would appear to contradict the presently calculdireding that the symmetry of the latter is O
but closer consideration shows that the assignwienégative parity to the state of the emitted
photon is perfectly arbitrary. Parity designatiaigarticles are always based on assigning one
of two possible values to some standard system,asnduch it is not possible to speak of
absolute parity determinatioii$on the basis of experimental evidence alone. éflaziieves that
the photon is created from nothing, it is perhagsiral to assign even parity to the initial photon
state, and consequently odd parity to a photon rgéee as a result of an electric-dipole
transition. The present calculations suggest andefistructure for the massless photon state,
with O symmetry, so that in this view one is led to cadel that the state of a photon observed
after an electric-dipole transition is actually, i.e. the opposite parity as conventionally
assumed.

At the same time, one can point to more generatudision’™ of the dynamics of
relatively light particles such as electrons ortriaas when confined to small (nuclear-like)
volumes which clearly suggest that it is highlyikelly that they exist in other than the lowest
possible angular momentum state under these citamces, which again in the case of a photon
would be J = 0. Higher values of J are easily cvadxe in conjunction with the translation of a
tightly-bound system, however, which correspondhéonatural 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 stgies that the most common process

involving a singlet initial state corresponds t6*a~ 0 transition (see Fig. 4). Such a process is
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well known to be forbidden by any radiative meckamiinvolving only a single photon,
consistent with what is observed (Sect. 1l.A). Asgible two-photon transition would proceed
with the aid of a 1 virtual photon state, in which case the two dephgtons would possess
respectively 1 and 1 symmetry, i.eof opposite parity to one another but of the saatal tJ
value. Since there is no net change of total amgatanentum in the overall process, it follows
that the two photons must have complementary aons, again as observed. On the other
hand, there appears to be no definitive meanstabkshing their relative parity experimentally.
All in all, it can be concluded that the calculasoappear to be perfectly consistent with both
experimental observations and fundamental thealettonsiderations with regard to the
symmetry properties expected for particles of light

The variation of the energy of theddate with the scaling parametgand the exponential
damping constant A is shown in Fig. 7. The minireakrgy always becomes higher as A is
increased, as already noted. The Ervgurve is closely related to the schematic totargym
diagram given in Fig. 5, wherelyplays much the same role as the reciprocal o$djuare root
of the inter-particle distance r by virtue of theakng properties of Gaussian functions. For
example, the expectation value <r> approaches twetbe right of Fig. 7 ag increases. The
damping of the Breit-Pauli terms (Table 1) produ@esharp minimum consistent with this
interpretation, and the depth of the minimum isnsee be very sensitive to the value of the
constant A. Qualitatively, it is easy to imaginerfr this diagram that a system trapped in such a
deep potential well would be extremely stable. Btahces to the left of the minimum's location
the energy increases sharply, passing well beyloaddro value for the separated particles.
Eventually as the Gaussian exponents are decréaskeir hydrogenic values) (O 10° - 10°),
the total energy peaks and then the positroniumitsmum is reached on the basis of the same
Hamiltonian. A change of state occurs along the,vaayvever, so that thé’ss"? configuration
becomes most stable. At this point the mean valfi¢se exponential damping factors are very
nearly unity, but they have the advantage of alhgna variational treatment of the hydrogenic
states while still retaining a form of the Breittfidnteractions in the Hamiltonian. At distances
smaller than that of the location of the deep pwdéminimum in Fig. 5, the energy is seen to
increase very sharply as a result of the steepedserin the magnitudes of' the exponential
damping factors in this region combined with theresponding increase in the magnitude of the

kinetic energy (see Fig. 6). Altogether, a consisficture emerges of a tightly bounteestate
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with a binding energy of exactly 2m? resulting primarily from an exponentially damped
attractive potential of relatively short range
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FIG. 7. Variation of the computed total energyKirartree) of the ‘& system as a function of the 5s,5p basis set schditgrn
in the XBPS treatment for various values of the diaug constant A. The horizontal line at the cemwtethe diagram corresponds

to the negative of the rest energy (&if) of the system. A value of A is sought which leaal this energy result for the optimum
choice ofn. Results for several other A values are also shfmvcomparison
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E. CONSIDERATION OF TRANSLATIONAL EFFECTS IN THE XBS CALCULATIONS

The calculations discussed thus far have yet tsidenthe magnitude of the translational
component of the total energy. As discussed in.SHcC, this can be done in several ways, the
simplest of which in the present context involvihg computation of the expectation value of
(=pi)? for the wavefunction already obtained. On thisidaisis found that the translational
energy is 1.3483 x fohartree, a very considerable amount. This resedtds to be kept in
perspective, however, when comparing with conveaticalculations in which the center-of-
mass motion is factored out. We have thereforeiezhrout the analogous treatment for the
hydrogen atom (employing a slightly larger 10s,5gi$), i.e.by also treating the translational
and internal motion together explicitly. A totalexgy of
-0.4660 hartree results, which is 0.0340 hartreghdri than the non-relativistic Schrodinger
equation value. The expectation value of the tedimsial energy <T> obtained with this
wavefunction is 0.015 hartree, which corresponda toean center-of-mass momentum of 7.42
a.u. Assuming that momentum increases proportigméth r' and comparing the value of the 0
e'e expectation value Table Il (Coulomb term, -3238tRurtree) to the unit value known for the
H atom ground state leads to an estimate of thestaional momentum of 2.400 x “1@.u.,
which upon multiplication with ¢ =™ corresponds to a translational energy for a msssle
system of 3.29 x TOhartree, roughly two-and-one-half times largemtitlae above computed
value. The pysi2 form for this state helps to minimize the expeotatvalue of T because it
leads to a py po> cross term which is necessarily negative (itr@pprtional to -|< p. p s2>f).

In other words, it is also possible to look upoe tielatively high stability of the Gstate as
resulting from its ability to minimize the transtatal energy with this type of wavefunction.

Since the goal of the present exercise is to olaastate with E-2mgc? i.e with no
translational energy, it is clear that the previopimization procedure based on <H> alone has
an element of inconsistency connected with it. Aaraative procedure is to minimize g& =
<H> - <T > in the scaling procedure, choosing tle@ngding constant A so that the lowest
internal energy is -2mc?. This can be done in two ways, as discussed ih S€B. In the first
method, the variational calculations are done ireddb the XBPS Hamiltonian as before, but the
decision as to which and A values to employ is based on the criterioproducing a minimum

value for <> of the desired magnitude rather than for <H>sTgrocedure leads to an increase
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in the optimum scaling factor tg = 0.27 (three times larger than before). Moreovtee, A
damping constant must be increased to 1.622reughly 50% higher than in the <H>
optimization) in order to have the *Eminimum vs.n to have the desired value. The value of
<T> is decreased in the process to 8.0857 Xhhftree. Numerically this result can be seen to
arise from a competition between the effect ofeasing A (which cuts down the influence of
the short-range potential terms) and that of irgiregn at the same time. The tendency rioto
increase is consistent with the effect discussaitatively in Sect. V.F, namely that in a state
which makes heavy use of short-range interactibesetis a definite advantage to having the
center-of-mass motion kept as small as possibles dllows the velocities of the two equally
massive particles to maintain roughly the samedpee thus draw more closely together on the
average.

There is a difficulty of another kind with the kttmethod of optimization, however,
namely that its charge distributions are determifnech Cl secular equations involving the total
Hamiltonian, whereas the criterion used for detamg n and A values involves something
other than the corresponding energy eigenvalue. dlteenative procedure of using <H - T>
directly in the variational procedure is even lsasisfactory, however, because as mentioned
earlier there are an infinite number of translatiostates with the same eigenvalug &d so
there is no guarantee that the lowest-energy statened in this type of optimization will have a
low value of <T>.

It needs to be emphasized that the primary godhefpresent calculations is to obtain a
wavefunction for a massleséeestate, which means <T>=0 and <H>=¢xE -2m,c?. If the
one-particle basis set is complete, both of th&t two optimization procedures discussed must
lead to identical results for the lowest-energyeaigalue and corresponding wavefunction,
whereas for the variational procedure based on x=Hthis result is only one of an infinite
number of possibilities and thus seemingly unlik®ypnetheless, the <H-T> optimization does
lead to one important result, namely it yields #dydower limit for the value of the exponential
damping constant A needed to obtain the desire@dbwigenvalue in an exact solution of the
damped Breit-Pauli Schrédinger equation. The epesrgbtained for <H-T>=<F must be lower
than those deriving from the perturbative approasing eigenfunctions of H alone to evaluate
them because of the variational nature of the forpmecedure. This point is verified in actual

calculations, and leads to an A value of 1.7#Meeded to produce the desired minimay><E
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value of -2ng«c?, some 10% larger than that obtained with the pleation theory approach first
discussed.

It should be noted that further improvements indhe-particle basis while maintaining a
fixed A value will cause not only a decrease in tfiaimum total energy <H> obtained for the
e'e system but also in the corresponding translatiema&rgy <T>. The qualitative arguments
mentioned above show how this occurs in practieanaly as <T> decreases, the absolute
magnitudes of the attractive short-range potemdiahs increase as a consequence, leading to a
lowering of the total energy as well. For exact efanctions the decrease in <H> and <T> must
be exactly equal in going from higher to lower levef translation, and this result can be
obtained even when the internal and center-of-mastion are not completely separated from
one another.

A more thorough discussion of this topic will b&e in Chapter X, but for the moment it
is important to recall the arguments of the preasgdhapter which indicate that the presence of a
square-root form for the relativistic kinetic engras well as the momentum dependence of the
various short-range potential terms in the XBPS Hamian precludes the possibility of
completely uncoupling the translational motion fréme internal. In particular, a transformation
to the usual center-of-mass coordinate system lEadsoss terms in the Hamiltonian involving
both relative and translational momenta. Such teamastotally absent in the non-relativistic
treatment, and as a result a perfect separatidheofwo types of coordinates is possible in this
case. For relativistic momenta, the situation israncomplicated, however. The cross terms
couple translational functions of different (angluléa quantum number but the same (total
momentum) |k|, so that the value of the translati@mergy is conserved in the process, as it
must be because of the commutation of H and T (Sé&>. At the same time, however,
internal functions of different angular momentunmagwm number also become mixed, which
means that the simple product wavefunction formtliertwo kinds of factors is lost for large k
values in such a relativistic approach. One ofrtfagn consequences of this coupling of the two
types of motion is that it can cause particleshef $ame rest mass to remain farther away from
one another on the average as a result of theasedetranslational energy of the combined
system. This characteristic is expected to be mosteable for states in which short-range r

type interactions dominate.
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The coupling of different | values for states ofthitranslational energy indicated in the
above discussion suggests that one-electron fursctmf high angular momentum may be
important in describing the desiredeetight-binding state when employing basis sets whos
functions depend on the coordinates of only a sipglrticle. To test this possibility an additional
series of calculations has been carried out empipg basis set consisting of 2s, 2p and 2d
primitive Cartesian Gaussian functions. As beforén whe 5s,5p test calculations in Sect. VI.D,
the same two exponents are used for each paimotifuns of the same | value. A constant ratio
of 2.0 is taken between these two exponent valaed,it is found that optimum results are
obtained when the larger of these two quantitiessahmalue of 0.14 x £Gx The influence of
the d functions is quite substantial, as indicditgdhe fact that the damping constant A must be
increased to a value of 1.2534 eelative to the 2s,2p result of 1.054% mentioned earlier in
order to obtain the desired binding energy of,2m The 0 state continues to have the lowest
energy in the full Cl treatment, as can be seemfii@ble 1V. The d basis functions occur in
ds2ps2 O products and such configurations make up 29.07##tectotal Cl wavefunction based
on the sum of the coefficient squares computed|€Tgh

The expectation value of the translational energyhis basis is 0.8896 x iMartree, a
37% reduction compared to the corresponding 2€8pltt When the optimization is carried out
with respect to variational <H-T> results for tHeele' state, one obtains a higher value for the
damping constant A of 1.7300%eas compared to 1.6995'én the corresponding 2s,2p
treatment. Thus the gap between these resultshortwo types of optimization methods is
reduced to 0.4766"ewith the addition of the 2d orbitals relative feetcorresponding 2s,2p
result of 0.6455 & The <E> = <H-T> eigenvalues for the lowest-lying states ofttea
symmetry in the 2s,2p,2d basis are given in TabjeNd they show that althoughr@émains the
most stable species, there is now a second statensgative energy, namely.1Since one
expects the order of pure translational states rfvemeploying relatively small basis sets) to be 0
< 1 < 2'..., this result is consistent with the formatidradranslational continuum based on'a 0

internal state, i.0" = 0 x 0" as lowest eigenvalue, 91 = 1" as second lowest.
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TABLE IV. Total full Cl energy (in hartree) of tHewest states of various symmetries of the system
obtained employing the 2s,2p,2d basis with scal®fa = 0.07 and exponential damping constant
A = 1.2534 & for the XBPS Hamiltonian of Table I.

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

A breakdown of the various energy contributionghie 0 wavefunction in the 2s,2p,2d
basis is given in Table VII for the case in whichi>is minimized to give the desiredee
binding energy. Comparison with Table Ill for the,%p basis shows that most expectation
values have decreased in absolute magnitude asult oé the addition of the d functions. The
lone exception is the orbit-orbit term, which is%28arger in absolute magnitude than before
with the 5s,5p basis. The translational energyetess far more than the total kinetic energy as
a result of the addition of the d functions, sasitclear that something more delicate than a

general increase in the diffuseness of the ovBralhvefunction has occurred.
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TABLE V. Self-consistent field (same fof and & (a) and CI (b) coefficients for the XBPS calcidatof the Q ground state of
the € € system obtained employing a 2s,2p,2d basis (expgsne anda,) with scale facton = 0.07 and exponential damping
constant A = 1.2534'e

a) Orbital SCF Coefficients (€)
o;=0.14 x 16 &~ 0,=0.70 x 10 &2

1s12 -0.96575 1.80548
251 2.28957 -1.70735
1pu2 -0.52009 1.41377
2P 1.91052 -1.38629
1psi2 -0.65233 1.50719
2Ps12 1.86950 -1.28411
10k -0.42116 1.31229
20k 1.66813 -1.11262
10k -0.49857 1.36280
205/ 1.64665 -1.05015
b) Configuration Cl

(orbital occupations) Coefficient

e €
1) 155 1pu 0.427541
2) 1ps 1si 0.427541
3) 252 1pu2 -0.272544
4) 1Pz 2512 -0.272544
5) 1S/ 2p1r2 0.136486
6) 202 1si2 0.136486
7) 2512 212 -0.280952
8) 20122502 -0.280952
9) 12 10k 0.263695
10) 162 1par 0.263695
11) 1R/ 20k 0.093143
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12)
13)
14)
15)
16)

2a2 1p32
2R 1tk
1d2 2p3
22 2Ckp2
2a2 2Pz

0.093143
0.167764
0.167764
0.197512
0.197512
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TABLE VI. Total internal full Cl energy (in hartrgef the lowest states of various symmetries of éfe system obtained

employing the 2s,2p,2d basis with scale fagjor 0.04 and exponential damping, constant A = 1.&3Cfor the XBPS

Hamiltonian of Table I.

Symmetry Lowest Root <H — T >
0 133281.417
o -37748.278
1 -5469.698
T 137451.214
2 144787.077
4 127712.122
3 227313.394
3 272696.240
& 373004.635
4 322805.296
5 440007.121

TABLE VII. Energy contributions (in hartree) of vaus operators (see Table | for definitions) fog f§ ground state of the'&

system obtained employing the 2s,2p,2d basis wilesactom = 0.07 and exponential damping constant A = 1.285#r the

XBPS Hamiltonian.

Operator

Expectation Value

Kinetic energy
Coulomb
Spin-same-orbit
Spin-other-orbit
Darwin Term
Orbit-orbit
Spin-spin
Spin-spind
Total Energy

1832136.978
-3049.568

-322271.655

-683215.569

4439.576
-523387.686

-342127.801
0.000

-37475.725




On the basis of these results it seems safe tdumthat further extensions in the one-particle
basis sets will simply lead to a gradual increasté value of the damping constant A needed to
have the total energy expectation value for tieé ystem equal -2p”. It seems plausible that
in the limit of basis set optimizations, the exjéicin value of the translational energy of the
lowest-energy wavefunction will approach vanishimggnitude. Similarly there is a good
indication that the symmetry of the lowedeestate will be Owhen this limit is reached. Rather
than going further with basis set optimizationstfus system, however, attention will be turned
to how a similar type of approach performs whenliadpto other two-particle systems. This
study will include the other particle-antipartick@naries mentioned above, as well as the
hydrogen atom, whose theoretical treatment is nityrfaund to be wholly similar to that of the
electron-positron system treated first.

F. THE PROTON-ANTIPROTON BINARY

As pointed out in Sect. V.D, there is a scalinggerty for the XBPS Hamiltonian (Table I)
which requires that for everye wavefunction there exists a correspondifyg polution with an
energy eigenvalue which is exactlygtimes greater in magnitude. The desirég pigenvector
can always be obtained from the relation:

Were(r) = Wpip- (Mod/Myp).  In other words for thep  system everything is played out in a
coordinate system which is contracted by a facfot886 relative to that of'e. The same
property exists for the translational energy operdi, so all results obtained above for the
electron-positron system can be converted over'po.dn particular, this result allows one to
employ the same value for the exponential dampimgstant as before, thereby giving this
guantity more of a general character than mighe¢mittse be assumed.

It might come as a surprise to see that the redyineding energy of 259(:2 = 1.876 GeV
comes from short-range effects which are genermdBociated with magnetic interactions, i.e.
Breit-Pauli terms, because the magnetic momertteptoton is so small compared to that of the
electron. Closer examination of the effects invdlvlowever, underscores the fact that the
relatively large mass of the proton is actuallytgueneficial in forming a tight-binding state

which takes extensive advantage of such short-ramgeactions. To begin with, there is the
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obvious fact that the kinetic energy associated \aitgiven momentum value is substantially
smaller for a proton than for an electron. The o@nce of the mass in the denominator of the
exponential arguments of the XBPS Hamiltonian (€alplis an even more significant factor,
however, since it leads to a drastic reductiorheéxponent of the damping function for a given
momentunvis-a-visthat for a lighter particle (Sect. V.D). This medhe short-range potential
terms are still going down in energy for inter-peiet distances much shorter than the o?
value favored by the'e system (Fig. 5). As usual, the exponential dampitighately prevents
the situation from getting out of hand, but theresponding fp” energy minimum occurs for®
a’/ my or 2.9 x 10 & (1.5 x 10'® m), making this probably one of the shortest-range
interactions occurring in nature.

The small magnetic moment of the proton only metfyad magnetic-type interactions
occurring at typical atomic separations (bohr radi) are nearly negligible compared to those
of electrons. By contrast, at the much smallerriptaticle distances preferred by thé&op
system, even the Coulomb attraction is far fromligéxe. For
r=a?/ m, the expectation value for this relatively longgarinteraction would be -938 MeV,
for example, which would be one-half of the totalding energy of the assumedppsystem.
From this point of view, the corresponding BreitdRP&nergy contributions, though considerably
larger at such distances, do little more than cauthie system's enormous kinetic energy, which
atr =a’/ Mep Can be estimated at 254 GeV (usings p for each particle). The XBPS
calculations for & indicate that the total*p” kinetic energy is somewhat smaller than this
value, with an estimate of 99 GeV resulting fromltiplication of the pertinent value in Table
[l by the myy/mqe ratio required by the scaling procedure.

By either of the above measures the cancellatioth@fkinetic energy due to the Breit-
Pauli terms is seen to be almost total, with abmetling energy contribution of less than 2%
compared to the total kinetic energy in either aystAs is evident from Fig. 6, it is difficult to
imagine that anything other than an exponentiadi;nded potential could achieve such a delicate
balance on a general basis. On the other hand,obitee arguments against assuming that
electrons are actually present in nuclei (SectAjJVhas been that no such potential can
supposedly be found. The present experience syrosigygests that this position should be
reevaluated. The Hamiltonian employed in the abiowmestigation allows for an equivalent

variational treatment of systems with binding eresgarying between 1.0 MeV and nearly 2.0

99



GeV, respectively, as well as a reliable descnptd conventional atomic systems by virtue of
its close association with the Dirac and Breit-P&oimulations of quantum electrodynamics

interactions.
G. THE INTERACTION OF A PROTON AND AN ELECTRON

It remains to be considered whether a strongly Hosiate also results from an analogous
treatment of the electron-proton system. The anssvelearly thaino such second minimum is
found corresponding to an inter-particle distanoe#ier than 1.0 boh(Table VIIl). Moreover,
the reason for this distinction between the and ge systems is easily understandable from the
earlier calculations with the XBPS Hamiltonian. Thesults of Table IlI for the’e system are
changed dramatically by the substitution of a pndtr the positron because of the disparity in
the masses of these two particles. The magnitudetheo various Breit-Pauli terms are
substantially reduced upon making this substitutieoause of the importance of the gfactors

in the corresponding operators (Table I). Only $p&é-same-orbit and Darwin terms with the
electron's (e/my)? prefactor survive for all practical purposes. Byntast the kinetic energy is
only halved because of the change in particle méeseby destroying the delicate balance
mentioned in the last section between the attracnd repulsive components of the total energy

for both the & and Pp’ binary systems.
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TABLE VIII. Total full Cl energy E (in hartree) fothe lowest state of the'g hydrogen atom system obtained employing the
3s,2p,2d basis for various scale factgrand a fixed value of the exponential damping camisA = 1.2648 & for the XBPS

Hamiltonian of Table | (* indicates minimum).

n 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
3.0x10° -0.195469
2.0x 10° -0.339412
1.0 x 1¢° -0.425769
9.0 x 10° -0.428911
8.0 x 10° (*) -0.430521
7.0x 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

The results of Table Ill correspond to die énter-particle distance on the order dfl o,

but as we have seen, the maximum binding for tpegystem occurs when the corresponding
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separation is gymee times smaller. At this distance all energy valiresTable Il can be
multiplied by a factor of 1836 to obtain the copesding pp results because of the scaling
property discussed in Sect. V.D. If the mass of #ectron is substituted for that of the
antiproton at such a small distance, the kinetiergyis only slightly reduced according to the
classical Einstein free-particle expression. Ondtier hand, the corresponding damping factors
for the electron are very close to zero for sughhnomenta, and so only the two BreitPauli
terms with the (e/rd;;)2 pre-factor are left (relatively) unaffected. Asresult the required
cancellation of the attractive and repulsive temaslonger takes place and an extremely large
positive total energy results for théepsystem in this range of inter-particle separatinp.
choice of basis set succeeds in binding the ele@nal proton more strongly together than is the
case for the hydrogenic 1s state. For exampleyskeof electronic functions which are optimal
for the strongly bound ‘e system along with proton functions which are 18®6es more
compact (corresponding to their optimdppcounterparts) also produces only negative binding
energies.

These results can again be understood on a gisaitadsis by considering théegdsystem
in its own center-of-mass coordinate system. Thelition of equal and opposite momenta (see
Sect. V.F) now requires that the electron movesgesed which is 1836 times greater than that of
the proton. This requirement forces the particlestoid each other by wide margins if high
speeds are to be maintained, making the type at-sllage momentum-dependent interaction
represented by the Breit-Pauli interactions verffective in producing binding under these
circumstances. Such distinctions in the relativaigda masses for binary systems are of only
minor importance when the Coulomb interaction dates, howevenvhich explains why we
normally regardpositronium as just anothlydrogenic systenBy simply decreasing the values
of the exponents employed for the Gaussian bagsistins, one eventually finds that the
variational treatment of the XBPS Hamiltonian letm$®inding energies in the 0.5 hartree range
(Table VIII) expected for the ground state of theltogen atom. No amount of exponent opti-
mization produces a second minimum at shorter -jpaeticle separations for this system, in
marked contrast to what is observed when emplotfieganalogous Hamiltonian for théseand

p'p systems.
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H. EXTENDING THE XBPS MODEL TO NEUTRINO INTERACTION

In Sect. V.E it was remarked that if the rest n@Eghe neutrino is exactly zero, its charge-
to-rest-mass ratio might be non-vanishing desp#tdaick of electric charge. By providing the
XBPS Hamiltonian with such g/giactors in the various exponentially damped BRaitili terms
it is then conceivable at least in theory for tleeitnino to undergo attractive interactions with
other particles. In this section we will test thsssibility by means of explicit calculations. The
first question that arises is what value to usegfém,,. Consideration of the scaling arguments
discussed in Sect. V.D shows, however, that thigcehis not critical for th@ v system itself. If
we simply assume that the charge-to-mass ratiothéoneutrino and antineutrino are equal but
of opposite sign, we obtain a Hamiltonian (see &alith the following representative terms:

H (D, 1, 6, Mo) = pa™ - (a/moy)’a’r® F(p, g, my). V1.2

This operator is identical in form to that employiadSect. V.D, except that all the terms with
factors of ¢ or my which do not appear as ratios of one another assimg because of the
assumed vanishing magnitudes of the neutrino'gehamnd rest mass.

With this special form of the XBPS Hamiltonian stpossible to scale the coordinates in a

slightly different manner than before, namely with

p" = (A/Mx)(Q/Mo) ™" p
and r'= (/M) (Q/Mo) T, VI3

S0 as to obtain the following result:

H(p, r, ¢, my) = (qzlmOV)-l(Q/MO)
x{p’ /o™ — (FIMA® r 2 F(p', Q, My} V1.4
= (@/Ma) " (QMo) H (p", 1", Q, M),

where H (p’, ', Q, M is the corresponding Hamiltonian in the primedrdinate system for

particles with a different value of |[gfmThe operations are exactly the same as in thes ma
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scaling procedure of Sect. V.D, but the relativargke-to-mass ratios are involved instead of
relative masses. It must be recalled, however,ttlf@asimple relation between the two different
Hamiltonians in this case only holds for=m, = 0. Under these conditions the lowest possible
energy eigenvalue for thev system,i.e. 2m,c’. is exactly zero as well. As a result, a
wavefunctiony(r) satisfying the corresponding Schroédinger equretvith this eigenvalue can be
converted by means of the above coordinate tramsfioon [eq. V1.3] into an eigenfunctiap(r’)

of the primed Hamiltonian, which by virtue of thboae scaling property also possesses the
desired vanishing energy. In short, if we can findamiltonian of this type which gives E = 0 as
the lowest eigenvalue for thev system with a given J@m,,| value, we can easily repeat the
process for any other charge-to-mass ratio. Itlwmamoted that for this situation to hold, it is
essential that the argument of the damping exp@iegerator F also contain a g/factor.

The next point that merits discussion is whethenakes sense to talk of a bound system
with the same energy as its separated productbjsicase E=0 . The answer is clearly yes as
long as the combined and dissociated systems pagated by a reasonably large energy barrier.
With reference to Fig. 5 for the'& system, it is easy to construct an analogous tmargy
curve for thevv system which satisfies this requirement (Fig.B&cause of the absence of the
long-range Coulomb interaction in this case, wetneupect that the energy first goes up as the
neutrino and antineutrino approach each other feolang distance. The kinetic energy itself
rises more slowly with decreasing separation tlwarttfe ée” system because it varies linearly
with momentum for systems with no rest mass. Assallt, one doesn't expect the atomic-like
potential minimum of Fig. 5 in this case, but rattiet the energy should increase steadily until

very short inter-particle separations of roughlya®?

(for gy/myy = 1.0 a.u.). A maximum seems
likely at that point, similarly as for'e , because the Breit-Pauli short-range interactsiag to
change more rapidly than the kinetic energy. Aftes point it is simply necessary that the
exponential damping halt the attractive tendencgrwthe total energy has again reached the
value of zero. The kinetic energy begins to dong@matce 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.

104



E/E,
E(vV)
Photrino
Fenin— ocz(qV/ m,) ’
Ein=
0

rl= pla,

FIG. 8. Schematic diagram showing the proposedtiari of thev V system's internal energy as a function of theprecal of
the distance between the two constituent parti@esy one minimum is expected, in contrast to tfe ease shown in Fig. 5, at
which point the total energy vanishes exactly, ¢erresponding to a binding energy of Rftf for the tightly boundvV
(photrino) system.

The present scaling argument tells us that ityeddles not matter what value is chosen for
|g,/mey| to demonstrate this effect, but to obtain the tnstightforward possible comparison
with the ée system, it is reasonable to take it to be unifythe former 5s,5p basis is employed
(see Sect. VI.D) in the corresponding XBPS calootest it is found that the zero-energy
minimum occurs for a damping constant A which itya@hlghtly smaller than the corresponding
e'e and pp value (Fig. 9). This result is easily understobdrie uses the optimum scale factor

and A value derived from thée calculations, for which the lowest-energy eigenedb
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-2muec®. This means that the damped Breit-Pauli terms IETBbwill have the same magnitudes
for thevv system (with |¢fme|=1.0 a.u.) as for the’& system in Table Ill. The Coulomb
component is missing, however, as are the’rerms in the kinetic energy. The two electronic
MoeC’ terms appearing with minus signs in the kinetiergy expression for'e” make up the
entire difference in the assumed binding energiethe two systems, so we can effectively
ignore them in the following discussion. This me#mat there are only two effects remaining
which can cause a non-zero binding energywforwhen employing the same damping constant
as before for &. One of these favors the latter system (Coulontactton), while the other
favorsvv [i.e pc vs. (fc® + mch)Y?. Of these, the Coulomb effect is larger in maggit for
the inter-particle distance range in question,tbatenergy difference (2680 hartree) is relatively
small compared to the'@ binding energy. Thus to obtain an exactly zeralinig energy value
for thevv system in the same basis set, it is only necededgwer the value of the damping
constant A by 0.0007%

This result ignores translational effects, howeward so it is interesting to carry out the
optimizations based on the, Expectation value, <H> - <T>, rather than on tbiathe total
energy alone (see Sect. VI.E). As before with,avhen this is done the required value of A
must increase in order to obtain the same bindimgygy as before. If the same value of A
(1.7725 &) is employed which gives the correct A binding energy value of -37557.7 hartree
for €'e using the <B> criterion, a total internal energy of 897.2 heetresults fov v, which is
about three times smaller than in the analogowgnrent employing the optimal A value (1.0775

e) for €'e based on the <H> computations.
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FIG. 9. Variation of the computed total energyKimartree) of th& V system as a function of the 5s,5p basis set sghdiriorn

in the XBPS treatment for various values of the piag constant A. The horizontal line at the cenfiethe diagram corresponds
to the null rest energy (20t of the system. A value of A is sought which le&ishis energy result for the optimum choice of
n. Results for several other A values are also shfownomparison.
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In view of the fact that the present full Cl cakltibns fall short of providing exact
solutions of the Schrédinger equations under canattbn, it seems justified to conclude that for
all practical purposes the same damping constatitanXBPS Hamiltonian leads to minimal
binding energies for the three particle-antipagticinary systems studied which are each equal to
-2myc?, in accordance with the expectations of the thedispecial relativity. This result is exact
for e'e and gp, but only accurate to a good degree of approxonair thevv system based
on the calculations carried out thus far. Moreovlee, second scaling theorem discussed above
[eq. VI.4] shows that this situation holds for ashoice of the charge-to-mass ratio assumed for
the neutrino. The latter finding thus offers a neahdescribing more than one kind of neutrino
in the present model, consistent with what has beé&rred from the results of various
experiment€ and other theoretical consideratibhsee Sect. IV.B).

[. NON-IONIZING PROPERTY OF NEUTRINOS

The total energy curve of Fig. 8 forva interaction derives its attractive characteristics
from the short-range Breit- Pauli terms in the XBR&niltonian by virtue of an assumed non-
zero charge-to-mass ratio for the constituent @gadi This assumption needs to be reconciled
with the observation that neutrinos have essentral magnetic moment. In at least one sense
the total energy variation shown in Fig. 8 is cetesit with the experimental findings related to
this issue, however, namely with the lack of ioticza exhibited by neutrinos and especially
their ability to penetrate essentially unhindetewagh dense matter

For a particle to cause ionization it is necesshaay it be attracted to an electron (or other
charged system) to a close proximity. Because eflaélck of a Coulomb interaction the total
energy for the hypotheticalv system should rise as the two constituents conseclwgether.
Before the attractive Breit-Pauli terms can revdhse trend, it is necessary that the neutrinos
approach each other very closely, to at leastor ¥he possibility of undergoing a long-range
attractive force thus clearly distinguishes elat$r¢Fig. 5) from neutrinos (Fig. 8). If we look
upon ionization as requiring some kind of orbitadtion for the colliding (point) particles, this
distinction can be crucial since it means that ¢katrifugal force must exceed any opposing
attractive force in the'@ or vv interactions at all but extremely small inter-pagiseparations.

In this case, a hyperbolic trajectory would be etpe almost universally. There is always a
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large centrifugal barrier which needs to be overepand the particles must come very close to
one another before this is feasible, even if dyfdarge g/m value is assumed for the neutrino.
An automobile with such a total energy profile @buace down the highway with reckless
abandon, certain to be repelled whenever it camgalese to any other object. The only danger
would be that it might approach something so closglextremely high speed that the short-
range attractive force would finally be able to meene the repulsive force. Such a picture is
very reminiscent of the behavior of neutrinos ie fReines-Cowan experiméhtin which an
extremely small cross section for neutron formatbr10*® cnt is observed.

The conclusion that a non-zero @g/malue necessarily implies a non-zero magnetic
moment would also seem to overlook the possibiligt the mass of a neutrino is only zero at
rest. The ratio of the charge to tieativistic mass is a more relevant quantity in determining the
results of magnetic interactions, and this is dyamtro whenever the neutrino is in motion
because no corresponding change in its electromzge occurs as a result. The dominant
formula used in describing cyclotron dynamics, pn¥ = gBr, leads to the conclusion that a
chargeless particle cannot achieve orbital motioth \& finite radius, for example. The key
assumption in formulating the XBPS Hamiltonian &ttthe coupling constants are ratios of
charge to rest mass, and without this provisionshert-range minimum in either Fig. 8 or 9
would not be possible. In general, it should nofdrgotten that virtually everything one knows
about electromagnetism stems from experiments imidividually charged particles (see also
Sect. V.E), even if the macroscopic system beirgeoled possesses zeret electric charge. A
suitably relativistic treatment of electromagnetismphasizes that electric and magnetic fields
are always inextricably intertwin&d, so the inability of either producing or beingeaffed by an
electric field is at least suggestive that a chiaggeparticle (as opposed to a collection of chirge
particles with no net charge) is not affected bynaic fields either.

Support for this view also comes from the classeglerimental result that the magnetic
force is no more short-ranged than its electricntepart. The force per unit length on an
electric wire, for example, varies as the prodddtsocurrent and that of a neighboring wire and
is inversely proportional to the first power of tlistance between thém There is little hint of
a short-range effect in this behavior. The theoattexplanation for this result lies in the (negarly
constant velocities of the electrons involved iolsexperiments, which implies that the quantity

mvr/r = I/r is constant as well. Iguantum mechanical interactions the more typidalasion is
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that | (or s) is constant, so that an energy tefroraer fr varies as the inverse cube of the inter-
particle distance rather than a& 1Since the Lorentz transformation is lin8dr® it is not
possible to change the distance dependence ofteradtion simply by moving with a constant
velocity away from the event. This circumstance esak possible for electric and magnetic
fields to be transformed among one another desh#e apparently different mathematical
forms. The fact that particles don't always moveaistant velocities opens up the possibility
that related short-range interactions also exmsiydver, as suggested by the appearance of the
Breit-Pauli operator§? This eventuality raises interesting questionsuaiioe manner in which
the damped Breit-Pauli terms in Table | vary upppligation of a Lorentz transformation, and
these merit careful consideration. For the preseoivever, we can conclude that a non-zero
charge-to-rest-mass ratio for the neutrino doe®roH# way of rationalizing its extreme
penetrability through dense matter, while at thmesdime leaving open the possibility of its

undergoing a strong interaction under certain wefined circumstances.
J. RESULTS OF CALCULATIONS FOR OTHER BINARY SYSTEMS

There are 21 distinct binary systems that can bmdd from the proton, electron and
neutrino and their respective antiparticles. Ofséhé¢hree are of the particle-antiparticle type
already discussed, while the other 18 divide intorgrelated to one another by charge
conjugation. One such example i€pwhich has the same Hamiltonian a8 fby virtue of the
fact that the charges of the respective constituappear as products of one another in all
interactions (or as an absolute value in the expieledamping functions). Three of the
remaining pairs are diagonal cases involving twentatal particles. No binding is expected as a
result, in accord with the results of explicit adétions. The various Breit-Pauli terms are
attractive for certain angular momentum stateshsois not such an obvious result. The strength
of the attraction is never enough to outweigh timetic energy contributions, however. Another
three pairs are easily dispensed with as well, hamp&, p'v and ge’ and their charge-
conjugated partners. If we assume a negative gatue forv, the gv system is seen to be quite
similar to ge, at least as long as the absolute value of thegelta-mass ratio is close to unity.
In all cases it is assumed that the damping cohgtan a given basis is the same as has been

found in the & calculations discussed above.
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This leaves two such pairs of binary systems undensd, & and év and their charge-
conjugated positron systems. Of these, only the avith g/my values of opposite sign for their
constituents are interesting in view of the exper&with the other binary systems. Because of
the fact that electrons and antineutrinos commanppear together as decay products of
neutrons, it is tempting to associate a positiv@,qfalue with v. The similarity to & is
expected to be particularly great if this quanistassumed to be unity, in which case the results
of Table Il again become pertinent. Especiallythié translational energy is excluded from
consideration, it has been found above thatandv v are characterized by very nearly the same
wavefunction in their respective lowest-energyedaifThe maximum binding energy of the e
system can thus be anticipated to fall midway betwiie corresponding values féeeandvv.
This expectation is very nearly fulfilled in expticalculations with the XBPS Hamiltonian in
which it is assumed that géns 1.0 a.u. for thev species. A binding energy of -15872.194
hartree is computed when the same 5s,5p basispgboged which was found to be optimal for
both €€ andv v (see Sects. VI.D and VI.H).

Since it seems certain that no such bournd system actually exists (it would correspond
to the mutual annihilation of the two particles time conventional description for particle-
antiparticle pairs), it can be concluded that sadhigh value for they charge-to-mass ratio is
unacceptable. We can eliminate any computed bingditigthe electron by decreasing the above
g/m, value, however, and repeating the scaling optiticiagorocedure for the corresponding e
system (while again maintaining the damping corisfamt its previous value). The resulting
minimal energies .are plotted in Fig. 10 as a fiancbf the assumed glwvalue. There is a
simple relationship between this quantity and thenoum scaling parametetr namely they are
found to be inversely proportional to one anothéris result is consistent with the second
scaling theorem discussed in Sect. VI.H, which shtvat the optimal value of is inversely
proportional to the square of the |gfmalue assumed for the neutrino in a treatmerthef

hypotheticabv system.
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FIG. 10. Variation of the minimum value of the camgd total energy (in khartree) of théVe system (obtained by optimizing

the scale facton) in the XBPS treatment employing a 5s,5p basisgsetn as a function of the antineutrino chargeetst-mass
ratio g/my. The value of the exponential damping constansgumed throughout (1.077%)ds taken from the results of the
analogous & calculations in the same basis.

On the basis of the above considerations it appéaty that the |g/rg] value assumed for
the neutrino and antineutrino’ cannot be greatan ;7 a.u. and still avoid the prediction of a
bound év system in nature. A value exceeding zero by a goadyin is still tenable on this

basis, however, since it would allow forva system with a zero binding energy which is
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nonetheless separated by a large barrier from igsodiation products. The above scaling
arguments show that the inter-particle distanceslved must decrease as the value gfrig| is
lowered. It also should be noted that the symmeftithe lowest-energy @ state is also found to
be 0, so that the analogy with théeetight-binding state appears to retain its validityer a wide
range of |¢fmy| values. There is a tendency to emphasize theclparacter of the electronic
function over g, as the antineutrino charge-to-rest-mass ratioedses, as seems reasonable
from the nature of the Breit-Pauli terms and thgunreement of minimizing the total energy for
the resultant  system (the charge-conjugation symmetry is clearigsing for this binary

system).

VII. NUCLEAR BINDING IN THE XBPS MODEL

The questioning of the creation-annihilation hymsils considered in the previous chapters
has led to an alternative interpretation of paet@mhtiparticle interactions in terms of a
Schrodinger equation whose Hamiltonian contains erdom-dependent short-range operators.
According to this model the electron and positran be bound so strongly to one another that
there is a total loss of mass relative to theipeetive free-particle states. Since nuclear binding
processes are well known to be accompanied byndigins in the total masses of products and
reactants, in accordance with the predictions efttieory of special relativity, it is natural to
speculate that the same types of interactions nghinvolved in the "€" interaction. The
exponential form of the attractive potentials emyplbin the XBPS Hamiltonian follows at least
partially from this line of reasoning.

There is another similarity connecting these twpety of phenomena as well, however,
which again is tied up with the supposition thatteracan be created and destroyed by the gain
or loss of energy. As discussed in Sect. IV.A, dbeepted view of the role of the electron and
antineutrino in nuclear interactions is that theg ereated whenever a neutron decays but that
they are not present in the bound nuclei thems&\v&ke alternative interpretation which will
be pursued in the present chapter is that the oreus akin to a tri-atomic molecule, i.e.
composed of a proton, an electron and an antimeutii has negative binding energy and is thus
analogous to an excimer system commonly encount@redolecular physics studies. A key

element in the ensuing theoretical model is thatnreos are capable of being strongly attracted
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by other particles, but only at very short rangee Ev model system treated in the last section

is the starting point of this investigation.

A. INITIAL CALCULATIONS OF THEp ‘eVv SYSTEM

The XBPS Hamiltonian (Table I) has a single freeapeeter, the exponential damping
constant A, and it has been fixed by the requirdrieat the binding energy of each of the three
particle-antiparticle binary systems be 2min a full Cl treatment employing a given one-
particle basis set. Otherwise, all that is neededdmpletely define a system’s Schrédinger
equation are the electric charges and rest magsbe somponent particles. In the case of the
antineutrinov these are assigned to be zero in each instantéhdpossibility that their ratio
has a non-zero value is left open as a means déiakp this particle's role in the nuclear
binding process. The actual value for the antimeo’s charge-to-rest-mass ratio has not been
specified as yet, primarily because it has beenddhat the requirement of a vanishing binding
energy for thevv binary system cahe satisfied for any choice of this quantity’s magte. A
potential solution to this problem is provided e t'tri-atomic hypothesis" for the neutron's
structure, however. Accordingly, we will simply dend that the magnitude of the antineutrino’s
g/m, value be such as to lead to the experimental &statgy of the neutron when solving the
XBPS for the pev system to which it is assumed to correspond in ghesent model.
Specifically, the binding energy of the latter gystshould be equal to -28758 hartree (0.7825
MeV), which corresponds to the difference in thet reasses of the proton-electron combination
and that of the meta-stable neutron.

The first series of calculations carried out todstgative this hypothesis employs the
simple 2s,2p Gaussian basis mentioned in SectD\(éxponents of 2.0 x f@and 1.0 x 19a,?
in both cases). A scale factgris then defined as before to be optimized so asbtain the
minimum energy possible for a given choice ghg,. Strictly speaking, only a local minimum
is of interest in this case, since the desiredgner greater than that of the separated products,
but the range ofy involved is anticipated to be in the same neighbod as for the ‘e
calculations considered earlier. The minimizatisncarried out in terms of the total energy,
although the magnitude of the corresponding tréieslal energy will also be determined.

Accordingly, the value chosen for A is 1.054% since it gives the correct binding energy in the
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analogous treatment for théeesystem (Sect. VI. D). For all giwalues forv it is found that
the lowest energy eigenvalue in the interestingeaofn occurs for a state of I/2&ymmetry. A
minimum with close to the desired total energy (3@ hartree) occurs for a scale faatoof
0.18 and a g/gwvalue of + 0.5733 a.u. The corresponding variatibanergy withn is shown in
Fig. 11, while the dependence of the minimal tetargy as a function of the assumed g/m

value forv, i.e.as obtained by optimizing in each case, is given in Fig. 12.
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FIG. 11. Variation of the computed total energyKiartree) of the J& V (neutron) system as a function of the 2s,2p bertis
scaling factom in the XBPS treatment for various values of théreutrino charge-to-rest-mass ratio q,/ithe horizontal line
at the center of the diagram corresponds to therarental total energy of the neutron at rest. Valeie of the exponential
damping constant A assumed in each case (1054 &ken from the results of the analogole ealculations in the same basis.
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FIG. 12. Variation of the minimal’p V system's computed total energy (taken from Fig.25]2p basis) as a function of the
antineutrino charge-to-rest-mass ratio g/ithe horizontal line at the center of the diag@nresponds to the experimental total

energy of the neutron at rest.
Although the above calculations are fairly crudeduse of the small number of functions

in the one-particle basis employed, they nonetBélkstrate a number of features of the present
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theoretical model which can be expected to berrethas the level of computational treatment is
improved. To begin with, the fact that a minimumtatal energy is always found demonstrates
that the short-range potential employed is capableinding the above three particles together
within a relatively small volume. The computed bingl energy is relatively sensitive to the
choice of thev g/my, and indicates that for values close to +1.0 theige v system would be
more stable than the neutron actually observedrarpatally. The corresponding optimal
values are indicated in parentheses in Fig. 12,aaadseen to increase rather quickly as,g/m
decreases. There is thus a tendency for the comstiparticles to draw more closely together at
the same time that the total energy is increasurind the same variation. This is very similar to
the experience noted for thevesystem discussed in Sect. VI. J (see Fig. 10)¢chvim turn can

be anticipated based on the coordinate-scalingnaegts of Sect. VI. H. It is also clear from
comparing Figs. 10 and 12 that the rate of increasttal energy caused by lowering the

antineutrino’s g/mvalue is somewhat greater for th& éinary system than for tri-atomi¢gv

The wavefunction corresponding to the experimemgaitron binding energy is shown for
the present basis in Table IX (SCF orbitals andl @il coefficients). It is relatively easy to
analyze these results because the proton is seatcapy a single s-type orbital almost
exclusively in the small basis employed. For eaddpct of three spatial orbitals, there are two
doublet states possible, constructed from the thp@eproducts (M= +1/2):aal3, alRa and o
(spins given in order of gV, a for my= 1/2 and R for m= -1/2 for both g, and p,, spin-
orbitals. In the calculations the two doublets apresented by the linear combinatiogs:=
(2/3)"2 aaB -6 (alRa + Raa) andx, = 22 (aRa - Roa). In this basis the preferred spin
combination is (3/4¥ x; + (1/2) X2, which thus reduces = 2 (aaR -aRa). In essence the
proton therefore almost always hasspin, while the @ pair forms a singleto3 - %)
combination which is very reminiscent of thes@ate preferred by thée system and the other
particle-antiparticle binaries studied, as welleas itself. The g, S1/2 configurations are again
preferred for the ' ® complex, just as in the absence of the protonthmitorresponding s pa2
product also makes a substantial contribution ichesase. This type of polarization of the

wavefunction is greater for thé pv system, however. Clearly the;M -1/2 component of the
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1/2 state can be obtained by invertingal{ and 3 . spins, which in effect means that ttotqgor

with 3. spin is then bound to the same © structure as before.
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TABLE IX. Self-consistent field (a) and selected @) coefficients for the XBPS calculation
(order 176) of the 1/Zground state of the*pv neutron system employing a 2s,2p basis=
0.36 x 16 &2 anda, = 0.18 x 18 &™) with scale facton=0.18, exponential damping constant

A=1.054 € andv g/m, value of 0.5733 a.u.

a) SCF Coefficients
Orbital v
(o1 as of oz o a2
1sy, 1.62047 -1.88386 -1.23308 2.15739 -0.01823 -B884
2s1p -0.72534 2.37670 1.99702 -1.47876 1.01666 2.26743
1pyo 1.52029 -1.26858 -0.47744 -1.92162 -0.55928 1399
2pi2 -0.67147 1.86271 1.38257 1.41742 1.44199 -1.35692
1ps 1.52029 -1.26858 -0.76754 1.82523 -0.23080 -B566
2p312 -0.67147 1.86271 1.58427 -1.18771 1.19238 1.58076
b) Configuration Cl (1/2)
. (otbital occupatic_ms) Coefficients *
p e v

1s,, lpw 1s,, 0.572975 0.331858

lsp 2py lsp -0.211011 -0.122144

2sp 1pe 1sp 0.082410 0.047579

1s,, 1py 2s -0.242427 -0.140535

1sp 1sp 1pe 0.274353 0.158440

1sp 1s, 2Py 0.141213 0.081532

1sp 251 1pe 0.255488 0.147615

1sp 2511 2Py 0.279461 0.161382

1s,, 22 2 0.196547 0.113694

1pz 1pi 1pe -0.023543 -0.040888

2sp 1sp 1pe 0.058872 0.033968

2sp 231 1py 0.061997 0.035741

2sp 2s, 2p 0.055680 0.032099

1 1sip lsp -0.054191

e 2sp 1sp -0.057859

1psz 1pp 1pi2 -0.067169

1ps 1p, 2Py -0.060622

*Two configuration-state functions are needed tanstghe spaces corresponding to (1/2) (1/2) (1/2ppations (as defined in
text), whereas only one such function is neededhi®icorresponding (3/2) (1/2) (1/2) species; alifigurations with at least one

ClI coefficient whose absolute value exceeds 0.84isted.
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B. THE MECHANISM FOR PROTON BONDING IN THE p+e- v SYSTEM

A comparison of Figs. 10 and 12 helps to illusttht origin of the proton binding process
in the present model. The energy difference redait€ v and pe v in the same (2s,2p) basis
are plotted against the assumed gimlue forv in Fig. 13, and show that the proton binding
energy increases as this charge-to-mass ratiodisceel from its original value of +1.0 a.u.
Because of the small gimwalue of the proton it is to be expected that delyns in the XBPS
Hamiltonian (Table I) which do not involve this ouidy will be important. An analysis of the
p'ev total energy for thev g/m, values of 1.0 and 0.5733 a.u. is given in Tableand Xl
respectively, including corresponding results fptiroal treatments of the @ system in its
lowest-energy Ustate. The proton's kinetic energy contributioreiatively small because of its
large mass, but at the interparticle distancedvedothis quantity still works effectively against
net binding . For th& g/m, value of 0.5733 a.u. which leads to the experialemtutron total
energy for the fev system, it is found, for example, that the protoretic energy is 36401.887
hartree, compared with a value of the proton-edectCoulomb attraction contribution of -
5189.462 hartree. The latter result corresponda toean electron-proton distance of 362
bohr (10.2 fermi). There are two other XBPS terorstiie proton which do not involve its own q
/m, value, however, which play a decisive role in bieding process, namely the spin-same-
orbit and Darwin terms involving only the squardsither the g/m values for the electron or
antineutrino (Table I). Consequently, these termescd the same order of magnitude as their
counterparts in the'e calculation (see Table 11I).

The magnitudes of these contributions to tAe'p energy depend very much on the
characteristics of the various occupied spin-olhithowever. A strong contribution toward
proton binding comes from its spin-same-orbit iatdion with the electron when the latter
occupies a f, orbital while the proton occupiegs(see Table IX). This attractive interaction is
countered by the corresponding term involvimghowever, because the latter also occupjes p
heavily and its g/mvalue is assumed to be of opposite sign to théheflectron. The Darwin
term also is characterized by large contributianthe gev total energy in which the proton is
directly involved, however. In this case it is #etineutrino which provides an attractive force
for the proton, however, which is countered onlytipfly by the corresponding repulsivéep

Darwin term contribution (Table I).
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FIG. 13. Difference of the computed total enerdieskhartree) of the'd and § € V systems (with separately optimized scale
factorsn) as a function of the antineutrino charge-to-resss ratio g/m(2s,2p basis).

TABLE X. Energy contributions (in hartree) of vau® operators (see Table | for definitions)
and particle combinations for (a) the 1gPound state of the’g v neutron system and (b) the 0
state of the isolated @ binary obtained by employing the 2s,2p basis withle factom =
0.115, exponential damping constant A = 1.054md antineutrino g/gralue of 1.0 a.u. for the
XBPS Hamiltonian.

a) Operator e p'v ev Total (Fe V)
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Kinetic Energy 23276.671 (p 1117472.413(¢ 1133826.572V) 2274575.656
Coulomb -4305.801 0.000 0.000 -4305.801
Spin-same-orbit -172833.434 48470.883 -395254.117 519616.667
Spin-other-orbit -31.731 27.278 -875528.194 -875632
Darwin Term 92782.662 -228814.351 19549.016 -1163082
Orbit-orbit -44.084 129.057 -450397.290 -450312.316
Spin-spin -0.550 -0.132 -447017.344 -447018.026
Spin-spind -0.223 -1.938 7381.956 7379.795
Total Energy -131312.679
b) Operator Total (V)
Kinetic Energy 2247935.736
Coulomb 0.000
Spin-same-orbit -411800.053
Spin-other-orbit -916668.797
Darwin Term 8317.250
Orbit-orbit -480109.984
Spin-spin -461579.506
Spin-spind 0.000
Total Energy -13905.355

There is thus a fairly complex system of interaticavailable among the Breit-Pauli
terms, whose net energy contribution depends on rhagor factors: a)the character of the
orbitals occupied respectively by the three pasticland b) the assumed value of the
antineutrino’s charge-to-rest-mass ratio [since ¢baesponding spin-same-orbit and Darwin
interactions with the proton depend on the squétlis quantity (Table 1)]. The easiest means
of grasping the influence of these various factorthe proton binding energy is to first examine
the situation for g/m(v) = +1.0 a.u. If the orbital occupations of theaad v particles were
exactly equivalent, all the proton spin-same-oapitl Darwin interactions would exactly cancel
one another. That would effectively leave only pgreton kinetic energy and proton-electron
Coulomb terms to determine the binding energy, Wwhiould mean that the’@v system is
decidedly unstable relative tove By assuming a wavefunction in which the electroa heore
pi2 character tharv, it is possible to shift the balance toward a mtaeorable binding
situation, however, by virtue of the fact that titeractive proton-electron spin-same-orbit term

then outweighs the repulsivé g contribution of the analogous type.

TABLE XI. Energy contributions (in hartree) of vaus operators (see Table | for definitions) andiglarcombinations for (a)
the 1/2 ground state of the’pV neutron system and (b) thedlate of the isolated @ binary obtained by employing the 2s,2p

basis with scale factay = 0.18, exponential damping constant A = 1.084ed :antineutrino g/gvalue of 0.5733 a.u. for the
XBPS Hamiltonian.
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a) Operator pe p'v ev Total (0eV)
Kinetic Energy 36401.887 {p 1346815.079 (¢ 1453755.8827) 2836972.849
Coulomb -5189.461 0.000 0.000 -5189.461
Spin-same-orbit 208544.881 50249.141 -465129.910 23485.649
Spin-other-orbit -58.267 54.775 -1007066.189 -1@97681
Darwin Term 107014.110 -262604.473 17161.765 -18&%7
Orbit-orbit 200.486 -58.064 -523108.311 -522965.888
Spin-spin -1.096 -0.248 -516918.459 -516919.802
Spin-spind -0.387 -4.109 5928.285 5923.790
Total Energy 28897.559
b) Operator Total (€V)
Kinetic Energy 2789426.035
Coulomb 0.000
Spin-same-orbit -481697.661
Spin-other-orbit -1063806.525
Darwin Term 11500.864
Orbit-orbit -558243.900
Spin-spin -531802.164
Spin-spind 1127.425
Total Energy 166504.076

Examination of Table X shows clearly that heavy atétactive contributions actually arise
for both the spin-same-orbit and Darwin terms assallt of such a polarization. As a result, the
total binding energy of the proton to thevecomplex is computed to be 117400 hartree. By
comparison, if only the proton kinetic energy amdtpn-electron Coulomb contributions were
counted, a negative proton binding energy wouldltehere is another key factor in thésp
binding process, however, which is also importanthie formation of tri-atomic systems in the
realm of molecular physics. Some adaptation ofctierge distribution of a diatomic component
of the molecule is almost always crucial to thedoaion of a stable tri-atomic syst8m
Generally speaking, the more stable the diatomstesy, the higher the price to be paid for
altering its charge distribution to accommodateddog with a third atom. In the present context,
it is important to recall that a quite small AO isabas been employed in these exploratory
calculations, however, and so it can be anticip#itatiat least some of thevesystem’s affinity
to polarize its charge distribution is a consegeeotits relatively poor representation at this
level of theoretical treatment.

When the g/mvalue is decreased from unity for the antineutrgeveral additional effects
emerge. The'® complex gradually loses its stability in the pregeand it thus becomes easier

for the proton to bind to it as a direct conseqeefihe cancellation of the Breit-Paulighand
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P’V interactions is no longer perfect even if bottaed v have equivalent orbital occupations
because the key (g4 weighting factors now favor the electron. In aditi polarization
effects are less likely to destabilize th& eomplex, so that the types of changes in the isdlat
system’s wavefunction which maximize binding witlhetproton are accomplished with less
resistance than before. For the gMmalue of 0.5733 a.u. required to obtain the expenital
neutron rest mass for thégv calculations employing the 2s,2p basis, it is fbtimat the proton
binding energy increases to 137600 hartree, ove0@Mhartree greater than the value which
results when a unit value for this quantity is eoypld.

The results of Table Xl show further that both $pen-same-orbit and Darwin interactions
again produce a net attraction for the proton, marh88296 and 155590 hartree, respectively
(obtained by adding the correspondirig and v results). These results are accomplished to a
large extent by polarization of thevecomplex, as can be seen from the following conspari
For this g/mg value the minimal total energy obtained for thelated év system is 166504
hartree, whereas the corresponding energy valuaingt employing the polarized gv
wavefunction is 311438 hartree (obtained by adtinege kinetic energy of 1346815.079 hartree
to the év results including th& kinetic energy), an increase of 144934 hartreaidgvhile it
is very likely that such polarization effects ameajly exaggerated by the use of such a small
one-particle basis set in the present calculatiohsat least seems conceivable that the
combination of changes of this nature in the eharge distribution along with the use of a |g/m
value for the antineutrino which is smaller thaattbf the electron could lead to sufficient proton
binding to produce a meta-stablée complex with the properties of the experimentally
observed neutron. The effect of this polarizatioaréases with th® charge-to-mass ratio, so
these considerations make it at least qualitativelgerstandable why the proton binding energy
increases as ggwulecreases, as seen clearly from the result oflBig.

There is another important aspect of the protordibon process yet to be discussed,
however, namely the influence of the exponentiahpgiag factors in the XBPS Hamiltonian
(Table I). These factors play a decisive role itagbng an energy minimum for thévebinary
(Figs. 10-11), but they also have a subtle infleena the proton's interactions. As we have
already seen, the Breit-Pauli terms of greatesoitapce for the proton are the spin-same-orbit
and Darwin interactions with and v which are multiplied by the (q/)f factors of the latter

particles only. In these cases the correspondimgpdey factors are totally independent of the
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proton's momentum (Table 1). By decreasing the eizéhe proton’s orbital it is therefore
possible to increase the magnitude of the un-danBsed-Pauli expectation values, with their
net attractive influenceyithout producing a corresponding decrease in thegnitude of the
related exponential damping factor8s long as the charge distributions of the electamal
antineutrino do not change at the same time, sacim@ease in the proton momentum thus
generally leads to a net increase in the attractimetribution of the damped Breit- Pauli
interactions to the proton-bonded system.

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

increases as its charge distribution is made momgact (see Fig. 14).

E Proton Orbital
Binding Energy vs. Size

r(p+e'v)
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FIG. 14. Schematic diagram showing the relationdigépween the size of the proton orbital and theilda of the p+&V

neutron system. The large mass of the profisra-visthe eV species allows it to assume a relatively contrhatearge
distribution which helps to maximize the effectitsf attractive short-range interactions with thghter particles without greatly

increasing. its own kinetic energy, thus leadinth®total energy minimum shown.

Because the Breit-Pauli terms vary Zsbefore damping effects are considered, while the
proton kinetic energy increases only &s=p?, it follows that in the interparticle distance gen
of interest (r= a?), the total binding energy at first increases witle proton’s momentum.
Eventually a point of diminishing returns is reathéowever, because as the proton orbital
shrinks in size the values of the Breit-Pauli imédg for fixed € and v probability distributions
begin to change more and more slowly, ultimatelyraaching the point-charge limit commonly
employed in atomic calculations using the BreitlPamethod. The proton kinetic energy
continues to increase at roughly the same rateebhervand so at some point an optimum proton
size is reached. Nonetheless, this effect represemlistinct advantage for the protais-a-vis
lighter particles, and will be seen to play an @agingly more important role in the theory of
nuclear binding which emerges from consideratiothefproperties of the XBPS Hamiltonian.

To illustrate the proton's tendency to assumeaively more compact charge distribution
than the electron and antineutrino, an additioeales of calculations has been carried out in
which two s-type Gaussian functions have been adoédte original 2s,2p one-particle basis
employed above. Optimization of the new exponemisa(ida,) while holding those of the other
functions fixed at their optimal values for they ewavefunction shows that the proton prefers
relatively high values for these quantities (2.580xand 8.0 x 10a?). These values are 8.0 and
2.5 times greater than that of the largest expometite optimal 2s,2p @ basis, indicating a
significant contraction of the proton wavefunctias, expected. The new basis functions succeed
in lowering the total fg'v energy by nearly 60000 hartree relative to th@@sesult given in
Table XI. In order to be consistent with the geherdibration procedures adopted earlier, it is
necessary to readjust the respective value of gporential damping constant A and the
antineutrino g/mpvalue so as to produce minimal energy resultsiieée and ge'v systems of
the desired values. On this basis A is increaségsightly to a value of 1.0568"awhile the v
g/m, result is adjusted downward to 0.5375 a.u. A summéthe energy contributions for the
p'ev 1/2 state found in this basis set are given in Table fdr comparison with the

corresponding 2s,2p data discussed first (Table XHe shrinking of the proton charge
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distribution is most easily recognized from the magle of the kinetic energy obtained in the

two treatments. This quantity increases by 79% rasualt of the basis set
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TABLE XII. Energy contributions (in hartree) of vaus operators (see Table | for definitions) andigi@ combinations for (a)

the 1/2 ground state of the*pg V neutron system and (b) the Date of the isolated & binary obtained by employing the

4s,2p basis with scale factgr= 0.16, exponential damping constant A = 1.058@&md antineutrino g/gvalue of 0.5375 a.u. for

the XBPS Hamiltonian.

a) Operator p'e p'v eV Total (Pe V)
Kinetic Energy ~ 65280.208 {p 1339330.432(8  1478062.82 t(\)) 2882673.461
Coulomb -5517.636 0.000 0.000 -5517.636
Spin-same-orbit  -250929.141 70545.115 -463958.811 644342.837
Spin-other-orbit  -67.206 61. 902 -984257.224 -O288
Darwin Term 117676.768 -352977.701 15413.212 -21968
Orbit-orbit -66.116 228.315 -492670.535 -492508.336
Spin-spin -2.195 -0.350 -511881.100 -511883.645
Spin-spind -0.474 -10.788 5302.617 5291.355
Total Energy 29562.111

b) Operator Total (€V)

Kinetic Energy
Coulomb
Spin-same-orbit
Spin-other-orbit
Darwin Term
Orbit-orbit
Spin-spin
Spin-spind

Total Energy

2759022.924
0.000
-475143.463
-1042436.569
11692.897
-536596.507
-520943.516
1286.444

196882.208
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expansion, as compared to relatively small changéise corresponding values for the electron
and antineutrino. The net attractions of the pratpm-same-orbit and Darwin terms are also
increased to 180384 and 235301 hartree respectivgbyesenting a total of 101794 hartree
additional binding to help offset the increase fatpn kinetic energy. By construction, the total
energies in both calculations are nearly identitaim which it is clear that the shrinking of the
proton charge distribution is also paid for at gree of additional destabilization of théve
complex.

Another key point to consider in the presefd p calculations is the way in which the
translational energy is treated. Because of thehesass of the proton, it follows that the
relativistic translational energy for a givefew wavefunction is much smaller than that for an
equivalent & species. We have seen in Sect. VI. E that thelisE,> = <H-T> as criterion for
the basis set optimizations leads to a. notabldriglamping constant A (1.7725 i the 5s,5p
basis) than when only <H> is used (1.077F ¥ the higher of these A values is used in the p
v calculations (or the corresponding value for teg@ basis), it is impossible to obtain a low
enough total energy for this system to satisfyrgpiirement that its rest mass be equal to that of
the neutron. This situation is an artifact of tiea#l (2s,2p) basis employed, however, because
the exact solutions of the XBPS must be eigenfonstiof both H and T and the lowest total
energy eigenvalue must correspond to a vanishiagskational energy. Under the latter
condition there would be no need to distinguishwieen the two different optimization
procedures employed above, since they would netgdsad to identical results (& = E), At
this stage of development, however, it is necesgamyeal with the fact that the approximate
wavefunctions generated at the present level dltrirent invariably have large expectation
values of the translational momentum operator far $ystem at hand, at least when such
compact charge distributions are involved as am@vknto characterize the internal structure of
nuclei.

Under the circumstances, the decision to focusherekpectation value of the total energy
in comparing the stabilities of systems contairdifeerent numbers of protons must carry with it
the recognition that this choice favors heavietipias over lighter ones. Another way of seeing
this is to recall that the value of the exponentiamping constant A must be significantly
smaller than variational arguments indicate it $thdne in order to obtain total energies for the

particle-antiparticle binary systems which corregpdo binding energies of 20f. As the
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quality of the basis set improves, the effectivdugaof A must increase to maintain this
condition until it ultimately assumes the idealulésorresponding to the exact solution of the
XBPS for the translationless binary systems. Tsthate this tendency calculations have been
carried out for the*ee system employing a 3s,2p,2d basis. They lead tlwevfor A of 1.2647
e, as compared to that of 1.077% ebtained with the 5s,5p basis. Since the protaomliby
energy in the pev calculations considered thus far has been showarise primarily from
terms which contain the corresponding damping facto which the constant A appears, it
seems highly likely that the degree of binding W@l strongly influenced by such developments.

As usual, the binding energy of thégesystem is held at -37557.773 hartree in the new
basis, for example, but the degree to which it®ev analog can bind a proton can be expected
to decrease as the value of the damping factoeasess. This is tantamount to concluding that
the computed proton binding energy for a givenesyswill generally decrease as the level of
theoretical treatment is improved within the XBP®dal. Moreover, this expectation is also
consistent with the discussion given earlier regaythe relationship between the stability of the
e v complex and its susceptibility to polarization fighboring protons. In other words, as the
basis set is improved there is a growing tendeicyttie év system to more strongly resist
having its charge distribution altered relativetsasolated state.

There is a competing factor which tends to inshe¢ the minimal pe' Vv total energy can
always be adjusted to the value corresponding ¢ortbutron at rest, however, namely the
dependence of this quantity on the gAmlue assumed for the antineutrino as the quafitye
one-particle basis is improved. In the present itasdound, for example, that it is necessary to
increase this value to 0.63 a.u. to obtain therddsenergy result to a suitable approximation.
The corresponding energy contributions are givemahle XIll, similarly as for the other basis
sets discussed earlier. Since the Gaussian expofeerthe 3s,2p,2d basis have been optimized
for the ée system, the results of these calculations are mestningfully compared to those
employing the 2s,2p basis (Table XI), iveithout the benefit of specially optimized proton s
functions. As expected, the use of a significafdghger damping constant leads to a reduction in
the net binding associated with the proton spinesanmbit and Darwin terms (74427 and 70107
hartree respectively), 46% of the previous totdde Pproton's kinetic energy is correspondingly

smaller in the 3s,2p,2d computations as well, 5%he former value. The proton-electron
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Coulomb energy is also smaller, reflecting a gdrteradency to keep these two particles further

apart on the average as a result of the additi@hfohctions to the basis set.

TABLE XIIl. Energy contributions (in hartree) of iaus operators (see Table | for definitions) aadiple combinations for the
1/Z ground state of the’pV neutron system obtained by employing the 3s,2paails with scale factor = 0.111, exponential
damping constant A = 1.2648 and aritineutrino g/gwalue of 0.63 a.u. for the XBPS Hamiltonian.

Operator p'e p'v ev Total (p €V)
Kinetic Energy  20354.545(p  1068402.098(  1140129.945)) 2228886.538
Coulomb -3856.027 0.000 0.000 -3856.027
Spin-same-orbit  -94307.843 19879.681 -363207.789 437635.951
Spin-other-orbit  -23.085 19.111 -757175.358 -7T%10332
Darwin Term 48531. 942 -118639.460 8357.925 -61501
Orbit-orbit -16.656 145.966 -559254.673 -559128.36
Spin-spin -0.370 -0.176 -383654.253 -383654.799
Spin-spind -0.179 -1.489 2345.886 2344.218

28029.737

Total Energy

Particularly when one considers the capacity ofghwon to assume a more contracted
charge distribution when extra functions are inellildn the basis which can be specifically
optimized for it, it appears feasible to constraduitably quantitative theory of nuclear binding
on the basis of the model under discussion. At ldeese results show that it is far from proven
that the "nuclear electrons" which Fermi spoke rofiritroducing his theory of beta decay
actually cannot exist within the confines of a bdunucleus. Before discussing further
computations employing the XBPS Hamiltonian, howevié is well to consider other

experimental information regarding the neutron \Wwhias been claimed to lend support to the

hypothesis of the disappearing electron.

131



C. COMPARISON OF THE PROPERTIES OF THE p'e€V SYSTEM WITH THOSE
KNOWN FOR THE NEUTRON

The calculations discussed above have been sudgkgt¢he model of a neutron as a
composite system formed by its known decay elemdihis lowest-energy’pv system is found
to be a doublet, consistent with what is knowntfa neutron. As a product of three fermions, it
is a fermionic system itself, in agreement with IPawriginal interpretation of beta decay
processe¥. The charge distribution found to be optimal fbe tfe Vv system corresponds to
nuclear dimensions, in fulfilment of another ohw$o requirement, but more extensive
calculations are highly desirable in order to berenquantitative on this point. A three-way
partnership is suggested in forming the neutrorclviis reminiscent of the excimer concept in
molecular physics. The fact that the system cooedp to a local energy minimum which lies
above that of its separated particles is clearlysitent with the known meta-stability of the
neutron. This aspect of nuclear binding (weak adgon) will be taken up in more detail in .the
following chapter.

A key to the binding of the three particles togetisethe assumption of a positive ¢/m
value for the antineutrino, but one with a sma#esolute value than that of the electron. One
has the picture of an'@ system which is an imperfect copy of the enassless binary first
discussed. Its relative instability makes it motaative to the proton than'e itself, and in
effect the proton binding that results can be lablgpon as an attempt to compensate for what is
otherwise missing in the @-bondvis-a-viseither of its é& orvv counterparts. The electrical
neutrality of the antineutrino guarantees thatpgf&v system has no net charge, but this brings
us to a far more delicate matter. The neutron EsgSea magnetic dipole moment which is
negative and of the order of the nuclear Bohr mamgnie™: As such it is far smaller in absolute
magnitude than what one would expect for a syst@maining an electron.

To examine this point it is helpful to considerexperiment in which the hypotheticaled
Vv system is subjected to a magnetic field in ordeddtermine this quantity. If we assume that
the magnetic moment of the combined system is emuéthe algebraic sum of the individual
moments of its constituents, the measured valud briexpected to be nearly equal to that of
the electron alone. This assumption works quitd wetlealing with molecular properties and

has also been found to be acceptable for nuclefoagxample in the comparison of the
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deuteron’s magnetic moment with those of its comstit proton and neutr&H. If we look more
closely at the way magnetic moments are measumsever, we note that for this additivity
principle to hold in the f&V case, it is essential that the electron be jusapsto rotate in
response to the torque applied by a magnetic frelthis tri-atomic system as it is in its free
state, or alternatively when it is weakly bounatpositive atomic or molecular ion.

Especially since the present calculations indidhi® the binding process requires a
particular spin orientation between all three m#et in the optimum @V resonance state, it
seems far from obvious that the above conditiciulfdled in the present instance. In order for
the electron spin to change its orientation, insgemuch more likely that the system as a whole
must rotate, and that would mean that a much largess is involved than for a tightly bound
electron as in an outer shell of an atom. A simdiéwmation is well known in the study of the
Compton effeéf, for example. The modified wave observed in x-raghation from atomss
observed only when an essentially free electranvislved in the interactionn which case the
change in wavelengthA is found to be inversely proportional to the alecic mass. When an
inner-shell electron does the scattering, howeitas, as if the whole atom is involved in the
interaction and consequently the Compton scattefawg indicates the production of an
essentially unmodified wave, i.&\ ~ 0. The calculations discussed above suggestthieat
electron in the T8V resonance system is very tightly bound to both ghaton and the
antineutrino constituents, and thus that the madedn inner-shell electron in the preceding
analogy is far more appropriate.

On this basis one is led to expect that the P system has a magnetic moment of an
extremely heavy electron, i.eegative in sign, but of the order of a nuclearrbotagneton,
which is at least approximately what is observedtfe neutrort®> The additivity principle
should not work at all well in this case becauseitheraction of the particle spins is intimately
involved in the internal bonding process, unlikee thase when predominantly Coulomb
interactions are involved. In Chapter 1X we willnee back to this point when we discuss the
muon magnetic moment, which is almost exactly wired would expect for an electron having
this particle’s rest mass. The overall situationc@mplicated for the proton and neutron,
however. because of the pion cloud known to sudcach of thefii*>**1®° as also considered
below. The observed neutron magnetic moment ishigudoublé*®3**that which one would

expect from the above “clamped-electron” model, siuth a discrepancy is at least potentially
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understandable in terms of the environment othenassumed for the neutron. Moreover, the
fact that high-energy electron scattering experistsil have indicated elastic form factors
which correspond to a small but not necessarilyiskamg neutron charge radius are also
seemingly consistent with the present model’s assutri-atomic composition for this neutral

system.

D. THE BINDING ENERGY OF THE DEUTERON IN THE XBPS M ODEL

The simplest nucleus consists of a single neutrwh @oton which are assumed to be
bound together by a force generally referred tthasstrong or hadronic interaction. By analogy
to the quantum electrodynamics description of thal@nb force as involving the exchange of a
virtual photon, Yukaw® suggested in 1935 that the exchange of a heawsicle was
responsible for the force joining any two nucletmgether. According to the present model, the
reaction of a proton and a neutron to form the ereut product’H involves four separate
particles, three of which are found in the neuitself. The question that will be taken up next is
whether the forces which have been proposed almegplain how three separate particles can
be bound together to form a neutron might not Bksanvolved in the nuclear binding process as
well. Having computed a value for the charge-togmasio of the antineutrino on the basis of the
results of the fg'v XBPS treatment in a given one-particle basiss thius proposed to examine
the effects of adding a second proton to this systehile otherwise proceeding in an equivalent
manner as in the calculations already discussed.

On the basis of the treatment of the helium atonthan standard quantum mechanical
theory, one might expect the ground state of tig-pproton system to correspond to double
occupation of the same s orbital found to be ofdtiimathe pe v system. Experiment tells us
that the resulting singlet state is not favoredhsy deuteron, however, but rather one of triplet

162 Moreover, no other bound state is known to dgisthe deuterolf. The fact that

multiplicity
the triplet multiplicity is so favored by the dewde has given rise to the well-known
characterization of the nuclear force as being-gpjpenderit”. The XBPS calculations for the
p'e v system have indicated quite strongly that the eomplex itself retains the @haracter
preferred in its isolated state, and thus it isoeable to expect that such relatively light pétic

themselves do not make a significant contributmthe total angular momentum of this system.
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Especially since the traditional description ofstimucleus is in terms of a proton,Sand a
neutron $, orbitaf>® it seems clear that the only way to obtain as&mttory explanation for
the deuteron ground state’s triplet multiplicity tire present model is therefore to assume that
there is aseconds,; proton orbital with nearly the same energyths first, but orthogonal to it.
For simplicity, let us refer to these two orbitalsd, anddy,, whereby it can be anticipated that
one of them will be quite similar to that found b@ most strongly occupied in théew
calculations discussed in Sects. VII.A-B.

In view of the above experimental findings oneed to expect that neither of the closed
shell ¢.2 or ¢,> configurations leads to a bound deuteron statetHeeenergies of the related
singlet states must lie above that of the sepanatetbn and neutron, or some 29000 hartree
higher than that of the constituent protons, etectand antineutrino separated to infinity.
According to the convention employed earlier, tleeatdron ground state itself has a total energy
of -52972.813 hartree, corresponding to the medshiraling energy of 2.22452 MeV relative to
the separated proton and neutron. To see how tmergl picture is reflected in actual
calculations, we will begin by employing the singilene-particle basis considered above, with
2s and 2p functions for each particle type. Theesaatues for the exponential damping constant
A and theV charge-to-mass ratio are assumed as in the analggeucalculations which
employ the same AO basis. After optimization of sitaling factom for this basis, it is found
that the lowest-energy state of the'@ system has Gsymmetry, with both protons occupying
the ¢, s/ Orbital with opposite spins. As expected, the tetecand antineutrino form a singlet
unit similar to that favored by thée system, and this part of the wavefunction is rasjie for
the negative parity of the four-particle state aghale. The total energy obtained for thestate
is -254512.252 hartree. The lowest-lyingstate with a % s1» ¢, proton configuration has a
much higher energy of +21955.705 hartree, builissstund relative to the @ v system plus an
isolated proton by 6941.856 hartree, or 0.189 M&dé(Table XI).

In Sect. VII. B it was found that the proton of the& v system preferred a considerably
more contracted charge distribution than eitherefleetron or antineutrino. In the next series of
p’e v calculations the same 4s,2p basis is employed wdéchonstrated this effect in the first
case. The additional two s functions € 2.56 x 18 anda. = 0.80 x 18 &™) are found to have a
much greater effect on the total energies of tfeévpstates than before for the corresponding

one-proton system. For A=1.0567 and g/m (v)=0.5375 a.u., the values of these parameters
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which lead to the desired binding energies of fletamd p+&V systems in this basis, results of -
401335.635 and -86856.876 hartree are obtainethéo® and 1 p’e v states, respectively. The
corresponding computed binding energies are thud89B744 hartree (11.72 MeV) and
116418.985 hartree (3.17 MeV), respectively, caarsidly larger in each case than for the 2s,2p
basis set not containing specially optimizgdfgnctions for the protons.

TABLE XIV. Energy contributions (in hartree) of waus operators (see Table | for definitions andrebiations) and particle
combinations for the Gstate of the 7V deuteron system obtained by employing the 4s,2sheith scale facton = 0.16,
exponential damping constant A = 1.0568amd antineutrino g/gvalue of 0.527 a.u. for the XBPS Hamiltonian.

Op p'p p'e p'v e-v Total
KE 286751.843(p) 1389897.489(¢ 1629685.68%) 3306335.021
C 15221.838 -11234.341 0.000 0.000 3987.496
Ss00.000 -669587.021 105016.667 -447338.511 -1011868.8
S000.000 -93.245 94.858 -893545.158 -893543.546
D -23.567 160901.391 -1103708.083 28456.498 -914573
OO0 0.662 -122.703 414.328 -394442.299 -394150.012
SS 0.000 -0.352 -0.205 -499287.703 -499288.260
S 47.127 -0.357 -4.749 15026.997 15069.018
-387872.905
SdI* 392749.721 392749.721
TE** 4876.816

*Strong spin-spin S increment for proton-protorenatction (see text).
**Total energy

The energy contributions for the various one- amd-particle interactions for the above
two states in the 4s,2p basis are given in Tabl ®I) and Table XV (1) respectively. These
results are obtained with a slightly lower g{(f) value (0.527 a.u.) than in théepy
calculations mentioned first, but correspond toyvezarly the same binding energies relative to
the pe'v system of the same charge-to-mass ratios as tlivse goove (the total energy of the
latter is 44067.869 hartree, or 14505.760 hartrgken than in the other calculation detailed in
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Table XII). This second series ofev calculations indicates that thevecomplex is capable of
providing a strong attraction for protons. As usligl far the largest contributions to net binding
for the system are the proton-electron and protdmautrino spin-same-orbit and Darwin terms.
For the O state the spin-same-orbit proton terms producet dinding of 564570 hartree, while
the corresponding Darwin term result is 942807 rbart The corresponding results for the 1
state are 441275 and 536870 hartree respectivalyléd XIV and XV). These values are 2.5 to
4.0 times greater than found in the correspondim@vpcalculations in Sect. VII.B (Table XlI),
again indicating that the addition of a secondgmas marked by a significant contraction of the
charge distribution of the system as a whole (he.fe v results are more than double those for

the system with a single proton).

TABLE XV. Energy contributions (in hartree) of vats operators (see Table | for definitions and edibtions) and particle
combinations for the Istate of the 7 V deuteron system obtained by employing the 4s,2jsheith scale facton = 0.16,
exponential damping constant A = 1.0568aemd antineutrino g/gvalue of 0.527 a.u. for the XBPS Hamiltonian.

Op pp p'e p'v eV Total

KE 290643.137(p 1341557.196(% 1512125.933¢) 3144326.266

C 7726.523 .-10467.859 0.000 0.000 -2741.336

SsO 0.000 -530003.791 88729.000 -442961.158 -884235

SoO 0.000 -57.868 39.310 -906688.972 -906707.530

D 0.000 178980.181 -715853.570 22920.853 -513952.53

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

SAI* 3.123

TE** -71133.109

* Strong spin-spird increment for proton-proton interaction (see text)

**Total energy.
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The fact that the total binding energies obtainedthe gev system are considerably
larger than observed for the deuteron experimgntadirticularly when reference is made to the
0 state’s results, is a clear deficiency of the gnésheoretical treatment, but on the basis of the
p'e v computations discussed in Sect. VII. B, it carekpected that the addition of d functions
to the basis employed will probably lead to a daseein these values. Nonetheless, a more
obvious deficiency in the present results seemsldas likely to be an artifact of the
computational treatment considered thus far, narely the ground state of théepv system,
which is being proposed as having the compositioth® deuteron, prefers singlet multiplicity
by a wide margin. This result seems unavoidablersg as the interactions involving the protons
are predominantly the spin-same-orbit and Darwinmse involving either the electron or
antineutrino as second particle. Only the Couloepulsion between the two protons provides a
counter-example for this type of behavior, andaltfh this interaction does favor a triplet spin
function for a two-open-shell proton configuratiah,is not enough to override the decided
preference of the’p v system for a closed-shell structure in which dhig most stable proton
s12 orbital is strongly occupied. The situation is ghanalogous to that encountered in the
electronic structure of the helium atom, which diseors a singlet ground state, and as a result
there seems no question that the XBPS Hamiltomaha form given in Tableis not capable of
a suitable description of the forces which bind pineton and neutron together in tAd or other

nuclear systems.

E. THE SPIN-DEPENDENCE OF THE INTERACTION BETWEEN N UCLEONS

The failure of the above calculations to accountckrtain basic aspects of the structure of
the deuteron is most easily overcome by lookingafiditional interactions which would not be
expected to play a role in either the particleqzanticle binary computations discussed in
Chapter VI or those for the @V resonance associated with the neutron in SectsAvVB. This
approach is certainly not inconsistent with theepted theory of nuclear structure, which has
long emphasized that a non-electromagnetic interaainust be assumed between any two
nucleons in order to provide a plausible explamatar observed characteristics of the structure

of nuclef®*®* Although it is generally believed that such faréevolve spin-orbit coupling akin
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to the terms in the Breit-Pauli approximatfith it has also been show that the coupling
constants associated with the interactions betvmerefeons must be far greater than would be
expected based on consideration of electromagreffiects alone. As an example from
experiment, one may consider the energy splitthegsveen the ground and excited states of the
1B and*C nuclei. According to the nuclear-shell moéf, these quantities should give an
accurate reflection of thesppi2 spin-orbit splittings of a nucleon in these systebut their
magnitudes (2.14 and 1.85 MeV, respectively) aréafger°® than can be explained on the basis
of Breit-Pauli interactior’§?. Observations of the scattering of polarized norgefrom*He and

12C nuclei lead to much the same conclusins

There have been a number of concrete proposakhdéoform of the nucleonic spin-orbit
coupling operatdf*°®1%® put there is unfortunately no consensus on thistpIf one goes
through the list of Breit-Pauli terms with the gadlfinding an interaction which is capable of
influencing the relative stability of the singletdatriplet deuteron states, one discovers that most
of them will have no effect on this situation bytue of the fact that the proton orbitals which
are strongly occupied in the corresponding wavefans are exclusively of g type. Neither of
the spin-orbit terms, nor the spin-spin tensor oot the orbit-orbit interaction has any non-
vanishing matrix elements when only such spin-atbitare involved. Moreover, the Darwin
term is completely independent of sfffrand is therefore also totally ineffective for thisk. A
clear exception to this pattern still remains, hegre namely the spin-spidfunction term. It is
both spin-dependent and capable of producing avaarshing interaction between particles
occupying s- orbitals. In order to obtain a suitably large effeom such an operator when
applied to a pair of protons (nucleons), it is ¢lyeaecessary to change the value of the coupling
constant relative to those of Table |, howevergasbe seen from the results of Tables XIV and
XV.

It is thus proposed to augment the XBPS Hamiltomigh a term of spin-spin-function
type in which the g/mvalues for the proton particles are replaced bymmiarger coupling
constants of the order of their electronic courdes) for concreteness, a value of unity will be
taken for this purpose. Otherwise, the previousmigson of the XBPS Hamiltonian is simply
retained and full Cl calculations are carried aiirathe last section for both theahd 1 p’e’v
states, employing the same values for the dampingtant A (1.0567°8, the g/ ratio for the

antineutrino (0.527) and exponents for the Gauskasis functions as in the treatment whose

139



results are given in Tables XIV and XV. It is foutit the 1state is virtually unaffected by this
change, with a total energy of -71133.109 hartrée986 MeV) having been obtained. This
result is only 3.123 hartree above the value shimwhable XV without including the spin-spin
§-function term. On the other hand, the total enesfjyhe ge'v singlet (0) state is changed
dramatically to +4876.816 hartree, an increase9&739.721 hartree relative to the treatment
without the new spin-spid-function term for proton-proton interactions. Asesult the lowest
state of the T8V system has triplet multiplicity, with a bindingengy relative to the proton and
p'ev system of 2.718 MeV = 71133 + 28781 hartree (cortpéo the experimental value of
2.22452 MeV).

Examination of the above findings shows that thdi-mmetry of the proton
wavefunction is a crucial factor in obtaining thésult. The simplest representation of the triplet

wavefunction is:
Wr = 212 [5,0(1)0(2) — 5a(2) $0(1)] VII.1

The expectation value of the spin-sphfunction term for this function has the familiari of

the difference of a Coulomb and exchange intetpatl since thé-function has equal values for
these two quantities, unlike the case for the edstdtic interaction, the result is of vanishing
magnitude. On the other hand, the simplest reptasen of the O state whose energy

contributions are listed in Table XIV is:
Ws = 2" [5,0(1)9B(2) — 50a(2) sa(L)] VIIL.2

The expectation value in this case is:
Wyl -5 o5 (1,2) 5 3 Ws >= 2rPm<si(1) 5(2) 8(1.2) 3(1) $(2)>, VIL3

a large positive energy contribution. Adding thiermt to the Hamiltonian produces a
destabilizing effect on the closed-shell configimatof eq. (VII.2). A significantly different

wavefunction is obtained for the lowestr@ot from the corresponding 4s,2p full Cl treatment
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than with the original XBPS Hamiltonian, with muahore emphasis on the open-shell
configuration analogous to that dominating thelétipvavefunction.

Another encouraging result of the computations whitn augmented XBPS Hamiltonian is
the finding that the next three most stable stafesr the 1species are nearly degenerate and
correspond to the symmetries expected for the laosally excited counterpart of the above
ground state. Such a translational function wodaekpected to have dymmetry itself and thus
exchanging it for the 0species of lowest energy as a factor multiplyihg tI internal
wavefunction would lead to new solutions &f @" and 2 symmetry, with these expected to be
very nearly equal in energy to one another. Thigeetation is fulfilled, with total energies of -
31260.220 (0, -31265.499 (1) and -31265.715 {2 hartree being found for the most stable
states of each of these three symmetries. This gleaserves as a reminder that the XBPS
Hamiltonian of Table | contains translational eryecgntributions as well, as discussed in detalil
in Sect. V.B. As a consequence the excited stdisned with this method may differ from the
corresponding ground state in the amounts of eitheir internal or translational energies or
both. This introduces an additional complicatiotoithe present theoretical treatment which is
clearly not present when the center-of-mass masidactored out (or when the= 0 condition is
imposed), but the present example shows how symnodi@racteristics can be employed to
distinguish between the two distinct types of eedtistates. In essence one obtains a discrete
representation of the translational continuum mpghesent treatment of nuclear motion, whereby
the density of states obtained is clearly dependanthe number and type of basis functions
employed in explicit calculations.

One can summarize the present results for the gretate of the v system as follows.
With the addition of a spin-dependent term for pineton-proton interaction having a coupling
constant of the order of the electronic Bohr magmeit is possible to obtain a state of lowest
energy from the XBPS treatment in the 4s,2p basigtwhas triplet multiplicity and a binding
energy relative to the protoriggv dissociation products which is at least on theepmf the
experimental deuteron value. The attractive cemoéntial which is responsible for this result
is provided by the '@ complex of 0 symmetry which is analogous to th&seground state
associated with the photon in the present moded. S|fin-dependent proton-proton adjunct to the
XBPS Hamiltonian has virtually no influence on ttatal energy eigenvalue and associated

eigenfunction for the triplet ground state itsahiyt plays a key role in destabilizing the
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corresponding singlet spin combination of the pmefgoarticularly the helium-like closed-shell
configuration which otherwise is so favored wheis term is absent.

These results are obtained with relatively smadidaets and thus it is difficult to make a
more quantitative assessment of the accuracy gbrtgent model at this time, but there at least
seems justification for pursuing this approachHert both at higher levels of computational
accuracy and also for the description of other earcsystems. There is another comparison with
experimental data which is also encouraging, narfeglyhe mean radius of the two nucleons in
the deuteron system, estimadt€dio be 4.32 fm or 1.5 bohr on the basis of scattering
observations. The value of the Coulomb proton-pragpulsion of 7726.523 hartree (Table XV)
allows a straightforward estimate of this radiustfee 1 state, namely 2.48° bohr. While the
agreement between these two results can hardlyeberided as quantitative, it at least shows
that the range of the forces described by the XBREniltonian is physically reasonable.
Especially since the calculations are carried omihout thead hoc introduction of parametric
inter-nucleon potentials, it can be argued thatrthesults speak in favor of the major
assumptions underlying the present model, espgdiadl insistence upon treating the electron
and antineutrino as being physically present indéeteron nucleus. Again the results of Table
XV appear reasonable on this point, showing kinetiergies for the electron and antineutrino of
36.49 and 41.14 MeV. Under the assumption of aedentradius of 1.%* bohr, an estimate
based on the approximationr” can be made of 46.68 MeV (pc =16’ = 1.5'a™ hartree)
for each of these quantities.

It also should be noted that the addition of d fioms to the basis set employed in the
XBPS calculations should also favor the tripletestaf the deuteron over that of the singlet. This
is because a ds proton configuration can have & thaltiplet but not one with J = 0. It has long
been thouglf¥ that the deuteron ground state contains a smalhdtbbn component because of
the observation that its magnetic moment deviayes bignificant amount (2.6%) from the sum
of the proton and neutron moment values. The doudlhon-zero value of the deuteron’s electric
guadrupole moment is also consistent with this kmien. The extent of the present 4s,2p
calculations for the 3V system precludes the addition of d functions ® hasis set at the
present time, so it has not been possible to vémif/effect explicitly, but the above arguments

at least make it seem plausible that such a resultd occur.
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Before concluding this section it is well to retuma key point which has wide-ranging
consequences regarding the qualitative interpoetaif nuclear interactions in terms of neutrons
and protons. To obtain a sound basis on whichdouds heavier nuclei it seems inescapable that
proton orbitals appear in pairs of nearly equalrgyeone set to be associated with neutrons in
the conventional model, the other with the corresiimg protons themselves. Such a
development seems unlikely when reference is madéeé electronic structure of atoms and
molecules, according to which the lowest two s tatbiare of greatly different energy, for
example. The form of the potential employed in KBPS Hamiltonian suggests that the
situation may well be different in the present casewever. Unlike the Coulomb potential,
whose r-dependence is monotonic in character, &énepdd Breit-Pauli counterparts possess an
extremum similar to that shown in Fig. 6, whichessential in the present model to avoid
variational collapse and hence to suitably desdrsitnend nucleons. Consequently there are equi-
potential points on either side of the minima ie trariation of the damped Breit-Pauli terms
with inter-particle distance which conceivably ablkad to orthogonal orbitals of contrasting
radial dependence but very nearly equal stabiijce this possibility is accepted, it is not
difficult to imagine how the results of calculat&for larger nuclei could be formulated in terms
of the nuclear-shell model of Goeppert-Mayend Jensef, or even more simply in terms of

distinct neutrons and protons serving as the nucleastituents.

F. STRUCTURE OF THE LIGHTEST NUCLEI

It was recognized by Wign€f in 1933 that the binding energies of the simptestiides
increase very rapidly with atomic mass number, #mat this phenomenon is very strong
evidence for the short range of the forces invoh&cen if one allows for the quadratic increase
in the number of nuclear bonds as nucleons aredadune still finds that the binding energy
trends are notably different than one observeklenstudy of atomic and molecular structure. In
the present model, in which the electron and auatiim® are treated explicitly in the theoretical
calculations, the next simplest system after theteien is thé’He nucleus, with a total of five
elementary constituents. The experimental totatggnef the®He nucleus relative to that of its

separated protons, electron and antineutrino i1€9@5.67 hartree, which corresponds to a
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binding energy of 201992.86 hartree relative to steble deuteron plus proton fragments. In
view of the b, configuration assumed for the deuteron in the ksttion, the simplest
assumption is that the additional proton occupies of these two orbitals with opposite spin.
Since the potential in Fig. 6 has only one extremitrseems plausible that a third orbital
would not be sufficiently stabilized by thévecomplex to make a proton configuration with
three open shells advantageous. Because of ttfefacter of the g unit the overall symmetry
of such ap.>9, ground state would be 1/2

In order to investigate these possibilities a seviecalculations has been carried out for the
p’ev system employing the 4s,2p basis introduced in. S4tB. It was not possible to solve
the secular problem corresponding to a full Clttresnt in this case, however. Instead a multiple
referencé’? Cl common in molecular calculations has been eygglpwhich should be capable
of approximating the corresponding full Cl eigemesd and wavefunction to a satisfactory
approximation. The Cl space considered is generayetaking all possible single and double
excitations relative to a series of 42 referencefigarations chosen on the basis of the
magnitude of their coefficients in the final eigectors. The Hamiltonian employed is again that
of Table | augmented with the spin-spirfunction term for the proton-proton interaction
discussed in Sect. VII.LE. The same g/Malue (0.5375 a.u) fob is assumed as yields the
experimental neutron (negative) binding energytfer pev system (Sect. VII.B). The same
value of the exponential damping constant A (1.0847is also employed as in the latter
treatment. The exponents of the most compact ttype-functions were optimized specifically
for the pe v system in the 1/tate, and it was found that these values areta8@% larger
than those which produce minimal energy for thep systemj.e. a; = 0.338 x 18 a,% anda,
=0.8x 108 &).

The total energy obtained in the optimum 4s,2ptitneat is found to be -212334.852
hartree. Optimization of the above exponents frbeirtoriginal pe v values brought an energy
lowering of 14562 hartree, indicating a substart@itraction of the charge distribution of the
protons in the larger’p v system. The resulting total energy is thus 426&trée (1.16 MeV)
higher than the experimentally deduced value fa ¥He nucleus mentioned above. The
computed binding energy relative to th&p 1 state (see Table XV) and a free proton is
141202 hartree. Although this is a substantial amatiis still only 69.9% of the experimental

energy difference between tfide nucleus and the deuteron plus proton systemsfinespin
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o-function proton-proton interaction is quite imgaort in this determination, having a value of
127952 hartree, as compared to virtually zero madaifor the correspondingedv expectation
value in the 1state.

The most important configuration in théeps wavefunction is of theé.d, type, so that the
simplest interpretation is that that the more cothgaype orbital corresponds to that occupiedhey t
two *He protons in the conventional description. The mitage of the Coulomb repulsion for the three
protons is 35369.772 hartree, nearly five timesvddae found for the@V 1 system. Since there are
three times as many pair-wise interactions in teavier system, this result is also evidence for a
general contraction of the’gv system relative to its two-proton counterpart (Jegle XV). This
result is understandable with reference to thersaifithe XBPS Hamilonian employed in the present
treatment. As a new proton is added to tf&vp system, one has both an increase in the totati&ine
energy of these heavy particles and an enhanceofigheir net attractive interactions for theve
complex of lighter elements, thereby disturbing #wuilibrium prevailing for the original nuclide.
Because the changes in the short-range attractigeactions are greater, this leads to a drawirnthef
entire system together and a greater increasddahtimding energy than would be possible by simply
occupying the original proton orbitals of the lightsystem. Under these circumstances one must be
wary of making a strict correspondence betweenstheorbitals occupied in the deuteron aftte
respectively. The fact that only one electron antinautrino are present inevitably leads to the
designation of only one of the nucleons as a nauwpen-shell occupation) and the remaining pair as
protons (closed-shell).

This line of argumentation leads to an interestjngstion, however, namely what happens when
still another proton is added to the system. Onbims of what has been said above, it is tempting
think that the resulting’(i) nucleus would be bound by a rather large mangirssessing a closed-
shell ¢.29,? proton configuration. A Li isotope of this massmiher is not stable, which raises the
specter of a breakdown in the above model, orast lenusually high Coulomb repulsion effects that
make such extrapolations very inaccurate. This me¢de the case, however, because'ltheystem
is more likely unstable because it is prone totebeccapture and the subsequent formation of the
highly stable alpha particféle (E=-982528.11 hartree), rather than becausesiilject to spontaneous
decomposition itself.

Calculations similar to those discussed above tiawe also been carried out for a system with
four protons and a single e unit. The closed-shelp,2p,> proton configuration mentioned above
corresponds to a '€ V state. The most stable state of this symmetrigérpresent treatment does not

have a significant contribution from this configtiom, however. Instead, proton p orbitals show
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significant occupation, which according to the eactshell model are the next available to the
hypothetical’Li nucleus. The total energy of this §tate is -219926.758 hartree, some 7600 hartree
lower than that of the®V 1/2 ground state. The lowest energy obtained for die-proton system is

for the O state (-313119.128 hartree). There is also’ atate of only slightly higher energy (-
310409.680 hartree) and aspecies lying just above it (-303091.067 hartreedhe first two cases the
preferred configuration i$.2dud., i.e. three-fold s, occupation corresponding to théep ground
state discussed earlier and having the remainiaotpprocated in the lowest p shell. Since themeais
spin-orbit term of the type foreseen in the nucksll modelin the Hamiltonian employed, there

is essentially no splitting computed between theesponding p, and gy sub-shells. Even with such

a specific proton-proton interaction, however,gems clear that the lowest of such states would be
quite unstable with respect to the electron capprozess required to form tHele nucleus. The
experimental total energy of the latter’sgdound state is still more than 18 MeV lower tlaary of the
calculated results for theé'gv system associated with tAiei nucleus in the present model, and so it
seems plausible that such states could not existuificient time to be observed prior to their algc
Hence, no contradiction exists between the presamputed results and experiment. The lifefithef

the °Li isotope is only 18" s and this species should be considerably mobdestaan the lightefLi
system, in agreement with this assessment.

As a result, it seems best to terminate the predisntission of systems formed by adding still
more protons to a singlévebinary and turn instead to the far more intengstpossibility that as the
number of protons continues to increase in a nscldwere is a strong attraction for additional &tats
and antineutrinos. The fact that\va species is also required in electron capture isistent with the
inevitable appearance of a departing neutrino db (aee Sect. IV. B), both of which come from the
same masslessv binary according to the present model. Such cenatibns lead one naturally into a
discussion of the weak interaction in theoretidaygics, but this is best deferred until the nextptér.
Instead a second nuclear series will be considehech results from the addition of successive pusto
to a pair of &v units.

A system of two protons and twowe singlets can best be thought of in the presentemiod
terms of a deuteron interacting with a single etst@antineutrino unit. The spatial orbitals which
comprise the latter’'s wavefunction must be différéran those employed for the firstvecomplex
because according to the XBPS calculations of @hagk, every conceivable spin combination other
than that for the lowest-lying” Gtate is quite unstable. It therefore follows ttie next best two-
particle év function is probably somewhat less stable tharfitee In essence the calculations show
that one proton must make up for deficiencies eelab the electron’s pairing with a particle of a

significantly smaller charge-to-mass ratio thant thfaits antiparticle. A proton has the capacity fo
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doing this because it has a net attraction for Hulelectron and antineutrino (see Tables X-X\{ &n
has relatively small kinetic energy in the requisdtbrt inter-particle distance range. Nonetheless i
can't quite achieve net binding with anveunit on a one-to-one basis. This result amounts to
concluding that a bound system of two neutrons doé®xist, as is well known experimentally, even
though the simplest view of nuclear structure hotdd the nn interaction is of quite similar stréngs
that for pn.

The situation seems likely to improve when an exadsprotons is available, especially because
the inter-proton distances can become smaller Becafithe net increase in the spin-same-orbit and
Darwin term attraction to the\e species. A system with three protons and two dbiclaries
corresponds to one proton and two neutrons in dheantional accounting, i.éhe tritium nucleusH.
Experimentally this system is found to be only @3%MeV (18136 hartree) less stable than e
nucleus. Considering that their respective totalrgies are on the order of -250000 hartree relative
their separated (stable) particles, this is a coatpaly small difference. As before withle, two
configurations come into question to describe treugd state, namelg.?p, and $.9,>. Because the
number of particles increases to seven in’Hhealculations in the present model, it has notbesn
possible to carry out explicit calculations to stutthis point. One can speculate that the relative
stability of thed, andd,, proton orbitals must depend fairly strongly on tiuenber of & units present
in a given system, however. It may even be thatidsgnation of each of thesg species as either of
proton or neutron type is different fi. so that the composition of the doubly occupigdltals of the
two systems are actually fairly similar to one &meot

In any event the true ground-state wavefunctionsatfi®He and®H can be expected to consist
of heavy mixtures of the above two configuratiom®iCl sense. What of the low-lying excited states
of complementary structure which are indicated achecase, however? It seems conceivable that
whenever either system occupies the state of lesability that it rapidly either loses or gainsén
unit to become the corresponding ground state ebther system without greatly altering the origina
occupation of its two most stable proton orbitdlsand ¢,. In fact, only one of the four possible
configurations is truly stable, since th¢ ground state is known to undergo beta decay avithlf-life
of 12.4 years to form th#He ground stafé® In other words®He is weakly repelled by a second e
species but this effect can be minimized by altgiia proton charge distributions. The situationyma
also in some way be similar to a phenomenon whitgmaccurs in molecular physit$, according to
which two iso-electronic systems havautually inverted ground and excited stategth
correspondingly distinctive nuclear conformatioRer example, ozone prefers to doubly occupy the
4b, orbital which tends to give it an open-chain stuoe, whereas cyclopropareprefers the 2p

species instead, which in turn allows it to havgiangular ring conformation. Both molecules have
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excited states with the opposite occupations, heweavhose nuclear conformations are quite different
as a result, corresponding to an open-chain forayciopropane and a ringed isomer of ozone. In this
case the numbers of electrons are equal for thesygtems but the nuclear environment is quite
different. In the present comparisonef and*He, the number of protons is equal according to the
present model (corresponding to the mass numb&aimdard usage) , but the two systems differ in the
number of & units combined with them in each case.

Another important characteristic of thévecomplex which it shares with théee massless
system is that the Darwin repulsion between the damstituent particles is very small (see Tables X-
XV) As remarked in; Sect. VI.D, the expectation ualfor the un-damped Darwin term vanishes
exactly for the & O prototype system. In both cases this result indg#tat the particles avoid each
other so completely that they never (or only raielyhe év case) reside in the same region of space
(with or without the same spin). This result strignignplies that a definite region of space must be
reserved to accommodate each electron-antineytdirovithin a given nucleus. Analysis of Table Il
shows that this situation arises primarily becats#lows for maximum advantage to be taken of the
attractive Breit-Pauli interactions between the tpaoticles. In &', for example, any change in the
respective charge distributions which leads to -zerod-function expectation value must result in a
net increase in total energy because a variatiomaimum is involved. The situation is not quite as
severe for & (Tables X-XV), but nonetheless the absolute mageitof the Darwin term in this
instance is only 5% of that of the correspondinip-spme-orbit expectation value. At the same time
the calculations indicate that the proton and sdectharge distributions are not similarly resetttas
a rather large Darwin interaction is invariably qarted between them (178980.181 hartree in Table
XV, for example).

These results are very reminiscent of the expetiahebservations mentioned in Sect. IV:C
which indicate that the nuclear volume is essdptidirectly proportional to the number of its
constituent nucleons. According to the presentutalions, it appears somewhat more precise to say
that the nuclear volume is proportional to the neaméf constituent ® units, which arithmetically
amounts to essentially the same relationship. erotvords, because each electron must avoid each
antineutrino, one can expect a fixed volume to dsenved for every such pair of light particles to
insure maximum stability for the nucleus as a whdlee protons are much freer to move in a small
volume because their rest masses are so much mrbateeven as they shrink in orbital size with
increased binding, the corresponding echarge distributions remain relatively unaffectddhis
observation is also consistent with the form of élxponential damping factors in the spin-same-orbit
and Darwin terms (Table I), which as mentioned kefdlow a closer approach to the lighter particles

to maximize the attractive forces as each protadied to the system. The exponential operators are
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strongly dependent on the momentum (and conseguitlorbital compositions) of the electron and
antineutrino, however, so that the volume occupigthem is relatively independent of the number of
protons in their environment. Only if the protorcopation drops below or rises above a critical lleve
necessary to support a given number of anits is a volume change advantageous, which sayoa
beta interaction occurs to either decrease or angthe number of electron-antineutrino pairs within
the confines of the nucleus.

To conclude this section it only remains to discimes result of adding a fourth proton to the
double &V complex. The product is clearly the relativelybd¢a’He nucleus, originally named the
alpha particle a century afjolt has a closed-shell ground state corresponttintpe ¢.’$,> proton
configuration and represents an optimal proporbetween the number of protons and electrons for
such light nuclei The experimental binding enerdyttee last proton (compared fble) is 728212
hartree. Relative to two neutrons and protonsréysesents a binding energy of 1.04 megahartree, or
in excess of 250000 hartree per proton {nucleohg Tatter result is about 2.5 times larger than the
corresponding value fdHe and®H. The indication is that the protdn, ¢, orbitals shrink markedly as
the last proton is added, which is quite consistétit the closed-shell configuration characterizihig
system. The fact th4He is the only stable nucleus with this mass nunimicates that the number of
€V units is similarly optimal, however, as alreadgatissed in connection with the hypothetftal

system.

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

The discussion of the last section is seen to tlgela consistent with the nuclear-shell model of
Goeppert-Mayer and Jenséfy differing from it mainly in the concept of pro®interacting with &
units rather than neutrons as elemental partidiés. lowest-energy protony,s orbitals ¢, and ¢p
simply replace the corresponding neutron and prajeecies employed in the shell model. A key
element in the XBPS calculations which suggests &ldjustment is the finding that the most stable
state of the & system is a singlet. Since neither the electrantm® antineutrino can exist inside the
nucleus without the other, it follows that pairstbése fermions can be added indefinitely without
directly affecting the magnitude of the angular neotam of the constituent protons of a given system.

The possibility exists that the hierarchy of spibitals for proton-neutron shells in the original
model can be obtained from calculations based oaugmented XBPS Hamiltonian similar to that
employed above in Sects. VII.E-F, in which caserdmuilting proton shells are expected to occur in

pairs of the same symmetry, in analogy toghandd, s,» species already considered. It is likely that
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the p,2 si2 configuration for & is not the only possibility, however. Any configtion of two orbitals

of the same j but differing by one unit in | contgia single Omultiplet, and thus differente units
could vary widely with respect to their |-type daddicomposition while still retaining their singlet
characteristic. One can conceive of a series of@utnic spherical units, each differing in volument
their neighbor of smaller radius by a constant amozonsistent with the arguments of the last sacti
based on the Darwin term. The exact nature of thels¢ionships is clearly a matter to be settled by
explicit calculations for larger nuclei.

The negative parity of the ¥ units must have an effect on the overall nuclgerrsetry, but it
is generally accepted that there is no way to deter absolute parities of nuclear states
experimentally”®. In the case of nuclei it should be noted thaity# always inferred indirectly on the
basis of angular momentum changes which occur goattering relatively light systems such as
deuterons off heavier nuclei. Analysis of the résglproton or neutron capture reactibAsllows a
determination of the | value of the incoming nucdoom which the corresponding parity change is
deduced. Since thée complex has J = 0, it is impossible to learn aimglabout its parity from such
investigations, so that existing assignments ofemrcquantum numbers necessarily only refer to the
proton orbitals which are occupied in the calcolasi of the present model. By assuming that tle e
units always have @ymmetry, it is always a simple matter to contleettotal J values obtained on the
basis of the present model to those deduced fremulkleon capture angular momentum distributions.
For example, since the deuteron has a single suithitufollows that the 1symmetry computed for its
ground state is tantamount to predicting that tesults of such experiments will lead to & 1
assignment, as actually observed. Nonethelesqyuglththe intrinsic negative parity of theveunit
defies detection in the traditional nuclear physigperiments described above, it will be seen teha
interesting consequences regarding the interpoetatf other pivotal observations in elementary
particles physics, as will be discussed in sucecggedhapters.

It is well to emphasize that the XBPS treatmentsdogt assume fixed positions for the various
nucleons, in contrast to the practice in the Bopp€hheimer approximation commonly used in
molecular calculations. As a result, the symmefrthe corresponding Hamiltonian is that of the full
rotation group with inversion, exactly as assunmedhie nuclear-shell model. This feature does not
really distinguish molecules from nuclei, howevkecause the rotational states of the former also
transform rigorously as irreducible representatiohthe same point grolip This seems surprising in
view of the fact that molecules are said to haeetdl dipole moments, but a closer analysis shows
that such properties only result as a consequefictkheo symmetry reduction produced by the
introduction of an external electric fiffd The electric dipole moments of molecules are #een to

result because perturbations of this nature caotsdional states of different parity to mix witheon
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another. In the last analysis it is the relativeipall energy separation of rotational states which
distinguishes molecules from nuclei in this respetsummary, the rotational symmetry of the XBPS
wavefunctions results because no comparable “cldmpelei” assumption to that of the Born-
Oppenheimer approximation is made, rather thanuseca convenient simplification is introducadi
hocin order to maintain identification with the priptés of the nuclear-shell model. The calculations
discussed above have the disadvantage of simultalyeincluding translational effects as well, bl t
difficulties brought about by this characteristieccbme somewhat less critical for systems containing
relatively heavy particles such as protons.

After the 1g, shells have been filled, the shell-model lead®expect that the next most stable
orbital available to succeeding protons ig;lpclosely followed by 1. Since the present model
foresees pairs of such proton orbitals, it mightelpected that the same symmetry is not always
involved for both partners. Because the two orbitale assumed to occupy essentially equi-potential
locations (see Sect. VIIL.E and Fig. 6) relativeatgiven €v unit, however, it seems at least plausible
that they differ only in their respective radiastiibutions. The operators involved in the XBPS giod
are of the spin-orbit and related type, andhis choice has been suggested in part by thetsesfuthe
nuclear-shell model, it is thus clearly consisteith this approach. If the traditional gjrfactors of the
Breit-Pauli Hamiltoniali? (Table 1) are employed exclusively, it is seert tihe only interactions of
this nature which are of great importance for pmstare the spin-same-orbit and Darwin terms,
whereas the ® units participate in all such interactions (exceyat Darwin term for the most part). A
spin-orbit term which can account for the largg-pp,, and related splittings deduced from the

locations of nuclear energy levEtg’ 1041

is also required, however, which has far largarptiog
constants than those found in the conventionaltBaili interaction® between protons.

A spin-spind-function operator employing a unit (electronicinghvalue for the proton-proton
interactions has been found to be effective in&@rpig the triplet multiplicity of the deuteron'sogind
state (Sect. VII.F), but it is clear that such rnteannot account for the observed splittings lef/¢ls
belonging to the same | quantum number. It needsetoecognized that such spin-orbit interactions
cannot be assumed to occur between a proton amahtgproton without upsetting the arguments of
Sect. V.D. They predict that théeeand pp systems have wavefunctions which are strictlyteeldy
a scaling operation. It is also clear that some typlong-range damping is required, similar tot tha
originally suggested by YukaWd® to account for the fact that the influence of st®ng interaction
does not appear to extend beyond nuclear dimensions

The search for such spin-dependent proton-protterdations is clearly far easier when an
accurate description of the central field attragtinese particles is available. It is in this cahthat the

present XBPS Hamiltonian can play a crucial roke.this model the ‘® units provide a strong
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attraction for protons while having no direct effea the angular momentum of the nucleus as a whole
by virtue of their 0symmetry. In this view the bond between a prototh @ neutron comes about to a
large extent because two protons are stronglycigitito the same electron and antineutrino. Sinee t
protons in question occupy different orbitals (S&tt. E), their individual relationships to theghter
particles can still be quite different from one i, thereby making it appear that they are aatexti
with two fundamentally different particlese. a neutron on the one hand and a proton on the,other

exactly as foreseen in the nuclear-shell model.

H. THE ISOSPIN PROPERTY AND ITS RELATION TO THE XBP S MODEL

Before concluding this comparison between the tesofl the preceding calculations and the
concepts which form the basis of the theory of eaclphysics, it is important to give close
consideration to another fundamental quantity,isiespin proper{® The present model employs a
Hamiltonian which depends only on the spatial apid soordinates of the constituent particles of a
given system, and on this basis the correspondieggees and other expectation values are computed
without making any prior assumptions whatsoeveardigg the isospin property. It is thus important
to see how the fundamental relationships underlyiregisospin theory might be inferred from the
results of such calculations. The idea which lethintroduction of isospin can be traced bacth&o
suggestion of Heisenbéfgn 1932 that a neutron and a proton can be loakwEh as two different
states of the same system (nucleon). As such, thadamental particles are referred to as an isospi
doublet, differing only in the z component of thectorial quantityl. The latter's transformation
properties are assumed to be identical to thosmhofal and spin angular momentum, and so a well-
defined mathematical framework for the theoreticgdtment of isospin is immediately at hand.

The most important physical conclusion regardinghsisospin multiplets is that the various
component systems would be perfectly degeneraielyf the hadronic force were active, and not the
electromagnetic (gravitational forces can be safgtpred because of the nature of the problem). The
theory asserts that under these circumstancessitamasses of the proton and neutron would be of
identical magnitude. In the present model emphiagidaced instead on the possibility of converting
proton into a neutron by the addition of an elattamd an antineutrino in the form of am binary
unit. In this sense, elimination of the electronetgnforce can be equated with placing bare protons
an environment which is absolutely free of electrand antineutrinos. Because of the high density of
massless ‘@ andvV binary systems, so the present model goes, this sfeaffairs is impossible to
achieve by any experimental means, similarly ds itot really feasible to turn the electromagnetic

force off and on at one’s volition.
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Explicit calculations with the XBPS Hamiltonian sthdhat a system of two protons forms
neither. bound states nor resonances, and hebis isense the pp interaction is purely repulsie
reason that roughly one hundred years of scattexupgriments have been interpreted differently is
understandable in terms of the premise that when®ue protons approach each other at very close
range, they have a sufficiently strong attraction dn electron and an antineutrino to overcome the
dissociation barriers of the ever-presef# end vV binary systems, thus making these particles
available, i.elcreating” them in the conventional terminology.€Tfact that the partner positrons and
neutrinos are always set free in such nuclear foomgrocesses is consistent with this interpretati
although the evidence is clearly less than totafigmbiguous. To settle the matter definitively vebul
require experimental proof that particles can eatmd or destroyed with appropriate application of
energy, which amounts to observing the unobseryv&hiffice it to say that the charge independence of
nuclear reactions, which is at the root of thepgogoncept, is accounted for in the XBPS modelusTh
to the extent that a suitable Hamiltonian can haéband the associated Schrodinger equation solved
to a satisfactory degree of accuracy, one can éxpedey results of isospin theory to emerge from
such treatments without having to make additiosalimptions of an dubcnature.

One of the greatest successes of the isospin thaotlie realm of nuclear physics is the
elucidation of trends in the rest masses of iscbauiclides” , i.e. groups of systems with the same
mass number. One of the clearest examples ofythesis the isospin tripléf'C, *“N and*‘O in their
respective Ostates. In such cases it is found that the diffege in the rest masses of these systems can
be estimated to a good approximation by comparhmg respective magnitudes of the Coulomb
repulsion of their constituent protons and correctfor the promotion energy required to convert
protons into neutrons. In the present model iscobauiclides differ from one another mainly in the
number of their constituenfveunits, each of which changes the atomic number givan nucleus
without changing its mass number. Assuming thatwéous proton shells correspond to pairs of
orbitals¢,, ¢, which can be associated on a one-to-one basistétimeutron and proton one-particle
functions of the nuclear-shell model, it is onlycassary in the present view that the occupatichef
outermost shells (in the above case gfgymmetry) change in concert with the additionassl of the
€V units.

The relatively good agreement achieved with expenit@l data through the above
approximation suggests that proton orbitals cadisinguished in a reasonably unambiguous manner
on the basis of their spatial relationship to the enit lying closest to it. Again the existence ofrpa
of equipotential points in the exponential dampee@itBPauli terms, as indicated in the schematic
diagram of Fig. 6, make such an identification estst plausible. More significant in this respect is

perhaps the spin-dependent force which exists legtwthe protons, however. The (partial)
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concretization of this interaction discussed intS®4l.E prevents the development of atomic-like
trends in which shells tend to be completely fillgith electrons before the next most stable spésies
to be occupied. By providing a strong repulsiveiiattion between protons of opposite spin, thim ter
minimizes the importance of stability differencestviieen two neighboring shells and causes them to
be occupied alternately in a manner akin to the hayses and hotels are added to properties of the
same color in the parlor game Monopoly. Moreoves, fle V calculations of Sect. VII.F indicate that
the gain in stability possible by further occupyimme of the “neutron” orbitals is very much depeande

on the number of neighboringwe units in the system.

Another key aspect of the isospin formulation $sassumption of nuclear wavefunctions which
are anti-symmetric with respect to any exchangea @roton and a neutr®h This specification is
referred to as the generalized Pauli prinéfi® call attention to the fact that in the origimairk®* an
anti-symmetric form was only required for indistiighable fermions. In the present model no such
generalization is necessary because protons aadgirassumed to satisfy the Pauli anti-symmetry
principle, and accordingly it is actually two ofede particles which are being permuted when one
speaks in the conventional model of an exchangeprbton and a neutron. The corresponding electron
and antineutrino of the “neutronic” proton are ligtaeparate particles in this view, and thus ase n
affected by such a permutation. In retrospect,ould be more difficult to bring the present model i
line with the isospin formulation if the latter isted that its nuclear wavefunctiaid not have to
satisfya particular permutation symmetry for the exchaoige proton and a neutron. This eventuality
would force an exception to the original Pauli pije™* to be allowed in the present model according
to which the exchange of two such indistinguishabigtons would not lead to a sign change in the
total wavefunctions under these circumstancesedasthe realization of the consequences of beta
decay of neutrons left no other choice in the fdation of the isospin theo®® to broaden the
definition of “indistinguishable” particles in tHeauli principle to include the proton and the newuitin
the same class despite their apparently distinctiagacteristics.

In this discussion it is also important to recognibhat the predictions of the isospin theory in
nuclear physics are not of a generally quantitatizeire. The comparisons of the energies of isobari
nuclides mentioned at the beginning of this sectioroften work remarkably well for ground states,
but the experience with excited states is lessisaagIn their book Goeppert-Mayer and Jefi%en
point out, for example, that although excited lev&f a nucleus with, E 1 should be closely related to
some of those of the corresponding isobar wjtkr 10, “seldom has it been possible to make an
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unambiguous assignment of this kiffti"*®! As a result these authors prefer to distinguistwben the

"charge symmetry" of nuclear forces, involving eithwo protons or two neutrong * +1), and
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“charge independence” when a neutron-proton intenads present, concluding that the experimental
evidence for the latter property is not nearly@sng as for the former. Furthermore, it is welblam

that correspondingly simple relationships in eitisetopic or isotonic series are all but non-existas
illustrated by the deutercitde-alpha particle seri&s discussed in Sect. VIL.F. There is thus a danger
of oversimplifying the theory of nuclear binding bigidly assuming that all nucleons in equivalent
shells have the same properties except for eleeigortic effects.

As an additional remark on the relation of the osconcept to the present model, it seems
inescapable that at some point the number wfuenits reaches a critical value, at which poirisiho
longer possible to form even a meta-stable nucktls the original number of nucleons. In isospin
theory such theoretical isobaric members are sinaggumed to be non-existent, whereas iralan
initio approach they correspond to virtual states whosssraad other properties can be computed in
principle, but which in all likelihood are quite stable to either beta decay or electron capture
processes. A similar situation is not uncommontéméc and molecular physics, whereby states which
correspond to bound species for other (isoeleatjosystems are found to lie in some continuum
region for the system of immediate interest. Samesi a resonance of the expected character can be
located, but more often than not such correspon(iizpatic) states are totally absent in the coegbut
spectrum, or more precisely, they are apportiomedrng the wavefunctions of continuum states lying
in the appropriate energy range.

In summary, the present model can be expected #t lmast indirectly relevant to the isospin
concept by virtue of its (hoped for) capacity taessfully predict the masses and properties of a
variety of related nuclear systems. To the extbat the solutions of the corresponding Schrédinger
equations can be obtained quantitatively, and & glocess be shown to reproduce the pertinent
experimental data to a satisfactory degree of amation, such results will inevitably be foundhe
in agreement with the conclusions otherwise read¢héependently through application of the theory
of isospin. Such an attitude toward a concept whihbecome so well established over the years as t
have been referred to by one autfforms an ‘“industry” might well be perceived by son® a
unacceptablyeger. Opinions have varied widely on this issue, howewgr llustrated by a passing
reference made in 1950 by Goldst&%in his survey of the principles of classical matha in which
he wrote, “indeed for nuclear forces we don't harng theory worth speaking about.” We shall return
to the subject of isospin in Sect. IX.J when tHatienship of the present model to the quark thexry
elementary particles is taken up.
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I. NUCLEAR REACTIONS

The discussion of nuclear forces in terms of the?%Bnodel has thus far being confined to the
study of structure alone. The possibility of camgyiout calculations for such systems onaéninitio
basis also carries with it the prospect of studyinglear reactions in a new light. One can ordeseh
processes most conveniently in terms of the tygesadicles which are produced by them. These
includea, B andy rays in the original language used to describe field”®. Later on neutrons were
also discovered as decay prodtittand the general possibilities of nuclear fusind fission became
known. When studying reactions it is necessaryrtowk something about energy barriers separating
products from reactants, and not just relative gieerin their respective equilibrium states. Sittee
Born-Oppenheimer approximation is not used in tiBPR treatment, there are no potential curves as
such from which to deduce the magnitudes of suchiebaheights. For many purposes the variation of
the total energy with scale factor for the associated one-particle basis set provigsvalent
information, however, as demonstrated in the &dv V treatments (Figs. 7 and 9). Ass increased
from small values the energy always rises untiédain point when the short-range interactions megi
to overtake the effects of kinetic energy (Fig. B)e heights of such computed barriers are nedgssar
basis-set dependent, since for a complete setdhresponding results must be independent of scale
factor. For relatively large basis sets this degpvéesaturation still remains an unattainable ideal,
however, and one can hope that data such as sothie ebove figures can be successfully analyzed

in the suggested manner.

Because of the extensive computations requirechén gresent model for the treatment of
systems consisting of a few particles, it is likédat such investigations will not be feasible ieavy
nuclei, thus making the study of nuclear fissionl atpha-particle decays accessible only if suitable
approximations can be found which allow inert she&dl be treated in a simplified manner. The subject
of beta decay will be taken up in detail in the thelxapter, however, and the treatment of photon
emissions from light nuclei also appears to beagtial goal ofab initio calculations of this type. In
the latter case it is necessary to develop metlddsh clearly distinguish pairs of states differing
mainly in translational energy from those correspog to distinct internal states between which
spectroscopically observable transitions are ekttt occur.

The most attractive reaction type that might beeasible to treatment by such computational
methods is nuclear fusion, since only relativelyaBnmuclei in their respective ground states are
involved in the most interesting cases. There basntly been renewed interest in this subject ecau

of reports on electrochemical studies on heavy maitt platinum and palladium electrod®s® The
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results of these experiments have led to specnlagigarding the identity of the reactions which Imig
be involved, although there is mounting evidencat Some of the original observatio¥iscan be
explained to at least a large extent on the bdsmi@ly chemical transformations. Traditional high
temperature fusion experiments have been basedljang the reaction of tritium and deuterium to
give “He plus a neutrdfi’. The exothermicity of the above tritium reactisn6i46458.62 hartree (17.6

MeV), which compares favorably with that of the lagaus fusion process
d+d- °He +n VIl.4

whose exothermicity is only 120238.74 hartree (B18V). Despite the fact that no radioactive
substances are required to drive the latter raacti® higher heat output of the tritium proceskesa

it technically more appealing. The reaction’dg plus a neutron is itself quite exothermic, hosrev
since it leads to the formation of the highly séahblpha particle. If this product were formed diyen

the d + d reaction, the corresponding exothermigibyild increase to 876582.49 hartree (23.8 MeV),
6.2 MeV more than in the

t + d counterpart preferred in the high-temperafusion investigatiod&. Moreover, both reactants
and product of the former process are thermodyrelipistable.

The reason thafHe is not formed with sufficient regularity from @ d collisions is
understandable in terms of the laws of conservadfoanergy and momentum. A second product is
indispensible for sharing the energy potentiallgased in this reaction, and decomposition fite
plus a neutron achieves this purpose with relatitigh probability under typical reaction conditson
A photon could carry away most of the available82@eV energy if the intermediafele state reached
were of non-zero multiplicity, however, so as tokea subsequent emission process to the J=0 ground
state allowed. Since deuterons have zero isospin au excitedHe state must also be expected to be
an isospin singlet, but this in itself would noeseto rule out the formation of an intermediatehwit
angular momentum J = 1 or 2 because of the triplgtiplicity of each deuteron. Once the pertinent
*He wavefunctions became available, it would be iptesso compute the rate for radiative decay to the
ground state as well as for decomposition into®He-plus-neutron products. The practicality of such
calculations is something which remains open tctioe at the present stage of development, but this
example at least illustrates how the above quamg&chanical approach might be used to shed light on

the mechanisms governing the reactions of smalkhuc
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VIII. WEAK INTERACTION IN THE XBPS MODEL: PARITY CO NSERVATION AND

SOLAR NEUTRINOS

In the preceding chapter the strong interactiorporsible for nuclear binding has been
represented in large part by means of an expotigrda@mped, momentum-dependent potential which
has as its low-velocity limit the spin-orbit andated operators of the Breit-Pauli HamiltorffanThe
key assumption in the accompanying theoretical migdbat the antineutrino is capable of undergoing
an attractive short-range interaction with othetipes because it possesses a non-zero chargsstto-r
mass ratio (its charge and rest mass are each edgonie zero). Under these conditions it is shown
that the two-body potential defined above (XBPS Htamian) is capable of binding protons tove
binary systems with sufficient force to allow iddictation of the stable products with experimentall
observed nuclei. Instead of assuming that therele@nd antineutrino decay patrticles of a neutren a
created at the time of its decomposition, it is destrated that, contrary to past argumentation, a
potential does exist which is sufficiently attraetito confine such light particles within a volume
typical nuclear dimensions. In this view the elestand antineutrino retain their existence witta t
bound nucleus, and they are simply set free in thetay processes.

The question that obviously arises as a resulhistier such a model can be used in a consistent
manner to describe the weak interaction itselfthe force which is believed to be responsible lier t
beta decay of nuclides. The accepted view in thieatephysics today is that the strong and weak
interactions are basically different in naturehaitgh the possibility has long been sought of umify
them in some way with each other as well as witkeast the electromagnetic interaction. In more
recent times a theory which succeeds in combirtiegelectromagnetic and the weak interactions has
been formulate§® but the hoped-for union with the strong nucleacé has yet to be achieved. Once
it has been assumed that the binding of nuclebeadescribed in terms of interactions involvingsthr
different constituents, the proton, electron antinaatrino, however, it is straightforward to assum
that the same types of effects must be involved nwisech systems undergo spontaneous

decomposition. This line of approach is investigdtethe present chapter.
A. QUANTUM MECHANICAL THEORY OF RADIATIONLESS TRANS ITIONS
It has been mentioned in Sect. IV.A that the neutran be looked upon as an excited state of a

system whose ground state is unbound, a statefafsafvhich is analogous to that existing for
excimers in molecular physics. The beta decay péatron involves a radiationless transition in the
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language of that field, since photons are not euhith the process. The most direct way of computing
the lifetime of any radiationless decay is to sollie corresponding Schrodinger equation for the
excited state in question (more commonly referoedd a resonance). The eigenvalues associated with
such meta-stable states are complgx (E;)) and the line widtl" associated with its decay is equal to
twice the imaginary component

E'®°. The same Hamiltonian is employed for this purpaséoathe computation of bound states. The
distinction between stability and meta-stabilityaofiven state arises naturally out of the solutibthe
corresponding Schrédinger equation, namely in tesfriee magnitude of Kzero for stable, non-zero
for unstable or resonance states). Upon carryirgy t¢hvis formally simple approach to the present
discussion, one must expect that the neutron’sggreigenvalue is actually complex and corresponds
to a line width

I = %/t, where the lifetime is observed experimentally to be 918 s.

Because the neutron’s lifetime is quite long in panison with those of typical atomic or
molecular radiationless processes, it is quite aofical to compute its value in the above manner,
however. The imaginary part of the correspondirergyeigenvalue is only in the order of'f@V, as
compared with a total (real) energy of 29000 harts® the accuracy required in obtaining a useful
result in this way is prohibitively high. Instedtlis far better in such cases to resort to an @pprate
method closely related to it, namely the Fermi galdulé® which can be derived from the time-
dependent perturbation formalism introduced by &ffaln essence low-order perturbation theory is
employed to obtain the desired result, and becthseffect of interest is very small the accuracy
expected from this level of approximation is cop@sdingly high. The usual procedure is to divide th
total Hamiltonian into two parts, Hand H’, and first obtain solutions for the formeperator's
Schrédinger equation which can subsequently be ased basis in which to apply the golden-rule
formalism. In a typical application a spin-free Haomian (H,) is diagonalized, while the spin-orbit
operator serves as H'. In the present exampls,very difficult to know how to divide up the XBPS
Hamiltonian, however, especially to identify a shiaderaction in it which is responsible for indogi
the transition from initial to final. Such a diwsi of the total interactions is not essential, heeveas
can be judged from the complex eigenvalue apprd@sh discussed, in which only the full
Hamiltonian is actually needed. Because the gotdé&n-formalism deals with off-diagonal matrix
elements of H' in a basis of functions which diaglae H, it follows that the corresponding full
Hamiltonian matrix elements have the same magnitisddose for the perturbing term alone.

On this basis it can be recognized that the maipqae of dividing up the full Hamiltonian into
H' and H, components is to provide a suitable definitiorthaf initial and final states of the problem.

The difficulty in applying the golden-rule formatisfor the XBPS Hamiltonian in the description of
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neutron decay thus comes down to identifying réalimitial and final states which represent the
physical situation satisfactorily. In a spin-oripite-dissociation of a molecular energy lé¥elfor
example, one chooses pure spin states of diffarettiplicity for this purpose. In another typical
example, Born-Oppenheimer solutions are taken iialiand final states and allowed to interact via
the nuclear kinetic energy operator (non-adialeffiects). A completely equivalent way of proceeding
in both cases, however, consists of first diagairai the full Hamiltonian and identifying solutions
which correspond to mixtures of the initial andafirstates normally employed in the golden-rule
approach. A unitary (diabatic) transformation céwent be defined which connects the diagonal
representation of the full Hamiltonian to one whi@h non-diagonal, based on the physically
appropriate golden-rule states. The off-diagonatrima&lements of the latter Hamiltonian matrix are
then recognized as the quantities to be substitutede golden-rule formula for the desired lifeéim
computation.

When described in this way the above proceduredsoarbit arbitrary, which in a certain sense
it is, but no less so than in the alternative métbbdividing up the full Hamiltonian into two part
The correct lifetime can only be obtained if theoick of initial and final states conforms to the
experimental conditions at hand. That is why theglex eigenvalue method is more acceptable in
principle because no comparable choice is heed#dsrcase. Instead, it is only necessary to ifienti
the Schrodinger equation solution which correspdandde physical state of interest. In summary, to
describe the weak interaction in terms of the XBfa#iltonian it is not necessary to first deviseeavn
interaction, but rather to identify a suitable diab transformation which leads to the physically

meaningful initial and final states involved in tthecay processes of interest.

B. SPIN-FLIP MECHANISM FOR NEUTRON DECAY

In Sect. VIL.A it was noted that the most stablatestof the pe'V system to be associated with
the neutron has 1/8ymmetry and that the ) 1/2 component can be described primarily in teah
the spin configurationg (e€a v 3 — év ), that is, the & 0 complex discussed above is bound meta-
stably to the proton in this model. The spin of tieeitron is thus determined almost entirely by tfat
the proton. The spins of the three particles endhitedter neutron decay have been studied
experimentally by Burgget al’2 These authors found that of the threg #M1/2 spin combinations
possible for the {8V system, one is missing almost entirely, nanwedy?. It is thus seen that the
antineutrino carries away the original total spinhe neutron to a large extent, and this implied the
proton and electron form a singlet complex onceodwgiosition takes place. Since the beta decay

process involves a transition between two statethefsame system, we can combine the above
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theoretical and experimental results to arrivehatfollowing interpretation. In the initial (metéable)
state the spins of the electron and antineutrieoo@posite and constantly alternating. At the tohe
decay aspin flipoccurs so that the proton and electron spins beappesite and alternating and the
V spin consequently must remain fixed. The systeexpected to be quite unstable in the resulting

spin configuration, so that decomposition occura asnsequence.

A key result of the above'@V calculations based on the XBPS Hamiltonian is thatabsence
of theaal3 spin configuration is not complete. The Cl cardfints of Table IX show that the ideal ratio
of V3 : 1 of the two doublet spin eigenfunctions (seetSVII.A) corresponding to the same spatial
orbital occupation is never quite attained. Disarggies of 1- 2 % in the square of this ratio are

generally observed.

With reference to the general discussion of lifeticomputations given in the preceding section, it
seems reasonable to assume that this admixtureatfier 1/2 spin eigenfunction is at least partially
responsible for the neutron’s instability. Becaab¢his impurity in the pe v wavefunction ;) there is
a small probability that the system foregoes tharfangement preferred by thevecomplex, thereby
causing the system as a whole to break apart. Batiatransformation can then be defined along the
lines discussed above which removes this impuritynixing in a second statél§) which consists
primarily of the other (undesirable) spin configioa. The eV diabatic statéV;° with the pure & O

component is then defined as:

WP =cos@ W, +sin@ ¥, VL1
A second diabatic state corresponding to the odimal 1/2 spin function is similarly defined as:
W,° =-sin@ W; + cosO W, VL2

Normally several such excited states are requioeallow for a thorough deperturbation of the dekire
initial diabatic state, in which case a unitanyngtormation of higher dimension is required.
In order to use the results of thee[y calculations discussed in Chapter VII to obtaireatimate

of the corresponding decay lifetime, it is necegdar compute matrix elements over the full XBPS
Hamiltonian between the diabatic states definedhmm last section. This is a simple matter if the
eigenvalues corresponding to the adiabatic excitetesW, needed to define the required unitary
transformation are known, involving a reverse tfamsation of the diagonal Hamiltonian matrix in the
original eigenvector basis. This brings us to apdrtant qualitative point, however. The decay pssce

must involve a final state of the same total enagyhat of¥,” which rules out any of the other diabatic
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species described above. All such states mustrbleda stable, corresponding to a highly undesrabl
change in the spin orientations of the three corapbparticles relative to those in the initial etdhstead
the true final statél.° is a member of a continuum corresponding to tlee foroton, electron and
antineutrino system of the same energy&s More precisely there are an infinite number aftsstates
which correspond to the continuous range of antimeuand electron energies whose distribution was
successfully predicted by Ferit?**in his original theory of beta decay. The othebditic species
mentioned above are thus to be looked upon asal/states which only act as intermediates in tleage
process.

The decay is accordingly expected to be predominahtsecond order, and properly described by

the golden rule formutd

WP HYS> = 3 WP HYP> < ° HWP> (B, - B°)* Vi3
n

andt™ = 2nj<¥,® HY.°>f dN/dE, VIIL4

whereT is the lifetime in atomic unitsia/e’ ) and dN/dE is the density of states of the camnfmn®’
From these equations it is relatively easy to imagvhy the neutron’s decay lifetime is so longstithe
energy denominators,E— E,° are expected to be quite large, as already mesttid®econdly, each of the
continuum functions¥.° is a free-particle state and as such cannot bectegh to have very large
Hamiltonian matrix elements with the very compaiabdtic functions¥,” which are confined for all
practical purposes to within nuclear dimensionstHis connection it is well to note that the matrix
element &,° HY."> is not computedb initio in the original theory®, but rather is inferred from the
measured lifetime of the decay process.

Thus far we have only emphasized the effect oediffit spin orientations on the lifetime of the
p'eV system, but it also seems clear that {heps (or p-ds;) polarization effects discussed in Sect.
VII.A also should be an important factor. One af thajor inducements for the binding of a protothim
XBPS calculations is its attractive spin-same-omttiéraction with the electron, which for ap, proton
orbital requires that the electron occupy @ gpecies as far as possible. The antineutrinotseaisy
polarization of the electronic charge distributfoom s,t0 p,, because such a change decreases its own
attraction for the electron. When a relatively dmamber of protons is present in a nucleus as acedp
to the number of'® units, the competition for the electron’s favoeigected to be intense, and this in
turn increases the possibility of a spin flip oéttype discussed above. When more protons are added
however, the electron can more readily adjust ikstal character to satisfy them at the expensthef
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antineutrino without sacrificing the overall stétyilof the nucleus. It can thus be anticipated thatfei
of high binding energy are characterized by reddyivhighly polarized & units relative to their
respective proton-free states, while at the same fpreserving the Gharacter of the light-particle
binaries more thoroughly than has been computedeaton the pe vV neutron system.

Nevertheless, in view of the variety of Breit-Paelims which contribute to the stability of th& e
units as opposed to those with a major influencehennuclear protons (Tables XI-XIII), it still see
highly plausible that the electron and antineutri@main indispensible to one another for the purpasd
keeping them bound within the narrow confines of given nucleus. This characteristic of the XBPS
Hamiltonian (Table 1) thus ensures adherence toMtleknown fact that beta decay always involves an
addition or loss of the same number of electrorsrgiseutrinos (or positrons and neutrinos). lis thay
neutrons can be converted into protons dnd-versaas a consequence of beta decay. When an excess of
protons is present the results of the XBPS calionat(Sect. VI.F) indicate that a relatively highding
energy is still possible. Under these circumstanbewever, the nucleus becomes unstable to electron
capture that would otherwise lead to the conversfgorotons into neutrons via this mechanism ineord
to further enhance stability. Ultimately in the geat model it is the high density of thieeeandv Vv
massless binaries throughout the universe (see IBE)twhich keeps systems such“asfrom having a

stable existence.

C. LONGITUDINAL POLARIZATION AND PARITY CONSERVATIO N

In Sect. IV.B the phenomenon of longitudinal pdlation of the emitted particles in beta-decay
processes was briefly mentioned. In the period édiately following the first such experimetits
physicists quickly had to come to grips with thepsising thesis that parity is not conserved ineak
interaction. This proposal had first been made by Bnd Yardj in 1956. The original motivation for
their hypothesis was the observatf8mf two seemingly identical particles, then tenlly referred to as
T and ©, which nonetheless were thought to decay diffégyefnom one another (see Sect. IX.C). As
mentioned before, since the evidence from nuclaedraomic-molecular processes was consistent with
the view that parity is conserved in all physicgkractions, the assertion that this state of &fiddes not
hold generally was first met with considerable sicégm.

The experiments of Wet al’’, carried out in response to the suggestion of Yamdylzee and
fulfilling their expectations in a spectacular mannchanged this view dramatically, however. The
situation is perhaps best illustrated by a 18tteritten by Pauli shortly after being confrontediwithis
experimental evidence. The theoretician who hasigimed the discarding of the conservation of energy
principle’® in interpreting the results of beta decay by pasing instead the existence of a previously
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unknown particl&, the neutrinos, was now put in the position of having to accéet fall of an equally
cherished law of nature, the conservation of pakiynen we examine the theoretical arguments which
ultimately led to this development, however, walfthat an important assumption of a different kimd
also involved, one which has been at issue fronothset of the present study, namely the hypothasis
the creation and annihilation of matter. It is #fere interesting to review the key experimental
observations with special emphasis on this asgdbedheoretical description.

The ®Co beta decay studied by Wt al®’ involves the Gamov-Teller selection rifleA] = +1,
which makes the experimental verification of thegiwudinal polarization of the emitted particles
somewhat easier to follow. Since the experimenaisied out at an initial temperature of only 0.&Llfh
the presence of a strong magnetic field, the J M 5= 5 state of°Co is populated almost exclusively
prior to decay, from which the J = 4,;M 4 °™Ni state must be formed in view of the above s@act
rules. Conservation of angular momentum thus regquihat the emitted electron and antineutrino both
havea spin,i.e. pointing in the same direction as that of the pobduwcleus. Since electrons afgserved
to exit predominantly in the direction oppositethat of the external magnetic fielthe hypothesized
polarization effect is clearly demonstrated by #kperiment. The polarization is not complete, ibig
found to be of the highest degree that can be ¢éageehen account is taken of the fact that thetielpts
velocity is less than the speed of light. As Wuoretted in a subsequent review artitle"... viewed
from the position of the emitted beta particle® thuclei®®Co appear to rotate clockwise; left can be
distinguished from right, therefore, parity ot always conserved, as shown by this experiment;
moreover, the asymmetry observed is as large asbpes

Subsequent experimefiton the electron capture 5fEu demonstrated that the emitted neutrinos
are also left-handed, and by inference that th@eutino is right-handed. Nuclear recoil in bothr@ov-
Teller @AJ=tl) and Fermi AJ=0) decays consistently verify this property ofutn@os and
antineutrino§°°"% |n the®®Co decay the recoil of the product nucleus is stmhexample, that con-
servation of momentum forces the emitted antineo#rito always exit in the direction of the applied
magnetic field. This fact when combined withdtspin as deduced above leads to the conclusiothéat
antineutrino is characterized by positive (righttied) helicity.

The thrust of the parity non-conservation argumerthus as follows. Since neutron decay takes
place in free space, one must expect on the basissaming that parity is conserved in all inteiat,
beta decay in particular, that there should berefepred direction of motion relative to the nuclepin.

An applied magnetic field can have no effect os telationship,because as a pseudo-vector it is
unchanged by a coordinate inversion. If a neutsom iparticle without internal structure prior te it
decomposition, the observed longitudinal polaratif its decay particles is therefore incompatiki

parity conservation. If the original system corsistthree particles instead of onlkegowever, the situation
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changes in a fundamental manner. Particularly éf iblative orientation of the spins of these phasic
plays a major role in determining the stabilitytbé initial and final systemg, is no longer logically
compelling that the longitudinal polarization obged in all beta decays is inconsistent with parity
conservation.

The calculations for the’g v system discussed above indicate, for examplettieatv complex
greatly prefers to be in a singlet state, andtfespontaneous decay comes about primarily becdwse
spin flip which destroys this relationship betwetbese two light particles. The terms in the XBPS
Hamiltonian which are responsible for this result ¢he short-range Breit-Pauli interactions whith a
typical atomic inter-particle separations corregspttmmagnetic effects. The Hamiltonian itself contasu
with each of the parity, charge-conjugation andetireversal operators as well as any combination
thereof, including the CPT product of the SchwirBauli-Luder's theoretti’,, so it cannot be claimed
that there is any inherent property in the preseomdel which could lead to a non-conservation of ahy
the above quantities. Calculations with this Hamnilan find a strong binding for the proton, elentemd
antineutrino in the lowest 1/8tate of the combined system, which it has beeneardSect.. VII.C)
would correspond to a (meta-stable) particle witlagnetic moment of the order of a nuclear Bohr
magneton. After a spin flip occurs of the type d&sed above, it can be expected that a quite éiffer
situation results, howevein which each particle is strongly repelled by faene forces which hold the
system together in its original meta-stable configion. That there might be a high correlation between
the spin of each particle and its direction of motunder such circumstances is not at all implaeisib
decided contrast to what must be concluded if $irngply assumed th#he electron and antineutrino first
come into existence at the time the decay proagadand not before it.

If we assume that strong magnetic-like fields atel@ose at the time of beta decay, in accord with
the arguments based on the present calculatiofw|atvs that the spins of the individual particl@sd
their magnetic moments) determine the strengthhefd forces. There is no law of conservation of
magnetic fields, but the net force on the threestitwrent particles must be unchanged by virtue of
Newton’s Third Law as a result of such an intectange in the structure of the decaying systemtfand
same holds true for the system'’s total angular nmume. Since no particle is affected by a self-gatest
magnetic field, it follows that the resulting foscare different for each of the decaying species. F
example, the antineutrino is only acted upon byfilels of the proton and electron, while the elact
experiences the fields of the antineutrino andgranly. The only requirement is that the vectansf
the individual forces vanishes.

Since the exponentially-damped Breit-Pauli intdomst are mainly responsible for such forces
according to the present calculations, it follolattthe charge-to-rest-mass ratios which are thplicm

constants determining the magnitudes of these tefface crucial quantities for understanding the
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dynamics of beta decay. In théew system the absolute magnitude of the o/atues decreases in the
order: electron, antineutrino, proton. A positivéng value only about 60-70% as great in absolute
magnitude as that of the electron is required tiobthe experimental neutron energy in the above
calculations. It will be recalled from Sect. VIHat this choice still allows for a consistent exition of

the non-ionizing properties of neutrinos (Fig. 8) e basis of the exclusively long-range repulsive
character of the corresponding interactions whigtult from it, while at the same time providing for
short-range attractive forces of the strength meguto form a suitable’@ complex with which to bind
protons in nuclei.

On the basis of these considerations an interestrigs of correlations can be identified between
various theoretical and experimental propertieateel to the longitudinal polarization phenomenaor. F
example, the g/mvalues for & and v are positive, just as are their helicities. Chacgejugation
changes the sign of these g/ratios, giving them negative values foraedv, which is also the sign of
their helicities. In terms of the Breit-Pauli irdetions the correlation becomes even more striking,
namelythe magnetic moments of each of the four partialesve point in the same direction as their
momentum vector in beta-decafter taking account of the v/actor in the polarization functi&i™®
one can summarize all known experiments dealing this phenomenon as follows (Fig. 1f)e emitted
electrons and neutrinos and/or their antiparticlalsvays show a strong preference for orienting their
magnetic moments parallel #nd in the same direction as the forces acting lant after beta decay
occurs.

In any conventional system subjected to a strongneiic field, it can be expected that the
constituents with the largest magnetic moments shitiw the strongest reaction in order to minimie t
total energy, so the direction of the accompanyinrge can be deduced most simply by observing their
behavior. The above correlation is perfectly caesiswith such a pattern. The lighter componenthef
neutron or other beta-decaying system orient thexsevith a definite preference. The importancéhef
v/c ratio also fits in with such observations, sitbe velocity of the emitted electrons is clearlgood
indicator of the strength of the forces to whichytlare subjected, and their tendency to orient sedras
in the magnetic field depends very much on thisofaSince the net force on the nucleus must be aer
a whole because no external interactions are presés also clear that not every constituentresefto

alter its spin direction so as to have its magnatienent parallel to the magnetic field.
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FIG. 15. Schematic diagram showing the relation&igiwveen the linear, pnd total angular; inomenta of the particles emitted
upon the beta decay of a neutron. The magnetic mope (g/2m;) J of the electron and antineutrino is observed totpia
the same direction as its momentum vectpthuis giving rise to the phenomenon of longitutipwarization. The corresponding
proton quantities (with by far the smallest |g/nvalue of the three decay particles) must poirdgpposite directions in order to
satisfy the conservation laws for linear and angmiamentum for the system as a whole. If all thpagicles are assumed to be
present in the neutron prior to decay, it is pdssib explain this behavior in terms of inhomogamemagnetic-like fields which
arise as a result of a non-radiative transitiom(§fp), rather than as a violation of the lawpsrity conservation.

As a result, the behavior of the heavier partidlegthe weak interaction is inevitably more
determined by momentum conservation laws than lyyraagnetic preferences of its own. Thus, the

positive muon must leave a decaying pion with thposite spin and velocity direction as the assediat
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neutrind®’% Consequently, since a neutrino has negativeityelsn must the positive muon as well. We
thus have a system fuwhich has a magnetic moment with a sign oppdsitthat of its helicity. This
behavior is exactly what must be expected whenreatizes the |g/ph value of the neutrino is much
larger than that of its heavier counterpart. Ir¢figre has more to gain by orienting its spin paaticular
direction than does the muon. Similarly, the praatso exhibits a negative helicity®in beta decay, i.e.
of opposite sign to its magnetic moment. This é&adly seen in FermJ = 0) interactions for which both
electron and antineutrino must depart in the sarimectibn with opposing spins. Under these
circumstances the proton must recoil in the oppatditection. The experimental results indicate that
V spin is almost always parallel to that of the g&éwa neutron, so the proton spin must be opposite t
that of the electron (and thus parallel to thathaf antineutrino) to ensure doublet multiplicity the
system as a whole. Again, the proton can be loaigeth as simply reacting to the magnetic behavior of
the lighter particles, and therefore foregoing tesdency in the isolated state to align its magneti
moment in the opposite direction. In summary, fghtér particles behave in the weak interactiorif as
they strongly prefer to orient their magnetic motsein the direction of the respective field actinmy
each of them (Fig. 15), while the behavior of dlay (heavier) particles in the same processesean
understood on the basis of the consequences abtiservation laws for linear and angular momentum.

There is one other key point which needs to bentaki account in attempting to rationalize the
observed correlation between magnetic moments diclgs and the direction of their motion. A
homogenous magnetic field does not impart a netefen a magnet. Instead only a torque is applied
which tends to orient the magnetic moment of thetesy in the direction of the field. Since the pes
in beta decay depart with high energy, it is clisat the corresponding fields acting upon eacthefrt
cannot be homogenous, but such a property is hatdlfyrising in view of the spin-flip mechanism et
above model, which causes a rapid reorganizatiorthef magnetic forces. .In the Stern-Gerlach
experiment an inhomogeneous magnetic field impamet force on an electron or other particle which
deflects it in a given direction, depending on #ign of the magnetic moment p and that of the field
gradient. If theB field is in the z direction, E = -,B, and the component of force in the same direcson i
given by E = |, 0B,/0z. This means that if the gradient is positivehia tlirection of the magnetic field,
i.e.dB,/0z>0, the direction of the force must be the samthasof the magnetic moment. p

Since electrons and neutrinos prefer to move wighir tmagnetic moments in the same direction as
their momenta in beta decay, the above argumendisaite that the field gradient would have to be
positive in the field direction for each particleé the time immediately following the radiationless
transition. While it is difficult to be certain abbsuch details, the above set of circumstances n@dke
such an arrangement seem at least plausiblewéfrié possible to observe one of the lighter padiétom

down field at the start of the decay, it is reasbmao expect that the field strength acting owatuld
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increase monotonically as it is approached morsetyo For the gradient to be positive at the |acabf
the particle itself would mean that there is a tgp@nertial effect according to which the fieldsild-up
would not stop until some later point in time. Tlaeger this effect, the greater the force that \idu
imparted to the particle, and the greater the tecyldéor a system with a large |gfmmatio to orient its
magnetic moment along the field direction in whithldeparts. That would mean positive helicity for
positrons and antineutrinos, and negative helfoityelectrons and neutrinos, exactly as observed.

The point of this argument is not to insist thagdfic conditions caused by damped Breit-Pauli.
interactions must occur exactly as speculated ali®ather, it is to show that once one assumestibat
neutron is a system with a tri-atomic compositipfe(v ) prior to its decayjt is no longer necessary to
assume that the pertinent Hamiltonian must faitammute with the parity and/or charge-conjugation
operations to produce the type of correlations nteskexperimentally between the respective spin and
momentum directions of beta-decay fragments. lerotfordsthere is no reason to be certain that parity
is not conserved in the weak interaction once dmesgup the idea that only a single particle with n
internal components is present prior to dec@le same observations can be taken as strong eeiden
that: a) the electron and antineutrino do existaasponents of the neutron or of an associated bound
nucleus, and b) the forces which bind them togefdwed overcome the high kinetic energies required b
such close confinement) are very much dependetitespin orientations of the individual particlexttb
before and after the decay process occurs. Agatanibe noted that the analysis of multiplet stmgcin
the nuclear-shell model of Goeppert-Mayaand Jenséf is quite consistent with the second of these
points, indicating that strong spin-orbit and retheffects of Breit-Pauli type are needed to erplae
observed systematics in electromagnetic and ottegepties of such systems.

Viewed in this manner it is possible to draw a paredbetween the longitudinal polarization
phenomenon and another effect which proved to beairin the development of the theory of molecular
structure. For many years there was consideraldertainty over the question of whether an electeoly
such as NaCl is best looked upon as a neutralrdiatmolecule or as a pair of oppositely chargeanito
ions. It was known that melts of sodium chlorided asther salts could be electrolyzed to give the
respective positive and negative ions, but sincailastance such as water was thought to consist of
molecules even though it can be decomposed byrellgsit into ions as well, this characteristic v
deemed sufficient in itself to settle the issuee Budy of the colligative properties of solventapor
pressure, melting and boiling points and osmotisgure) ultimately did produce clatity however,
since a system such as NaCl was found to exhibitynedouble the effect per gram-mole of soluterag a
of a large series of non-electrolytes. This reshtiwed that the individual ions in NaCl enjoy ngahle

same freedom of movement in the condensed phatesisgle molecules of non-polar substances.
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By analogy, the question raised in the presentyaisals whether a neutron always behaves as a
single unit up to the point at which it undergoescaly. The only way to answer this question
affirmatively based on the longitudinal polarizatigesults is to discard the law of parity conseorain
the weak interaction. As soon as one leaves opepdbsibility that the neutron is a meta-stable em
of three different elemental particles, howeverchsa conclusion is no longer the only alternative.
Instead, one can turn the argument around andeaguse parity must be conserviisgre is no recourse
but to assume that the neutron does contain sesemgbonent particles before decay, and therefae th
they are not merely created at the time the decaitipp process begins.The construction of a
Hamiltonian which is capable of describing the Iogdof protons, electrons and antineutrinos witthia
small dimensions of a nucleus clearly gives creddncthe latter interpretation, and thereby ratbes
possibility that parity, charge conjugation and dimeversal , just as energy, linear and angular
momentum, are all perfectly conserved in beta deaaywell as in all other physical processes which

have yet to be observed.

D. THE FATE OF SOLAR NEUTRINOS

The neutrino plays a potentially crucial role iretheld of astronomy because of its ability to
penetrate through dense material such as thatinedtan stars. It is well established that nuclear
reactions of various types dominate in processedify stellar material together, and details reigard
their rates and relative occurrence in the sun's ace well understod¥. As mentioned in Sect. IV. B,
however, careful measurements of the solar flughiem the eartd have led to the conclusion that less
than half of the neutrinos expected on the basikefibove theoretical conclusions are actuallgoies.

A number of different reactions are involved, ble toverall production of neutrinos on the sun is
governed by the elemental process in which twogm®tcombine with a single electron to produce a
deuteron plus one neutrino. Although vast amoufitsatter are involved and the cross section for
neutrino detection is extremely small, it can di#l argued strongly that the discrepancy betweeoryh
and experiment cannot simply be explained awayhenbisis of faulty observation. On the other hand,
the number of protons undergoing fusion on thewgauald appear to be equally well established, sb tha
no legitimate doubt can be raised on this badi®eeit

Especially since the solar neutrino puzzle has lvitim us for half a centufy, it seems highly
possible that a solution exists which does not dasbt on either the accuracy of the data emplaged
explain the sun’s changing composition with timetlar reliability of the pertinent experimental mina
detection techniques. The neutrino-producing reaatiferred to above is closely related to eqgs.i(ly
in Sect. IV.A. Accordingly, it is necessaityat aneutrino be created at the time of the fusion rieacin

the previous discussion we have consistently engologn alternative interpretation based on the
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corresponding egs. (IV.ii'-v’). In this view, @V binary species present at the start of the readsion
dissociatedto produce both the departing neutrino and thenantrino required for neutron formation.
Elemental balance is restored to the fusion reaetial no particles need to be either created drayes!

in the process.

Calculations with the XBPS Hamiltonian lead to &atigely deep energy minimum for they
system (Fig. 9) as a function of basis set scaltofawhich can be interpreted in terms of a massle
bound state with a relatively small interparticistance (r< a?). In this model thev v system can be
looked upon as a diatomic system undergoing aicgait which the bond holding the two component
particles together first needs to be broken. Ifadecule such as Neacts with a heavy atom according to
the equation, N+ X — NX + N, it is generally necessary to add an amafienergy equal to the,ND,
value of 9.92 eV to break the strong N-N bond.hé tmolecule exists in one of its high-lying ro-
vibrational states, a much smaller amount of endsgyeeded for this purpose, however, and the
probability of inducing a reaction is likely to lemhanced as a result. More generally, one spea#n of
activation barrié®**to such reactions, with the reaction rate increasis the higher vibrational levels
of the reactant complex become more densely paglilat

ThevVv binary system discussed in Sect. VI.H (Fig. 8)sdoet have a series of ro-vibrational
levels comparable to those of a diatomic molecblat, it does have a definite energy barrier for
dissociation, the value of which could be a keydain understanding the results of the solar meatr
observationS. It seems at least conceivable that at the higipégatures present in the solar environment
(for which kT is on the order of a keV), the eduilum distribution between bound and separated

pairs,

VVU 2 V+V VIII.5

—

would be shifted significantly toward the side ofd neutrinos and antineutrinos compared to what is
observed under typical laboratory conditions. B, seems likely, the probability of (essentially®efr
antineutrinos participating in the key solar fusiprocesses is considerably greater than for their
counterparts found in tightly boundv binary systems, a relatively small change in tbsitpn of the
above equilibrium could lead to a significant véda in the energy profile of the neutrinos prodiide

such reactions.

The simplest fusion reaction,
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pr+p +€e+vv - d +€ +v VIIL.6

would now be replaced in a large number of casatssiipeutrinoless” counterpart,
p +p +e€e+v - d +¢€. VIIL7

In the latter process the positron is emitted witmono-energetic spectrum, rather than the conimuo
range of values expected from eq. (VIII.6), andenofi the excess energy is transmitted to a neutrino

Similarly, the other most commonly occurring sdlaion reaction,

‘Be+é+vv - Li+v VIII.8
in which mono-energetic neutrinos are produceds(M8 V), becomes

7 3 — U

Be+é+v - 'Li VIIL.9

when free antineutrinos are available. Again, natm®o is expected to result from this reactionleatst
as long as the excess energy can be carried awawdikier particle such as a photon. In both cdses t
effect would be a substantial reduction in the nemdf neutrinos otherwise expected to reach thi'sar
surface with sufficient energy to undergo the captieaction employed in the experimental detection
scheme of Davis and coworké&rs

If one assumes that the neutrinos produced inriusgactions are simply created from nothing as a
means of carrying off the energy expended in sudtgsses, there is seemingly no need to consider
initial reaction conditions in attempting to predtbe energy distribution of the emitted particlébe
situation changes dramatically, however, if oneogaizes the possibility that the antineutrinos and
neutrinos normally observed are actually producedhk dissociation of binary systems in which these
particles are strongly bound together. In this cgaestions about the equilibrium concentratiobaind
and unbound species under a given set of experaneonditions, as well as their comparative re-

activities, need to be answered in order to otaaieliable prediction of the outcome of such preess

IX. ELEMENTARY PARTICLE THEORY WITHOUT CREATION AND  ANNIHILATION OF
MATTER

The concept of the creation and annihilation ofterés such an integral part of modern theoretical
physics that any attempt to modify it requires demianging survey of many types of phenomena. It is
not enough to show that the hypothesis can be asloid dealing with one group of experimental

findings, only to conclude that it is neverthelessential for a consistent interpretation of otilaesses of
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observations. In the present chapter we will giwasideration to the properties of elementary pladic
observed in high-energy interactions other tharsdhdirectly involved in conventional chemical and
nuclear reactions.

The broad lines of the approach we shall take i® ghbject have already been laid down in the
previous sections dealing with the structure of mtleatron. If one makes the counter- hypothesis that
nothing appears and disappears from existenceeicdhrse of physical processew that an essential
particle balance is always maintained as a consagegt becomes necessary to assume that the neutron
is not an indivisible entity, but rather that itascompound of the three elemental particles irtichvit
decays after a relatively short lifetime. Consisterequires that the same assumption apply to #aeym
(meta-stable) members of the lepton, meson andbdamilies which have been identified since high-
energy processes became accessible in laborateegtigations. At the same time, it is important to
consider what relation such an approach has tdirgitheories on this subject, particularly thosesdy
on the quark model of elementary particles. As maed in Sect. IV.D. the possibility that the birilg
blocks employed in a comprehensive theory of eld¢argrparticles are themselves composed of still
simpler forms of matter does not necessarily iz such an alternative model, particularly iffukse
results can be obtained from it which are eitheavailable from the competing theories or can oy b
extracted from them with significantly more diffitu

In the present approach, we will continue to repldee conventional assumption of the creation
and destruction of particle-antiparticle pairs wilt of the existence of binary systems of zesb meass,
specifically ée, p'p andv v . In one sense this substitution has already bemgrgammed into the theory
because most elementary particle processes asbgetved can be interpreted in terms of effectively
balanced equations obtained by the heuristic anfditr subtraction of appropriate numbers of paaticl
antiparticle pairs. The reactions of eqgs. (IV.iand/or eqgs. (IV.i'-v') mentioned in Sect. IV.A offa
simple illustration of this general procedure. lamp ways it is easier to deal theoretically withtiokes
which simply pass to and from existence, becauBeraise one has to be concerned with the detailed
representation of states of matter which carryheeienergy nor momentum at a given stage of aiogact
The calculations of Chapter VI have attempted tdresks this problem with the help of a Schrodinger-
type formalism, but there remain many details ac#fic experimental processes which need to receive

careful consideration in order to properly asskesvtability of the massless binary hypothesis.

A. THE STRUCTURE OF MUONS AND PIONS IN THE XBPS MODEL

The lightest meta-stable elementary particle withemsurable lifetime is the muof, p fermion of

unit electric charge, existing in particle and patticle forms. As before with the neutron, one can
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proceed on the supposition that the identity afdsay products is an important indicator of itsredatal
composition. A significant distinction can be natédwever, namely the muon's decay products are not
unique, although this is nearly the case. By far itiein decay mode leads to the production of three

403204 & v and v . In general we will refrain from discussing hove tidentification of the decay

particle
products is established unless there is some immojuestion regarding it. There are three other
reactions for which upper limits for fractional ocence are reported, however. Of these the miasyli
corresponds to the productsand two photonsy§), which are thought to occur in less than 1.6 X %0

of all muon decays. Two other even rarer sets oflyets (by roughly three orders of magnitude) are
respectively 3e (e €, €) and g. Under the circumstances there is really no chaic¢he present
approach but to assume that the muon compositien vsand v , i.e.the major products, but it is useful

to consider how the other possible products migkea

The almost negligible occurrence of thedecay branch is one of the factors which hasdetthe
conclusior® that muon neutrinos are not identical with thoseuoring in nuclear beta decay, as will be
discussed in the following section. In the presendel one can at least rationalize the existencici
a possible decay branch by simply assuming thatdhgonent and v species might combine to form
a masslesy v binary which does not carry away any energy andhis undetectable. Since the
remaining electron product would violate the comation laws of energy and momentum by taking up all
the decay energy, something else would have tobalvied, however. Just as with the conventional
radiative processes discussed in Chapters Il dnil tian be assumed that some energy could be carried
away by a photon. Instead of the latter simply geireated, however, it is consistent with the prese
model to assume that afeesystem which is found in the massless state poighe initiation of the
decay process might undergo an interaction withrhen.

In much the same way, more than one photon mightaigably become involved. At the same
time, the decay energy of 104 MeV is more thanicefit to cause an'e binary to be broken into its
two component elements, thereby producing yet amatat of products (3e). The only point that should
be emphasized at this juncture is that just becads#anced equation can be written down doestralt a
mean that the corresponding reaction will occuhvgignificant probability. The potential advantaxfe
an ab initio model such as the present one is that in prinéi#ows not only the computation of the
energy and wavefunction of particles such as th@emiut also its relevant reaction rates and/or
transition probabilities. The experimental evidest®ws that each of the three minor decay modes is
rarely if ever observed and one would hope thatutations can eventually be carried out to satisfilg

explain why this is the case.
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For the present the immediate goal is to treatah@ system with the help of the XBPS
Hamiltionian in an analogous manner as fé&  in Sects. VII.A-B. The simplest way of comparing
these two systems is to replace the @ complex of the neutron by the corresponding state and let a
positron play the role of the proton relative te #arlier calculations. The resulting wavefuncticould
seemingly be consistent with the fact that the naiamgnetic moment is measured to be exactly what
one would expect for an electron with a correspagighi greater rest mass (207)ff. Any magnetic
properties ofv and v should be expected to be effectively cancelled,thetbinding of an electron to
them in a resonance-type state would keep it frehabing as a free particle in the presence of pliegp
magnetic field. A quite similar argument has beéreig in Sect.VII.C to rationalize the fact that the
neutron's magnetic moment is only on the order ofuelear Bohr magneton, even though it is also
assumed to have an electron as one of its consitu€he energy of the"ev system relative to its
separated products can be expected to be muchrtiyre for je€ v because a) a positron must have
much higher kinetic energy than a proton in a tigihding state and b) even though it has a mugjefar
g/m, value than p, it can make little use of this adaga because of the essential neutrality ofuthie
component.

To investigate how the XBPS Hamiltonian would démesuch an® v system, calculations have
been carried out by employing two different basits svhich are analogous to those discussed in €hapt
VI for the p'e v complex. The same neutrino (antineutrino) [fjimlues are assumed as before, namely
0.5733 and 0.630 a.u. for the smaller (2s,2p) angel (3s,2p,2d) basis respectively. It will beattsd
that these values were chosen in order to fuli! tondition of obtaining the experimental neutrest
energy of 28781 hartree as lowest eigenvalue ircdineesponding full Cl treatment. For consisteroy t
previous values of the damping constant A have teeeployed for each basis (1.054 fer 2s,2p and
1.26475 @& for 3s,2p,2d), these having been chosen in a aimilanner to obtain the 2fmbinding
energies for the various particle-antiparticle byrsystems.

The total energy values obtained from these caiounls are shown as a function of the respective
basis scale factors in Fig. 16. The small basiddda a very low minimal energy of -277630 hartree,
which would indicate that thé\ev system is actually bound with respect to the gnefghe constituent
particles separated to infinity. When the d funtsicare included the picture changes significantly,
however, with the minimal energy of the system éasing to a positive value of 17954 hartree, an
increase of nearly 300000 hartree (8.0 MeV) retatovthe first result. By contrast, the correspogdi
p’e v minimal energies in the analogous treatments arapated (Fig. 17) to be the same in both

treatments (as provided for by the above choicéseofespective g/grantineutrino values in each basis).

The computed results thus indicate that the positan easily polarize thev system in
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the very small 2s,2p basis, producing significanding, but that this process becomes rapidly
less effective as polarization functions are adoeithe basis. The increased value of the damping
constant A in the 3s,2p,2d basis greatly reducesrtagnitude of the attractivé operators in the
Hamiltonian, and the corresponding reduction in giistem’s total kinetic energy brought about
by the basis set improvement falls far short of imgikip for this effect, unlike the situation fos it
p'e Vv counterpart. An analysis of the corresponding gneontributions is given in Table XVI
for the larger basis which helps to understandatigin of the above effects. The most novel
result in the table is that the usual pattern gfisiof the various interactions is not adhereato f
the € v pair. Normally one finds that particles with there sign for their g/gvalues, as in this
case, have positive energy contributions for eatlthe spin-orbit, orbit-orbit and spin-spin
interactions, but a negative value for the Darvémt. Instead, for ‘& one obtains negative
values for the spin-other-orbit, orbit-orbit andrsppin contributions. The spin-sp@function
term in the latter case has an expectation valuehwl actually more negative than either of its

e'v andvv counterparts.
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FIG. 16. Comparison of the variation of thew ® (u) total energy (in khartree) a function of the saglfactorn in XBPS
model calculations employing two different basisse
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FIG. 17. Comparison of the variation of th&p) (n) total energy (in khartree) as a function @ #taling facton in XBPS

model calculations employing two different basisse
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TABLE XVI. Energy contributions (in hartree) of wvaus operators (see Table | for definitions) andiple combinations for the

1/Z ground state of the"eV muon (i) system obtained by employing the 3s,2p,2d baitis sgale facton = 0.14, exponential

damping constant A = 1.2648 and antineutrino g/gvalue of
0.63 a.u. for the XBPS Hamiltonian.

Operato e'v AV e+v Total

Kinetic Energ’ 914699.446 (') 1246689.492\) 1366978.397) 3528367.32
Spir-sameorbit -186658.82 -324413.69 37375.60. -473696.92
Spir-other-orbit -377147.03 -655810.77 -92665.36. -1125623.17
Darwin Tern 144372.05 99577.87 -260521.48 -16571.56
Orbit-orbit -38560¢.00: -610417.71 -164475.60 -1160501.32
Spir-spir -157191.70 -303279.60 -24061.77 -484533.09
Spin-spind -57379.55 -42673.17 -149434.60 -249487.33
Total Energy 17953.92

Comparison with the corresponding 2s,2p resultsyshbowever, that the absolute magnitudes of
these various’@ terms are only about one-half as large for th2B2d basis, and so there seems to be a
definite trend to sharply curtail their influenca the overall binding process as the level of tregit
improves. It is very difficult to say anything mogeantitative about what the minimdv& energy is in
the limit of a complete basis being employed, huteems at least likely that a) a reasonably deep
potential well should still exist and b) that therresponding energy at this point should be mughdri
than indicated in the 3s,2p,2d treatment. The éxpartal rest mass of the muon corresponds to & tota
energy of 3.864 x fthartree relative to that of its decay productstheocalculations carried out to date
are still greatly deficient in this respect. It malgo be that the resonance state most propenhyifieel
with the muon at the present level of treatmerntabt corresponds to one of the computed excitatést
lying at much higher energy rather than the madtlstsuch species whose properties are shown iie Tab
XVI and Fig. 16.

Qualitatively a rather consistent picture emergemfthe computed results, however. The positron
must come very close to thve/ complex to overcome a large centrifugal barrier. &marrow range of
interparticle distance it might be sufficientlyratited to the neutrino (negative g/malue according to
the pe vV computations) to induce a polarization in the system. Comparison with théepv results
indicates that this is a relatively unstable sitrgtbecause the neutrino is more strongly attchtted

than tov by virtue of the former's larger (positive) q./welue. In order to bind such light particles
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together it has been found in the preceding chaplet they should have opposite spins. In tle&vp
system the antineutrino is sufficiently more attirae for the electron than the proton that there is
relatively little question about which pair of gales should bear a singlet relationship to onetfaro
One can imagine there is a much greater competit@ween €and v to form a 0 complex with a
neutrino, however, and that this eventuality shwtehe lifetime of this three-particle system
considerably. Experimentally the muon decays 4.10times faster than the neutron. The possibility
that a muon neutrinoy() is fundamentally different from, is an additional source of uncertainty in the
above calculations, as considered in detail imthe section. One could vary. the g/malue forv, so

as to obtain the experimental muon binding endrgwhich case it would be of interest to see hoveimu
the two charge-to-mass ratios differ in tfieya. and év,V . calculations.

The above model for the structure of the muon piswides a ready explanation for the negligible
probability of producing a photon in its decay msses. Since the stability of thewve system requires
the existence of a particular spin relationshipMeenv and v, it seems quite likely that any bond
between them is destroyed in the decay processintpthese two particles to go off in different
directions rather than as a bound diatomic sysfém. decay energy is therefore divided up among all
three component particles, with no need to invalweadditional system in the neighborhood of the muo
at the time of disintegration. The possibility tamuon is formed by the interaction of the sanmeeth
particles,i.e. the reverse reaction, is almost never realized raxpatally. Instead the most common
mechanism for the formation of muons involves teeay of pions, as will be discussed below.

Since ther™ mesons are observed to have a neutrino and a pnaciuct in virtually all decay
processes, it is consistent with the present mmdefopose that they are tetra-atomic systems, osath
of an electron and three neutrinos. Fbit seems likely that two neutrinos are presemngiwith one &
and onev. In this way two of the components would have pesiti/m, values, and two others negative.
The | species has a positive magnetic moment, and tbuivioe much more likely to form a bond with
a neutrino (negative ginat short range than with an antineutrino. Jushagwo muons, the® systems
bear a particle-antiparticle relationship to onethar, consistent with the above structure. Themess
of the charged pions is 34 MeV or 1.25 ¥ H@artree greater than forf“.LiThus the increase in energy
required to attach a fourth particle to the systerabout the same as the energy per particle ndeded
form the évV complex.

The present model also helps to explain why piagesnaore likely to be formed in high-energy
reactions than are muons. The latter are seen telékvely unsaturated with respect to the additd
neutrinos, and these can be provided by masgiedsinary systems. It is not possible to be more defin

about such relationships without the benefit ofrgitative calculations, but at least a picturehaf muon-
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pion relationship emerges which is qualitativelysistent with what has been found in the treatroént
proton-containing systems. The pions are known awehsinglet multiplicity and as such can be
distinguished from the other tetra-atomic systesated above, thev deuteron analogue. The XBPS
computations for the’e andvV systems show that by far the lowest energy resukisch light particle-
antiparticle pairs for singlet multiplicity. Thisnfling strongly suggests that the most stable stafe
systems composed of more than two such particlbsittier be singlets for an even or doublets for a
odd number of constituents.

The same argument has been used above (ChaptetoVjllistify the well-known fact that the
multiplicities of nuclei are determined solely byetnucleon spins, since electrons and antineutrimest
be expected to occur exclusively with paired spinsnaintain the required stability within systenfs o
such small radius. The relatively saturated natdirdie charged pions also helps to explain the tfzat
they interact with nuclear matter much more reatttign do muons. In this view, while the ingrediefors
muon formation, namely electrons and neutrinosath thelicities, are available in typical high-energ
processes, the possibility of further reactionaiorf pions under the same conditions is relativégihin
cosmic rays it is found that when the translatieradrgy drops below 100 MeV, however, the pions are
much less strongly interacting, at which point thieicay into muons becomes the favored process.

Five other minor decay modes are thought to oamuthie charged pions, with fractions of
10%-10%. The corresponding products are, @vy, T'ev, evy and @e'e. All of these results can be
thought of as arising from the addition or lossaafVv and/or ée binary system. In the first case, for
example, it is necessary to assume thaaspecies is formed but that all the decay energaisied
away by the remaining electron and neutrino ofdtiginal pion. In the second case, an additionaltq
is observed as well as the usual muon and neupinducts, which is always at least a theoretical
possibility in the present model. T species mentioned in the third minor process requa separate
discussion below, while the manner in which the groducts could be formed is analogous to thatén t
process already discussed above for muon decayingoa photon. Consequently this is an equally
(highly) improbable event, as is the related predeswhich the photon is replaced by ifsand &
fragments.

The neutral pi mesor? has a rest mass only 3.4% smaller than that® @ihd hence is thought to
bear a close relationship to them, a feature wisaf considerable importance in the theory of [sos
Yet the decay products are quite different for tieatral pion, and thus there is evidence that its
composition is notably different than that of theaxged species. In this case there are two relative

.204

important decay mod&82% namelyyy andye'e, the former occurring 98.83% of the time. The assul

e'e structure of the photon in the present model migis that thet neutral pion contains at least one
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electron and positron. Even though no neutrinoelexer been observed among the decay products, it
still seems probable that they are constituent® bfised on its close relationship to the chargedspia
conceivable structure would bée®V, for example, in which case it must be assumed tipan
decomposition of the® avV binary is always formed in a massless state. Woisld suggest that the
decay mechanism is significantly different thantfe charged pions, which at least is consistettt thie
fact thatr® has a much shorter lifetime (0.84 x£@ vs. 2.6024 x 19s) than the other two particles. In
this case the decay would most plausibly be assutmearise from a pairing of the,v and é,e
constituents which is quite different than in thetastable® structure itself. The energy given off in the
decomposition would then have to be taken up in Ipaa neighboring (initially massless)eesystem,
producing two observable photons as decay prodeitt&r as bound'e species in the main branch or as
one boundy)) and one unbound electron-positron pair in thewth

Since e and have similar kinetic energies in tightly boundteyss, it is reasonable to expect that
a1 structure of this nature would also be a singléth about the same energy relative to its sepdrate
products as the charged pions. The largeg gatues of electrongis-a-visneutrinos, plus the possibility
of a favorable Coulomb interaction (with suitabl@gsization of the respective charge distributioiss)
seemingly consistent with an increase in attraatiwgtributions to the potential energy relativesystems
with only one electron and three neutrinos, ansl thight explain whyt is 2.0 x 18 hartree more stable
than 1 (again compared to their respective separateduptsd The assumerf structure also agrees
with the fact that it is its own antiparticle. Fraimis point of view an ‘®@e’e composition would be
equally suitable, but again consideration of chrégtics of the various pion decay modes suggasts
such a structure differs too greatly from that assd for the charged pions to be consistent withfabe
that all three of them have very similar rest mas3@er decay tor® plus @ mentioned above can be
made into a balanced equation by imparting a pokifche released energy to a neighboring massless
e'e system, which then decomposes. The resultingreteatould then effectively replace one of the
charged pion’s neutrinos to forr, while setting free the corresponding chargedparticle. In general,
once the available energy exceeds the rest massglo meta-stable particles, there exists a certai
theoretical possibility for their formation becausfethe relatively small binding energies of the and
e'e binaries in their massless ground states and thedaimce expected for such species based on

statistical considerations (Sect. I1.D).

B. MUON NEUTRINOS
A key consideration in the foregoing section is thlee the neutrinos involved in the decay of pions

and muons are different from those first encountare (nuclear) beta decay processes. In 1961 the
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conclusion was reach&dthat they are not the same, and it is interestingonsider the experimental
evidence supporting this view. It should be rechltbat the XBPS Hamiltonian leaves open the
possibility that any g/mvalue for a massless, chargeless patrticle is stemgiwith the requirement that
its particle-antiparticle binary have zero rest sng&ect. VI.H). The same damping constant A leadbke
desired (vanishing) energy for any g/malue by virtue of the scaling theorem discussetiex, so in this
sense the present model would be compatible weltettistence of more than one type of neutrings It i
necessary, however, to assume that the rest mafssash type of neutrino be exactly zero to obtaich

a result in the XBPS model. Experimentally oneriy@ble to give upper limits for the rest massisg.0
andv, but there is no proof that the true value might Ib® zero in both cases, so such a theoretical
assumption is tenable. Originally the argumentiiermuon neutrino being distinct from that involvad
nuclear beta decay was based solely on the abgenaéleast vanishingly small occurrence ratejhef
decay U ey (see previous section). A muon quantum numbewas introduced® to explain this

observation (or lack of it). As usual this quantityassumed to be conserved in allowed processdd)ya

construction this is not possible for the abovetphgroducing decay. Accordingly, lis 71 for i but

zero for e ang. The pions are also assigned a value,of D, which means that the corresponding values
for v, andv, are -1 and 1 respectively, which assignment rendiem decay into a muon and neutrino
allowed(i.e. L is conserved).

On the basis of Lconservation it can also be argued that the @actf a muon neutrino with a
neutron cannot produce an electron and a protone inly the former particle hag £ 0. The reaction
would be allowed if a muon and a proton were thmdpcts, however. An experiment employing high-
energy pions to produce muon neutriffbsas carried out to test this supposition and tkelte verified
that muons are produced and not electrons, consisith the L, conservation principle. On this basis it
has generally been accepted thatndv.are two different entities, each having its owngarticle and
presumably differing in other properties from omether. The helicities measured fgr andv, are the
same (negative and both positive for the respeatitmeutrinosy’ 2%

One should be careful to note, however, that thetien conditions under which pion neutrinos are
scattered off neutrons are not the s8mas for the corresponding processes first studiatliclear beta
decays. For example, the original Reines-Cowan raxeat® involves antineutrinos of only 2.5 MeV
energy, for which the corresponding cross sectimrpfoton-positron production is only #14 x 10*
cn. The Brookhaven experimefftdy contrast employ neutrinos of much higher energjie the GeV
range), in which case muons are produced with sscsection as high as¥an?, at least five orders of
magnitude greater. Under the circumstances it daimeoargued with complete certainty that the

distinctive reaction profiles of the two types @utrinos prove that an intrinsic difference existéween
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these particles unless it can be shown that sudblydifferent experimental conditions have no effen
the outcomes of the respective experiments. Inrotloeds it would not be the first time that diffate
products are found to result from ostensibly thenesareaction performed under widely differing
experimental conditions.

If one looks at the specifics of the neutrino sraty process, it is clear that a muon can only be
produced if the neutrino energy in the center-ofsniamework is in excess of 105 MeV because of the
relatively large muon rest mass. This conditionas fulfilled in the Reines-Cowan experim&nOn the
other hand, it is conceivable that when much higbeergies are involved, as in the Brookhaven
experiment¥, the production of electrons is suppressed t@xtent that only muons are formed initially
(muons decay to electrons eventually anyway). Tig way to really be certain that this is not tlhse is
to run the two types of experiments under exadtly same conditions, but this is very difficult
(impossible?) to arrange in practice. If muon riaos are really different from electron neutrinds,
could be demonstrated by somehow acceleratingatter to energies of 1 GeV or more and seeing how
many muons and electrons are produced under tlesenstances. As it stands now all we know for
certain is that the cross section for muon producis relatively high when the reacting neutrinesé
energies in excess of 1 GeV, while that for eletooduction is much lower for neutrino energiesof
few MeV and essentially zero for energies in th& Gnge.

Especially since the longitudinal polarization exyents for the two types of neutrinos indicate no
difference in their helicity properti&$2°® the availability of such experimental evidenceHigh-energy
Ve Scattering (B2 500 MeV) would seem highly desirable, if not essgnto remove any doubt thaf
might not in fact be identical to.. Based on what has been found in calculations with XBPS
Hamiltonian for the fgV system, which in the present model is associatéd thie neutron, it is not
difficult to imagine that the probability of fregjnan electron by scattering neutrinos off a mesalst
nucleus is very small. With relatively little kinetenergy it is very difficult for the neutrino tavercome
the substantial centrifugal barrier (Figs.8-9), dhds come close enough to the system’s electron to
dislodge it. Increasing the energy to the GeV rahggreases the neutrino’s de Broglie radius bgaitl
100 times, which greatly increases the probabdftglecomposing the nucleus, as observed in the high
energy pion experimerifs At such close distances the neutrino is much rikety to make use of the
short-range attractive potential needed to obtaidibg in such systems according to the presentainod
In the process of removing an electron from thé eéshe nucleus under such high-energy conditiéns,
therefore seems likely that the neutron’s antineatcould retain its attraction for the electroniletat
the same time forming a bond with the incoming rnieat The result would be that the tri-atomic &

complex is formed, which in the last section hasrbidentified with the negative muon.
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In other words, increasing the energy of the sdatjeneutrinos not only increases the probability
of breaking up the nucleus but also can be expeothdve a decided influence on the nature of duay
products as well. When the energy falls below t6& MeV threshold, it is impossible to form a muon
under any circumstances, so when a reaction darg,dbe only possibility is for an electron to $&t
free. Above this energy the experiments might loécating that the only way to free the electromfrits
position within the nucleus is to have it becontacted to the incoming neutrino without losinghitdd
on an antineutrino also present in the scatteretbéng.

Without the benefit of quantitatively reliable caliations it is difficult to either prove or disprev
the validity of such a model. If the neutrino g/walue required for the present XBPS Hamiltonian
(retaining the original '& damping constant A) to yield the experimentallyaswged rest mass of the
muon as the minimal energy for a (meta-stably) oauv system is the same as needed to obtain the
neutron’s rest mass for thé v system, such evidence would seemingly favor thelosion thatv,
andv, are actually identical, as suggested by the argtsngiven above. If instead, one looks at such
reactions as involving annihilation of incoming figes and creation of outgoing species in theicp| it
is reasonable to overlook such possibilities antpki conclude that at least two fundamentally défe
types (or flavors) of neutrinos must exist in ortierexplain the results of the Brookhaven high-gper
pion experiments. Once it is assumed that particles cannot be edeand destroyed, however, it is
necessary to consider the mechanism of the neudtbagchment process in more detail, and it becomes
less obvious that such a conclusion is justified.

C. CHARGED KAON COMPOSITION AND DECAYS: SYSTEMATIC NOTATION

Since a general procedure has been developed pratimus chapters to describe the compositions
of elementary particles, it becomes convenienefind some simplified notation which will help tcake
the subsequent presentation more compact. Espeaftl the discussion of the preceding sectiois,
least tempting to restrict the classAudfbauparticles to include only the proton, electron awditrino
plus their respective antiparticles. It is helptfuén to define a "composition vector" which consaan
ordered set of occupation numbers for these pestiti the order pe’, V. p’, €, v, i.e. antiparticle
occupations before the decimal point, and corredipgnparticle values after it. For example, a pnato
100 (omitting the decimal when no antiparticlesiak®lved), an electron is 10 (omitting left-haretaes
where possible), and a neutrino is simply 1 (withawecimal point). The corresponding antiparticles
then are 10010. and 1. respectively, suppressing right-handeewhen only antiparticles are present.
The corresponding three particle-antiparticle besarare then denoted by 100.100, 10.10 and 1.1
respectively, i.ezeroes are only used as placeholders when abgohgeéssary to avoid any ambiguities
regarding which particles are present in a givestesy.

185



With the help of this notation a number of the miostjuently occurring elementary particles are
analyzed in terms of their known decay product3able XVII. Since the thesis put forth in the above
discussion is that different groups of decay priéslgan only differ from the corresponding meta-dstab
particle’s composition by an integral number of tjghe-antiparticle binaries, however, a further
simplification can be introduced. Instead of ligtithe composition vectors for each collection ofale
products, the numbers of such (differentiating)ipr-antiparticle binaries is listed in the ordpip,

e'e andvV. Net losses of such species are indicated with aobar the corresponding number. As an
example, consider the muon and its various decaglymts. Since its composition has been assumed
above to include one electron)(ene antineutrino and one neutrino, the corresipgnaector is 1.11 (or
11.1 for {). Since the major decay products aifeVe no change in the corresponding composition
vector is needed to represent this branch, asatetidoy a zero in the right-hand part of Table XVWte
next set of decay products considered yg, evhich can be obtained relative to the originalll.
composition by the addition of twde binaries and the corresponding loss of onewftype. Hence this
decay is listed as 2 (again left-hand zero occupations are suppresseitieé notation, in this case
indicating the lack of involvement of p binaries ). Note that the correspondingdecay also involves
the 21 differential occupation of binary systems, thimei relative to a 11.1 composition. Charge
conjugation is represented in the composition weodbation by interchanging parts of the vectondyon
opposite sides of the decimal point, but no cowedng change in the net gain or loss of particle-
antiparticle binaries is ever needed. The otherdecays discussed in Sect. IX. A involve & ¢hange in
binary systems in both cases, ipeoducing respectively three electronde(€) or €y. In general no
distinction is made betweep and ée in this notational scheme, consistent with thecwlision in
Chapters Il and Ill in which the photon is assigreed electron-positron composition. The various
conventions may be conveniently checked using tt@mele of the pions and their decays, also as
discussed in Sect. IX.A.

TABLE XVII. Classification of elementary particldsy means of composition vectors as discussed iretkte(rest masses in
units of MeV /é). The composition vector is an ordered set of cicupation numbers abc.def, whereby. a, b and c are
respectively the number of constituent antiprot@asitrons and; antineutrinos, and d, e and flaecbrresponding numbers of
protons, electrons and neutrinos. Left-hand zeraes suppressed and the decimal point is given a@ttplionly when
antiparticles are present. Also listed are the km@ov in some cases, assumed) decay products lofpeaticle and the fraction of
each type of decay (see Refs. 203-204). The nupfearticle-antiparticle binary systems neededatace the corresponding
decay reactive equation (binary increment Bl) aditwy to the present model are listed in the lastirma by means of the
ordered set of numbers ghi, where g, h and i @eeaively the number of additiondlg €€ andvV species required (a bar

over any of the latter quantities indicates that bimary systems must be included as productsrréthe reactants to achieve
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elemental balance; 0 denotes that no change ioatfiesponding number of binaries is needed relativee reactants and decay

fragments as written).

Particle Symbo Rest Mas Compositiot  Decay Fractior BI
(Lifetime) Vectol Product

protcn P 938.2592:0.0052 10C stable

electror € 0.511004%0.0000016 10 stable

neutring v 0.C 1 stabl

antiprotor p- 938.2592:0.0052 100 stable

positror e+ 0.51100430.000001.6 10 Stable

antineutrinc Vv 00 1. Stable

prophotor PP 0.C 100.10( Stable

photor e'e(y) 0.C 10.1¢ Stable

photrinc vV 0.C 1.1 Stable

muor vy 105.65%0.0003 1.11 evv 1.0C 0

(1=2.1994 x 10s) eyy <1.6x10° 21

3¢ <6 x 10° 11
ey <22x10 11

charged pio 1 139.56880.0064 2.11 Wy 1.00 0

(T = 2.6024 x 10s) eV 1.24x10-4 -
LTy 1.24 x10-4 10
. 1.02 x 10-8 10
3.0x10-8

evy <34x108 11
evee 11
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TABLE XVII continuec

Particle Symbo Rest Mas Compositiol Decay Fractior Bl
(Lifetime) Vectol Product
neutral pior  1° 134.9645+ 0.007 4 11.11 vy 0.988: 11
(1=8.4x10"'s} ye'e 0.011: 11
VWY <5.0 x 1(° 21
g'ee’e 3.47 x 10° 11
charged kaon - 493.71%0.037 13.2% TR 0.635: 11
(1= 1.2371 x 10s) i’ 0.210¢ 0
nnn 0.055¢ 2
nnem° 0.017: 11
ey 0.032¢ 0
etV 0.048¢ 1
en’nv 1.8 x 1¢° 10
ety 3.7x1C° 1
ety <5.0 x 1(’ 1
TRV 0.9 x 1(° 2
v <3x1C° 2
ev 1.38 x 1(° 12
vy <7 x1C° 2
iy 2.66 x 1¢* 10
Ty 1x1C* 12
e vy 3.7 x1¢* 11
me'e <4.0x 1’ 1
Tiee <1.5x1(° 1
Ty <2.4x1° 1
TIyy <3.5x 1(° 11
TIyYY <3 x 1¢* 21
A <1.4 x 1(° 10
Ty <4 x 1C° 1
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ey <3x1(° 0
ey’ <1.4x1c® 0
TYAAY <7 x1C° 10
neutral kaon I 497.71+ 0.13 13.1° n 0.68¢1 0
(shor-lived) (1=8.82 x 1=1s) °n’ 0.311¢ 11
Ty <7.0x1C® 1
E'e <3.5x1* 3
rmy 2.3x1¢ 10
vy <7.0x1c* 13
TABLE XVII continued
Particle Symbo Rest Mas Compositiol Decay Fractior BI
(Lifetime) Vectol Product
Neutral kao  K.° 497.71#0.13 13.1¢ IR 0.21¢ 20
(long-lived) (1=5.181 x 10s) '’ 0.12¢ 11
1HVRY 0.26¢ 0
eV 0.38¢ 1
Tevy 0.01z 11
' 1.57 x 13 0
°r° 9.4 x 1¢* 11
Tty <4.0 x 1(* 1C
Toyy <2.4x1¢* 22
vy 4.9 x 1¢* 13
et <1.6x1¢° 5
Ty <1.9x1(° 1
E'e <1.6x1¢° 3
Ete n 548.8:0.6 22.2: VY 0.38( 5
(1=2.50 x 10%s) VY 0.031 11
3’ 0.30( 11
nrn’ 0.23¢ 2
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Ty 0.05( 1
ete <4.0 x 1¢* 1
nme'e 1.0 x 13 1
ey <2.0x1¢3 12
TETEYY <2.0x 1¢° 11
Tty 2.2x1C° 10
e <5 x 1¢* 1

The next most massive mesons are the charged kdoriheir decay energy is 3-4 times larger
than for the muons and pions, and as a resultntesoas no surprise that the number and variety of
corresponding decay products grows accordinglyleds than six branches are observed with fractions
excess of 1%. In addition, many other less probedaetions are thought to occur. The first probthat
arises as a result is that it is now less cleartvefemental composition should be assigned to these
particles prior to their decay. It is interestimgdompare this situation with that faced by chesmigben
they are confronted with a previously unknown systehich is found to participate in several differen
reactions under similar conditions. The new ingeatin the puzzle which clearly complicates matiers
the present case, however, is that there is notavég absolutely certain how many particle-antipkat
binaries are either consumed or generated duriagdlirse of high-energy elementary particle decays.
Under the circumstances one can never really cthahan absolute determination of the structura of
given particle has been made. There is naturatlgrtain logic in choosing a composition which regsi
a minimal addition or loss of various particle-gatticle binaries to achieve elemental balancehan t
totality of all decay modes for the system, and #pproach has generally been taken in construtitang
entries of Table XVII. In the future it can be hdpihat calculations of the particle’s rest massiglthe
lines discussed in Sect. IX.A and earlier in thisrkvwill help to verify whether a given assignmésnt
realistic, but even if that situation comes to pésis still necessary to face up to the fact tthatre can
never be any definitive means of proving that aiglats elementary composition has been correctly
determined. The potential non-observability of thassless particle- antiparticle binaries which rlggh
involved in a given decay reaction precludes tosspbility.

With these preliminary remarks let us consider wd@mhposition can be assigned to the charged
kaons based on the present model. One possibleecfai the composition vector of k 2.11, i.ethe
same as fort. The possibility that two different elementarytgdes might have the same composition in

terms of numbers of electrons and neutrinos cabaauled out, because their different propertiey ma
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simply arise because of the way the constituentiges are bonded together in each system. Again, i
terms of conventional phenomena known in chemiatrg molecular physics, one can speak of either
different isomers or different excited states @& fame collection of atomic building blocks (eletsgrit

is at least conceivable that a collection of oretedn and three neutrinos can be bound togethgayis
that are sufficiently different to produce distimeta-stable states differing from one another barge
amount of energy (rest mass). On the basis of dlmilations already discussed, for example, itéarc
that rearranging the respective spin orientatidng@ various pairs of constituent particles cameha
profound effect on the resulting total energy @& #itate formed.

The principle of requiring a minimal number of pel-antiparticle binaries to account for the
observed decay modes of a given system neverthalggests a different assignment for thetucture,
namely 13.22. Such a choice keeps the numbeteohrdvV binaries to an average of essentially one
each in the six most important Hecay modes. The entries in Table XVII are thugrdeéned on this
basis. The fact that this assignment puts the nuwibeonstituent particles at eight, which is dautilat
for each of the pions, whereas the correspondifig"Kest mass ratios are on the order of three to one,
would therefore suggest that the kinetic energgawh electron and neutrino must be significanthatgr
for the charged kaons than for the muon and piatesys first considered. Since it is expected that t
electron constituents must travel with nearly theesl of light, i.eonly slightly more slowly than the
neutrinos, because of the very small dimensionsived, it follows that the total kinetic energy irases
nearly linearly with the reciprocal of the interfiele separation for both kaons and pions. Thuslthg2
assignment for the Kcomposition in Table XVII suggests that the radifighis system is somewhat
smaller than that of the pions.

The main decay branch (63.52%) fof l¢ads to the formation of a neutrino and a muofikef
charge. With an eight-particle assignment for tharged kaons it follows that bothvay and an &
massless binary must be formed in this decay andngletected by virtue of their total lack of energy
Historically, the other major decays involving piproducts have received the lion’s share of interes
particularly since events producing both two anceehsuch particles are observed. Because of this
observation Yang and Lee were led to posttiateat parity is not conserved in these decay® (
puzzle), since each pion is assigned a negatiity jgard the appearence of both even and odd nunalbers
them had raised questions about how a single systemmproduce different sets of decay products of
opposite parity. Further discussion of this poinll Wwe reserved until the next section, in whicke th
neutral kaons are discussed. In the present coittextbetter to pursue the question of how baldnce
reactions can be written down which cover both sktson products.

As shown in Table XVII, no differential binary sgshs are needed in the present assignment to

allow for the formation oft® andr® from K*, while two additional v species are needed to produce
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T TETT products (a binary increment of 2 in the table)thie latter case, the large amount of decay energy
released by the charged kaons must cause the destimp of these neighboring particle-antiparticle
systems, with subsequent rearrangement to givevaheus multiple-pion products. The other three
relatively frequently occurring decay modes fostsystem require the addition of ae@ndvV binary,
no change, and the loss of a singie species, respectively. Thus, in both the jand &V branches it
is assumed that massless particle-antiparticlapsystems are formed in the decay of the negaties.
In this connection it is well to recall that thesclission of the quantum characteristics of phatoiBect.
I1I.C has led to the general conclusion that whenev particle and its antiparticle form a tightdiing
state of zero rest mass, the product should haveanslational energy relative to the center of snafs
the initial reactants. Any other state of translatior a product of vanishing rest mass must cpoed to
motion at the speed of light, which makes a trémsito it from a stationary set of reactants highly
improbable. By the same argument, whenever a phattin non-zero energy is observed as a decay
product, it should correspond to an initially massl ée system which has simply gained energy as a
result of the decay, rather than to one which reenlformed from the elements of the original meta-
stable species.

This situation implies that the possibility of asych binary system being formed in its massless
state (and thus going undetected) must be left opemngeneral basis, ijest as for the various'@ and
vV species which are indicated in Table XVII to begamt after a given reaction (as denoted by means
of a bar over the appropriate entry for the nundiatifferential binaries in each case}. At the sainee,
it will be assumed throughout that and gp” massless systems are much less likely to abspdsti@an
of the decay energy in such processes than theiceunterparts because of the latter’s larger ragies
Sects. VI.F-H) and greater affinity to participateboth long- and short-range interactions. Thene loe
no question that thanobservabilityof massless particle-antiparticle species is adssumption in the
present discussion, because it ultimately allows tm forgo the creation-annihilation hypothesis in
interpreting the results of elementary particleaysc

D. NEUTRAL KAONS AND MORE ABOUT PARITY CONSERVATION

The next heaviest elementary particles are theralekaons. Just as the charged kaons, they have
played an important role in the development of theory of this branch of theoretical physics,
particularly in the parity non-conservation anadydi is now believed that there are two distinetrs
particle$®®?* a short-lived K’ and a relatively long-lived K. The K species decays predominantly

into two pions t=0.882 x 13° s), while K° decay generally produces three pioms0(5181 x 10 s).
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The rest masses of the two particles are nearhtiich#, but they are believed to differ by 2 x>1€V. The
K. ° species also undergoes a small fraction of two-piecay®’, however, whose discovery led to some
consternation about the then existing theoretiti@rpretation of such processes. Specifically,aufhtt
time (1964) it was held that the product of thergbaconjugation and parity operations CP is comskrv
in all interactions, but the two-pion decays of’ Kvere taken as an unexplained violation of this.rule
Since there is general agreement that the prodDEt ommutes with any conceivable Hamiltoitdh
this development could also be taken as prooftieatime-reversal operation also is not conserved.

In Section VIII.C it has been argued that the d¢osaannihilation hypothesis is crucial to the
logical argumentation which has led to the conclushat parity is not conserved in the weak intioac
Once one insists that electrons and neutrinos waiehobserved to exhibit longitudinal polarizaffon
1419%axisted as components of meta-stable particles puitheir decayhowever, it is no longer possible
to justify such a thesis unambiguously on the baksuch findings. When Yang and Lee proposed that
parity might not be conserv&dtheir main concern was to explain how the sammégiEK* (or T - © in
their notation) could decay both into two and thpems in different channels. This argument is Hase
the assumption that the pions all have negativigyp&rom which it follows that it is impossible fdoth
decays to be allowed according to selection rubkesed) on the conservation of this quantity. Sinee th
three-component model of a neutrofig(p) suggested by the XBPS model offers a way of éninig
the longitudinal polarization phenomenon whilel s&taining the possibility that parity does commut
with the corresponding Hamiltonian, it is well ®view the whole question of parity conservatiomfro
the time it was first called into question by Lewl&/ang.

To do this we start at the point at which the gatitncept for particles is usually introduced into
the theory of elementary particles, namely to jprtetrthe results of low energy capture by deuteroffd
This process leads to the production of two newtraith or without an additional photon. Because a
corresponding set of products minis never observed, it has been argued that thiseps must be
forbidden, from which the supposition follows thedme selection rule must be violated in this case
which is satisfied in both of the first two react#?. In search of a suitable selection rule one wasvdr
to the consideration of parity. Since a deuterorkriswn to be a triplet whiletr has zero angular
momentum, it can be safely concluded on the bakisonservation of angular momentum that the
reaction products must form a triplet. In this cection it is important to note that it is also ased that
the pion has come to rest relative to the deutemod, thus that there is no additional orbital aagul
momentum (or translation) to be taken into accauitie present analysis.

It is by no means straightforward to deduce thal tparity eigenvalue for this system, however,
because there is no way to measure this quantigctti'>*. Moreover, it is not even clear that each

particle must have a definite parity. An electrembt assigned a parity value, for example, ndahés
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neutrino. It only becomes obvious that a giveneysshould be characterized by a definite parityrmihe
can be described in terms of a many-particle wanatfan, such as is the case for hydrogenic atotesta
in the most well-known example. Such an assumpsidhen implicit for each of the particles involvied
the dt interaction. With this background the argument paoceed as follows. Since the deuteron is
known to correspond to a bound proton-neutron stheeparity of the overall reactants is assumeokto
the product of the individual parities of the thpeticles, p, n, antd. At this stage of the argumentation
one has no way of assigning a definite parity tp @fnthese particles individually, nor is the valfethe
product of these quantities known. If parity is served, however, as one assumes for this prodess, t
combined parity of the product system nn must heaktp the corresponding value for the teactants.

Since the two neutrons are indistinguishable fensiiaheir total wavefunction must be anti-
symmetric with respect to their exchange. This-ayptnmetry can be looked upon as deriving from two
factors, the spatial and spin parts of the two+meutvavefunction, in analogy to the treatment ef tivo-
electron He atom which ultimately led to the antinnetry principle for fermiortd®. On this basis it is
argued that if the spin state of the neutron paa singlet, and therefore anti-symmetric with egspo
such a permutation, the corresponding spatial statet be symmetric. Then it is asserted that a
symmetric spatial state is only consistent witreaan value of the total angular quantum number thef
system. If S = 0 this implies that J = L + S isoaéven, which is inconsistent with the J=1 valughef
initial system dt. Consequently the value of S must be unity andstiie state must be symmetric, the
spatial state anti-symmetric. Therefore, by theestogic, the spatial state must be of odd L, spedif
L =1, and the parity of the products as a wholstrbe negative.

It should be noted, however, that the purportecheotion between the permutation symmetry of
the spatial part of the two-neutron wavefunctiod #re value of its associated orbital angular mdoran
guantum number is by no means certain once wheralklmas for the possibility that the neutron is not
an elemental system, i.@ithout internal structure. If the nn system comsapairs of protons, electrons
and antineutrinos (making it a six-particle systein)s not possible to properly describe it inntsrof a
single set of internal coordinateg,.rThis being the ease, one cannot be certain ti@tahgular
characteristics of the two-neutron state can beesgmted exclusively by spherical harmonic funaion
whose parity is always given by (51)n the helium atom, for example, states of S (J=a@d P (L=1)
type are known for both triplets and singlets, ati@f them satisfy the Pauli anti-symmetry prinefp’.

Keeping this qualification in mind, we may followae argument further. Assuming that L = 1
implies odd parity and that this quantity is conserin the present reaction leads one to conchletihe
parity of dt must also be negative. If the parity of the prasdefined to be positivevhich amounts to
an additional assumption in the argumettherefore follows that the combined parity oé tht system

is also negative, which means the neutron and piost have opposite values for this quantity. Even i
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one accepts this conclusion, however, it is stll possible to say with certainty which of the dattwo
particles has negative parity, because a straigtafol theoretical argumeént shows that it is impossible
to settle the matter by experimental means. A wayobthis impasse can only be found with recouose
yet another theoretical assumption, as discusdewbe

In Sect. VII.H the theory of isospin was review&te key assumption in this development
is that the proton and neutron form an isospin teulAlthough a careful parallel is drawn
between the properties of isospiff” and those of spatial angular momentum, no prowvikiad
been made for an associated parity operation. S¥ach component of a multiplet of a given
angular momentum has the same parity value in cdioreal space, there is seemingly good
reason to assume that the same relationship hald<dr the members of an isospin multiplet.
On this basis it was ultimately decided that thetrom’s parity is the same as that of the proton,
i.e. positive, and by implication that the pion’s parityust be negative. In making the above
assignment of parities of different components led same isospin multiplet, however, one
overlooks the possibility that the spatial parifjetation may not be identical to the one used in
the isospin argumentation. After all, the same maysystem can have different values of the
total angular momentum and isospin quantum numiibesdeuteron being the most familiar
such example. Why can it not be that there aredifferent parities as well, one operating in
conventional space, the other in isospin spac#?atfis the case it is no longer certain that the
corresponding two parity eigenvalues are the samneevery component of a given isospin
multiplet. Moreover, even if the respective past® the proton and neutron are equal, there is
no more reason to assume that the correspondinge val positive than there is that it be
negative, as already mentioned.

In summary, there are no less than three sepavgterimentally un-provable, assumptions
which must be made in order to arrive at the caioluwhich has proven to have such dramatic
consequences in the development of theoreticalighys the last 50 years, namely that the
parity of the pion is negative. If the opposite cloision is made, there is no violation of a parity
selection rule required to explain why Kan decay into either two or three pions becaosie b
sets of products then have the same (positive}yp&imilarly there is no need to conclude that
CP (or T) is not conserved on the basis of the raklaon’s decay characteristits The
prediction and observation of longitudinal polatiaa in beta decay has always been assdtmed

to be inconsistent with a positive value for thens parity, but as been shown in Sect. VIII.C,
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recognition of the possibility that electrons amdigeutrinos might enjoy continuous existence
both before and after the onset of the correspandunclear transition invalidates any such
conclusion. The question that must be asked umg&ecitcumstances 8hether one or the other
of the logical uncertainties connected with theighion of the pion's negative parity might
actually be incorrectls there perhaps another way to explain all thesamegly baffling
observations that requires somewhat less draniegarétical developments?

The calculations of the various particle-antipaetibinaries and other systems discussed
earlier lead to some definite conclusions aboutreginy themselves. The Hamiltonian on which
they are based commutes with T, C and P, as welithsthe total angular momentum. The
results of these calculations indicate that thetnoals wavefunction has 1/2ymmetry, while
each of those for the'@, p'p andvv systems is Qat least in their respective lowest-energy
(translationless) states. The deuteron in this inpdesesses &gV structure, whose ground
state is computed to havesymmetry {Sect. VII.E). Thet parity is less certain based on what
we know thus far from XBPS calculations, but thesiritkely chioce for its symmetry is'0i.e.
positive parity. This is because it has consisyehden found that pairs of light fermions of
opposite g/mvalues prefer Gstates. As indicated in Table XVII, the negativenpappears to be
composed of an electron, a neutrino and two antimes and thus consists of two such pairs
(Sect. IX.A). Moreover, considerations of partiblance in them — nn equation require that a
vV product result as well, which again accordinghe talculations should havé $ymmetry,
i.e. negative parity.

The best inference from the above calculationbeéseffore: a) the parities of both d and n
are negative, b) the parities of (and ) are positive, and c) the overall parity of thead
reaction is negative. The last point follows beeaalthough nn is found to have positive parity,
the equation of interest is only balanced withdhldition of a single v state. In this way the
reaction is found to conserve parity, and thus ¢oab allowed process, in agreement with
observation:

d(I) + 17 (0") — n(1/2) + n(1/2) +vv (0) IX.1
Hence no contradiction arises when the pions asm@sd positive parity in this reaction. The
calculations indicate that the parities of the pnoand neutron are not the same, although it is
clear that this relationship depends on the obivacupied by the individual proton components

within a given nucleus. As mentioned above, therad conflict between this finding and the
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assumption that these two particles are differemhmonents of the same isospin doublet
because the isospin analogue of the parity openated not be identical to that acting in physical
space With these assignments all the arguments based on parity violation in h® puzzle

or the two- and three-pion decays of Kse their validity.If the intrinsic parity of a pion is
positive, then nothing stands in the way of an oddeven number of such particles being
produced from the same starting point. On thissase is led to look for a different explanation
for the longitudinal polarization phenomenon, ofigvbich has already been formulated in terms
of the XBPS model in the preceding chapter.

The details of the reaction given in eq. (IX.1) algo consistent with other characteristics
of this process. First of all, it is clear thatalohngular momentum can be conserved, but only if
J=1. The same conclusion was mentioned in the sksmu of parity conservation given above,
but the indication now is that the two-neutronestzs’S symmetry, i.eL=0, in contrast to what
is usually assumed. With two proton,spin orbitals involved, we have a concrete veatfmn
of the assertion that anti-symmetric spatial statas possess even L values. With the help of
Table XVII we can describe the reaction in terms dfansfer of an electron and an antineutrino
from the negative pion to the proton of the deutefiche parallel spins of the proton constituents
in the original nucleus are not affected by themsfer, so that a triplet two-neutron state must
result. Thevv fragment of the pion is then expected to be enhitteits 0 massless state. In all
this, both parity and total angular momentum mustcbnserved in the model because the
Hamiltonian governing the transition commutes viitth types of operators.

What about the reaction in which two neutrons apti@on are produced fronti@ In this
case one must only assume that the parity of thi#eshphoton is negative, i.the same as for
the massless system from which it is formed. Inpald-allowed radiative transition it is known
that the perturbing field has dymmetry, from which one must conclude that the-massless,
energetic photon resulting from excitation of tattdr system has @1 = 1" symmetry. This
does not mean at all that every photon with enatiffierent from zero has 1+ symmetry,
however, rather only that one resulting from a thpalowed process relative to a massless
photon must have this value. Other states'efleave different values of J and P. Indeed, it is no
longer clear that the evenness or oddness of dtegca definite parity in the case of a photon. It

is a relativistic particle, always moving with sgaewhen it possesses non-zero mass, and in that
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case the conventional idea of a wavefunction ctingi®f a product of an internal and a purely
translational factor does not necessarily applg &ect. X.B).

The last of the three reactions suggested fomauld yield nm®, but it is never observed.
The above assignments indicate that parity is edsserved in this process, however. Does this
prove that the present parity assignments are rdvigt at all, because not every reaction
allowed by symmetry must occur in nature. Othetdiaccan be involved, most prominently the
availability of conditions for formation of one tite other of the products. In the XBPS model an
additional e binary is required to balance the above equatiecabser® is assigned the
composition &vv (Table XVII). Since this massless binary systens hagative parity, it
cancels the deuteron's eigenvalue to give the gpositive) result on both sides of the equation.
But is there any driving force to involve such de enassless binary? In the model what must
happen is that the electron and one antineutriteckatthemselves to the deuteron’s proton,
inducing dissociation into two neutrons. There isvasystem left over fronmt as a result, but it
apparently prefers to assume its massless statedasted in eq. (IX.1). The alternative of
attaching thesV product to a neighboring'@ massless binary to formd with 135 MeV rest
mass is perhaps conceivable, but who can saydtipreferable that thev species remain inert
and instead have all the decay energy go to thartieg neutrons? Or to give a part of the
energy to a massles&esystem so that it appears as a photon at the feité oeaction? In the
future it may be possible to carry out calculatiombich compare these three reaction
probabilities in a quantitative manner, but for ndwshould at least be clear that such an
explanation for the presence or absence of thaseugareactions is a definite possibility. At the
very least, it is in no way ruled out by anythingeocould possibly infer from symmetry
arguments alone.

The composition vectors listed in Table XVII foskand K ° are suggested on the basis of
the type and frequency of their respective decagieroAs before with the charged kaons, there
is some justification for assuming that more thaa four particles of a pion are contained if K
and K.° because of their larger rest masses (3-4 timgefdhanr®, 1°). Because the rest masses
of the neutral kaons are so similar to those ofct@rged K species, it is natural to assume that
the compositions of all these particles must bey \@milar, particularly with regard to the
number and type of constituent electrons and rmeadriThe choice in Table XVII of a 13.13

composition for both ¥ and K° is tantamount to assuming that the two neutralngao
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correspond to very closely-lying states of the saystem. The (assumed) energy difference
between them (0.5 x T0eV) is so small that it would be all but impossiltb compute it in any
ab initio model.

The most interesting feature of the decay of the&raékaons is the fact that sets of both
two and three pions are observed. In the presedemm which all the pions are suggested to
have positive parity, one can' expect that evenghdoth types of decay fragments are allowed
by symmetry, the amount of phase space availallgeitwo cases definitely favors the two-pion

204 The KL system with a lifetime of 0.882 x 1®s exhibits only two-

decays, as obsen/
pion decays, while the K species has a sixty-fold greater lifetime and poesr®r®r® and 't

T fragments in a total of 34.1% of its decays. Astfit was thought on the basis of theoretical
arguments involving CP conservation that’ Kvould not exhibit any two-pion decays but in
1964 Christensoet al. and Aboshiaret al. showed that this is not the c&eThis work found
that 0.2% of all charged modes are two-pion de¢ays). It is worth noting, however, that in
65.7% of all decays, the observed products rare and ev which in turn are the known
products oft'Tt decay,i.e. with one pion remaining intact and the other decosim into a
muon and a neutrino (or to an electron and neutaiter further decomposition of the muon).
These types of decays do not normally enter intopidrity discussions, however, for the simple
reason that the electron, neutrino and muon arassagned a definite parity.

The assignments in Table XVII also leave open thesibility that both K° and K° are
their own antiparticles, just as is generally ateegor 1. Originally theoreticians spoke of a
single neutral kaon K whose antiparticle i& °. The work of Gell-Mann and P&ts led to the
designation of two separate particles,’Kand K° of different lifetimes. Subsequent
experiment® ruled out the straightforward assignments of defiand opposite parities to these
two species, however, contrary to what had beegesigd in the above theoretical work. With
13.13 assignments for bothsldnd K, it can be seen that their most common decay ptedian
all be reached with the addition of a small numifemassless’e andvv binaries as reactants,
sometimes with the assumption that such systemsndetected as products as well. Accurate
calculations seem to be the only way of obtainiragerconfidence in any of these assignments,
but at least it is clear how they might have todbanged when more information becomes
available, namely by suitable addition (or subfoatof €€ andvv binaries to the structures

given in Table XVII.
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The composition vector for thg resonance is more difficult to specify than foy arfi the
lighter mesons. lts lifetime is relatively short§% 10 s, corresponding to a linewidth of 2.63
keV). The most common decay products are grougsvoafor three pions or several photons,
with or without pion accompaniment. The two-photdecay occurs in 38.0% of all cases,
compared to 30.0% for threet3and 23.9% for i decays. As usual all these products can be
related by the gain or loss of an integral numibfeg’s andvv binaries. The mass difference
relative to the neutral kaons is relatively smal.(50 MeV), so that the composition of the
particle is likely to also be fairly similar, suéls the 22.22 designation given in Table XVII. The
only point which should be stressed in this assigmnis that the hypothesized availability of
massless binaries at the site of this and all gtheticle decays can be used to explain all of the
observed products. There are a number of otheridgreanesons which have not been listed in
Table XVII, including then’, p*, p°, o’, $°, K*° and K* particles. These resonances play a key

role in the quark model of elementary particlebeéaliscussed in Sect. IX.J.
E. VIRTUAL PARTICLES IN THE XBPS MODEL

One of the most surprising aspects in the devedoprof theoretical physics since the
introduction of the Schréding&rand Dirac® equations was the necessity of assuming that there
are virtual photons in the neighborhood of atoms muolecules which need to be considered in
the form of radiative corrections in computations fisolated” systenfs>?'* In introducing
these effects it is customary to go to some lengthrgue that real photons are not involved
because the assumed entities violate energy andcentam conservation laws. It can be pointed
out that such behavior is not inconsistent with fahedamental laws of physics, however,
because Heisenberg’s uncertainty prinéplallows such minor deviations from them.

Because .of the indisputable accuracy producecuaniym electrodynamics calculations
making use of radiative corrections, the assumptibairtual photons has become a fixture in
theoretical physics. The idea received further imgpérom Yukaw®® in 1936 when he suggested
that virtual particles with a mass of roughly 10@WV/& might perform a similar function in the
transmission of nuclear forces. As already pointed in Chapter 1V, this revolutionary
hypothesis was ultimately followed by the discovefythe pions in cosmic radiation. Attempts

to formulate a theory of nuclear binding along tirees of quantum electrodynamics by
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substituting pions for photons have generally beerepted to be quantitatively unreliaBjéut
this fact has been ascribed to difficulties in tirga such interactions at a suitably high
computational level. In more recent times the Wheermediate boson was sought and fdthd
as the analogue of the photon and pion in the vigtgkaction, lending further weight to this
theoretical development.

It is well to mention that one of the main argunsemt favor of the exchange of virtual
particles is taken from general relativity thedfy according to which it is assumed that no
interactions at a distance exist. While forces saglgravity can be described quite well in terms
of a formula involving the distance between twoeratting bodies, it is argued that this
circumstance does not prove that the actual meshmfiom which the force arises can be
explained solely on the basis of the two objectguastion. Newton is often criticized for having
assumed that the gravitational interaction is imstaeous, but in 1692 he wrbt&hat it was an
“absurdity” to think that bodies act upon one aeotthrough a “vacuum, without the mediation
of anything else.” The long period of searching fan “aether” which transmits the
electromagnetic force was in line with this viewwsll. The concept of virtual photons and
virtual pions tries to get around such difficultibg assuming a) there is a vacuum, but b)
particles can be created and annihilated anywhexayatime in it, and are thus always available
for transmitting the observed forces. Once the teannihilation hypothesis is questioned,
however, it is necessary to assume that massleasids such as'€, vv and pp are always
available in high concentration everywhere in thggical universe. Adoption of this alternative
formulation thus suggests that the concept of airparticles might no longer be required, or at
least that the distinction between them and phijgiexistent photons may be primarily of a
heuristic nature.

To see how the computational techniques which asedb on the assumption of virtual
particles can be recast in a physical model in wheither a vacuum nor anything but real
particles is accepted, it is helpful to consider tlonfiguration interaction technique described in
Sect. VI. C in a somewhat different light. Let ake the Cl wavefunction for the helium ground
state, for example. To a good approximation it ®af a single configuration in which the 1s
orbital is doubly occupied. To obtain better agreetrwith experiment, however, it is necessary
to mix in additional configurations, for exampldet 2 species. The energy of the latter

configuration is much higher than that of®1and yet quantum mechanics allows the two
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functions to form a linear combination which give®etter description of the helium ground
statethan either of them alon@ne is simply employing a different language whae process
is referred to as involving a “virtual” 2pstate. In this way it is possible to incorporat®ithe
present model the idea of virtual entities whosteractions violate conservation laws in a
manner consistent with the provisions of the uracety principle. In order to go a step beyond
this and bring invirtual particles, it is only necessary to have configurations comtgrspin
orbitals corresponding to several particle typebiwithe same system.

When a helium atom interacts with virtual photormsaading to the present model, it is
necessary to deal with at least four particles, tthe helium electrons and théee complex
which has been identified with the photon in Cheptélll. The unperturbed system contains a
massless (photon state, while the radiative corrections e€gpond to a configuration of much
higher energy in which the electron and positranras longer bound together. Such effects are
relatively small and it is thus reasonable to expleat their treatment in low-order perturbation
theory is adequate to obtain the desired accufidey matrix element involved is provided by the
methods of quantum electrodynaniids thereby circumventing the problem of working with
explicit wavefunctions for photons which take aatioof the internal structure assumed for them
in the present model. Even if exact solutions Far various & states can be obtained from the
XBPS model, it can still be anticipated that suoheaplicit ClI treatment of the He atom plus
photon would be much more difficult to carry thrbugith the required accuracy than is the
standard perturbational approach. A similar sitratias already been met in Sect. VIIl. A where
the possibility of computing line-widths in termsamplex energy eigenvalu& in principle
the preferred technique, was compared to the smggeroach involving the Fermi golden

rulet*®.

When very small imaginary parts of the energepiglue are involved, better accuracy
can invariably be obtained in the perturbationeadtment because the terms omitted in such a
procedure are negligibly small. One needs to camtythe computations with much more effort
to approach the same level of accuracy when dlgtuariational treatment is employed.

In this sense the possible advantages of assurhatgréal photons are involved in the
guantum electrodynamics theory are only to be fommé conceptual level. The computational
techniques of the existing theory are well-knowrnb® capable of great accuracy and, except
perhaps in rare instances not yet encounteredjnar® need of further improvement. The

situation is qualitatively different for nucleartémactions, however. The main reason for this

202



distinction appears to be less a matter of thdivelatrengths of photon and pion interactions,
however, than the fact that the operators usedestribe the two types of interactions in a
guantum mechanical treatment are known far morerataly for the predominantly Coulomb
forces governing atomic and molecular systems. l@sean excellent starting point in the Dirac
equatioft’ or related two-component methd¥fsfrom which to apply the necessary radiative
corrections. The main effects are still to be foumdhe electrons and nuclei of the atoms and
molecules of interest in quantum electrodynamiesattnents, even though the most interesting
results often emerge only after the photon intévastare included.

The main thesis of the XBPS model is that expoaéptdamped momentum-dependent
operators of relatively short range are requiredldtain a similarly useful starting point for the
calculation of nuclear binding. By attributing ampero value to the charge-to-rest-mass ratio of
the neutrino, it has been possible to describenéutron and deuteron as collections of protons,
electrons and antineutrinos interacting primarityotugh such short-range interactions, and
thereby offsetting the large kinetic energies regpifor the confinement of light fermions within
nuclear dimensions. By analogy to the quantum mdghamics description of atomic systems,
it can then be expected that the inclusion of pioins the theoretical treatment is required to
obtain a truly comprehensive representation of dbeesponding observed characteristics of
nuclear interactions. The difference between tlesgmt model and earlier proposals to describe
nuclear binding is that it foresees only a reldyivainor role for pions, which might well be
amenable to a perturbative treatment similarly @sphotons in processes dominated by the
electromagnetic interaction. The emphasis in thd®¥Bnodel is more on the nature of the
guantum mechanical representation of the shorteramgeraction itself in terms of the
exponentially damped Breit-Pauli terms such as-epit, orbit-orbit and spin-spin coupling.
This position no way contradicts the concept oftaiar particles being responsible for the
transmission of certain forces, but it clearly plstess emphasis upon the idea than is normally
done in quantum field theory.

A more significant difference between the XBPS ni@hel other suggested approaches is
clearly that it denies the need for assumiigual particles to describe any aspect of the
corresponding experimental phenomena. Insteadvaicaum filled with nothing, it is assumed
that free space as we perceive it is in realityrgated with large numbers of massless binary

systems which are always available to participateneractions with other (massive) particles.
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These &, vV and gp systems are not observable directly as long ag témain in their
respective massless states, but they exist justira@ty in this condition as do particles with non-
zero relativistic masses. To describe the intavactf an atomic or nuclear system with such
entities, it is simply necessary to expand the remiX particles treated explicitly in the
configuration interaction calculations, at leastpnnciple. The resulting wavefunctions have
contributions from configurations which contain ged states of such binary systems. As a
result, their effects become observable in prakcégperiments, the most well-known, of which
are the magnetic moment determinations for elestaord protons and the measurement of the
Lamb shif¢*®. A small admixture of such excited binary stareshie wavefunction means that
the measured properties of the overall systemiagetly affected by them.

Such a CI treatment, by construction, requires tao$econfigurations which share a
common occupation of spin orbitals correspondingdédinite numbers of the same type of
particles, which is to say, a perfect elementahibed is a strict condition for treating a physical
interaction in this manner. This does not exclude introduction of external fields into the
governing Hamiltonian, but in a broader sense dvés open the possibility that any such
additional effect ultimately has its origin in te&istence of other particles in the neighborhood
of the system in question. It is a “particles ondgproach, often deemed to &eathemao the
guantum field theory. There is no need to see dragiction in these two views of physical
theory, however. As usual it is the creation-aratian hypothesis, in this case in the form of a
vacuum model of free space, which only makes theemsmutually incompatible. If massless
particle-antiparticle binaries exist, as the XBP&del's calculations indicate they do, then they
must exist everywhere in great numbers at all timesording to the laws of statistical
mechanics. This possibility then allows a readylaxgtion of how action-at-a-distance effects
are transmitted throughout space, and especiallyitnb necessary to assume fields external to
the observed atomic and nuclear systems in ordebtain a suitably accurate description of
their interactions.

F. INTERACTIONS OF PROTONS WITH PIONS IN THE XBPS M ODEL

The most explicit evidence for the interaction @ns with nuclear matter is gleaned from
elastic scattering of high-energy electrons offtpns and neutror&®***° Values for the proton

form factors vary with momentum transfer in a mano&responding to a charge distribution
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which varies exponentially with the distance awanT the proton’s center of mass. This result
can be satisfactorily interpreted in terms of a etad which the proton is surrounded by a cloud
of pions. When an electron approaches a protoafatiently high energy it thus encounters not
only the bare nucleon but also the less massivespias a result, it appears that the proton itself
is not a point charge, unlike the electron andtparsj for example. The calculations discussed in
Chapter VII combined with the arguments of SectAlXegarding the composition of pions in
.the present model allow for a straightforward riptetation of the elastic scattering data,
however, which puts matters in a different lightladoes not require the assumption of virtual
particles in arriving at its conlusions.

As shown in Fig. 18, the XBPS model envisions aebproton being continuously
surrounded by numerousez andvv massless binaries whose influence must be taken in
account in explicit calculations in order to prdpeepresent the physical situation. A minimum
number of these binaries is required to explain tfserved effects. The lowest-energy
configuration is simply a product of the proton’pirs orbital and the two-particle™ 0
wavefunctions for one’e and twovv binaries in their respective massless states pfdten is
able to approach the lighter particles relativébsely as a result of the form of the exponential
damping factor in the XBPS Hamiltonian (see Tab#nd the discussion in Sect. VII.B). As a
result, a higher-energy configuration is also ndetteobtain a satisfactory description of the
system. This corresponds to a neutron and a pegton, which are formed by decomposing an
e'e binary to form a pe complex plus a positron. These species interathdu with thevv
binaries, with the antineutrino from one of thenmnijog the proton-electron system to form a
neutron, while the corresponding neutrino plus @diteonalvv pair combine with the positron
to formtt" (11.2 composition vector, see Table XVII). Thissn-particle) excited configuration
mixes with the lower-energy proton-plus-masslessilyi species (and other configurations of
intermediate occupation) to form the final eigemlion. According to the usual statistical
interpretation of such wavefunctions, it followsatithe system as a whole spends a certain
fraction of its time in the excited neutron-pluSconfiguration, which circumstance leads to the
deflection of high-energy electrons away from thetgn itself. Sincat has a positive electric
charge and a relatively small rest mass, it camxpected that the same configuration-mixing
effect tends to raise the system’s magnetic momadative to what would be obtained if thiee

andyv binaries always remained in their massless states.
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The above effect is far greater than in the casndadlectron interacting with photons, with
the proton magnetic moment being 2.5 times largan twould be expected for a bare (Dirac)
proton, compared to an analogous deviation of 0% % in the case of the electron. The point
to be stressed in the present context, howevehaisthere is really no necessity to talk about
virtual pions in describing this effect once allowa is made for the existence of massléss e
andyv binaries in the neighborhood of the proton. Ultiematit is the large mass of the proton
which allows it to interact more strongly with suehtities than do lighter particles such as

electrons and neutrinos.
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FIG. 18. Schematic energy diagram showing the ivelagtabilities of the bare proton (upper line)otpn-photon-photrino
complex (middle line) and physical proton with atwal pion cloud, as foreseen in the XBPS modelc@ations indicate that
the rest mass of the (physically unobserved) pr&meveral electronic mass units larger than #ieevof 1836 m measured
for the proton in its naturally occurring environmeThe mi* virtual state is interpreted as a configuraticieraction component

of the actual (bound) proton wavefunction.
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To give further consideration to this point, a esrof calculations has been carried out for
the tri-atomic pe’e system. In the 4s,2p basis employed for tf&vpsystem in Sect. VII.B, a
full Cl energy of -186373.864 hartree results, whiepresents a proton binding energy of
148783 hartree to the'@ ground state obtained at the same level of traatma/hile this
quantity is likely to become significantly smalles the quality of the basis set is improved, it
still indicates that there is a substantial intéoac between the proton and such a particle-
antiparticle binary. This result is clearly conerdt with the arguments given in Sect. VII.B
regarding the mechanism of proton binding to the @mplex, especially when one employs a
g/my, value of 1.0 a.u. for the antineutrino in theep calculations (Table X). Recognition of
this point raises another question, however, namvbther such a large binding energy between
the proton and the'€ binary system is compatible with the theory ofleac binding which has
been discussed in Chapter VII. A calculation foe fifie’e system for the same basis (an
optimum scale factor of 0.10 is found in both casasscompared to the value of 0.16 obtained
above) yields a total energy of —305503.616 harisdech corresponds to a binding energy for
the second proton of 119221 hartree, 29562 hastresdler than for the first. Since, according to
the present model, there is always an abundanoeas$less’e species with which to interact,
this result indicates there is a reluctance forptwons to group together around a single binary
of this type. This is in sharp contrast to the egree with the & complex when computed at
the same level of treatment. There the first pragmot bound at all, existing in agv
resonance state, whereas the second combined witform the strongly bound deuteron.

The results of the above calculations nonetheleggest that the energy of the bare proton
would actually be significantly greater if it weret always surrounded by'e (and vv)
systems, which according to the present model spords more closely to its physical state
actually observed in experiments (Fig. 18). Incrgashe rest mass of the proton would have
almost no effect on the calculated total energiesabse they are referenced to the energy of
each system’s component particles separated toitinfiOn this basis one can expect that the
mass of the bare proton might be greater thanrttestsured in the laboratory by as much as
several electronic mass units. Since the polagmagffects which cause this stabilization are
charge-dependent, it can be expected that théireinée on the neutron's rest massa-visthat

in its isolated (bare) state is much smaller. Saclievelopment would also be at least
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qualitatively consistent with the premises of tsespin theo’?®° in which the proton and

neutron are assumed to be of equal mass in thenabs® the electromagnetic interaction.
Recognition of these effects would tend to indidhtg the |g/rg} value which must be assumed
for the neutrinos in order to compute a neutrdie {p) rest mass in agreement with the measured
value might need to be increased slightly if suchirenmental influences were properly taken
into account in the theoretical treatment. It atsm be noted that the above calculations are
consistent with the well-known observation that thieractions of protons and other hadrons
with photons are not correctly described by quargleatrodynamicg®.

A more crucial question arises from this generacuasion, however, namely do the
electron scattering data for nucleangly that the proton is na point charge?The answer is
not at all clear once it is realized that the esitem in the charge distribution observed in the
electron elastic scattering from protons may be tip at least in large part with the fact ttred
proton is not an isolated system under the govereixperimental condition#. could be that the
exponential nature of the charge distribution desifrom the combination dfoththe proton and
the €e andvv species to which it is tightly bound accordingthe present calculations (the
pion cloud also results from this interaction imstkiew; see Fig. 18). To investigate this point
further it is clearly necessary to consider thee@# of probes in the scattering experiments
which have significantly smaller de Broglie radiah the electrons employed in the above
Stud)gl.94.16(-)

When inelastic scattering processes are investigaith incident electron energies in the
10 GeV rang®&", the nature of the cross sections is differem iaove and continuum states are
observed whose charge distributions are no longporeentially decreasing with the distance
away from the proton’s center. In essence the tesudicate that point charge scatterers are now
involved. There have been essentially two integtieis of this phenomenon, identifying the

1722223 or with the bare nucleon its&lf.

point particles with some internal structure of greto
In the present model it seems tempting to focugheridea that as the energy of the electrons is
taken up by the proton that they come into excitiadles which are no longer able to bind pions
(or alternatively the'® andv v binary systems) even a small percentage of the #nid GeV
electron energy corresponds to a proton kinetieggnef 2-3.5 GeV in its own inertial system,
which is comparable to what is computed for thg pinary in its massless state (Sect. VI.F).

Under these conditions the interparticle distaramesso small that even the advantage that the
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proton normally enjoys by virtue of the form of tegponential damping factors in the XBPS
Hamiltonian in the present model is unable to aftse enormous centrifugal (kinetic energy)
effects impeding against binding. The proton isefare no longer attracted by neighborirfig e
andvv species and behaves as an isolated system. Ththd&dhe curvature in the measured
cross sections for inelastic electron scatteringadity decreases with the energy of the
continuum states is at least consistent with sucthngerpretation. We shall have occasion to
return to this question later in this chapter wiies subject of the quark model of elementary
particles is taken up again (Sect. 1X.J).

G. PROTON-ANTIPROTON INTERACTION

The reaction of a proton with an antiproton candescribed in a perfectly analogous
manner to that of an electron and positron in tB&X model by virtue of the scaling properties
of the Hamiltonian employed (Sect. V.D). The energlgased is gymqe times greater in the
p'p interaction, and its mean interparticle distarscemaller by the same amount than in the e
case according to this treatment. It might be etquethat when pand p bind together that the
result is a pair of photons with correspondinglgajer energy than for'&, but the most
commonly occurring process observed experimentaiyplves instead the production of a
number of pions. It is therefore important to cdesithis process in somewhat more detail in
order to find a possible explanation for this phraeaon.

Because the ‘p massless binary system is much less likely toracte with its
surroundings by virtue of the relatively small valof its radius, it seems reasonable to assume
that the energy given off as a result of its foioratis borne by other particles in the
neighborhood. Initially the proton and antiprot@nde taken as being at rest in their center of
mass, and it has been argued in Sect. III.C tlemptbduct of their interaction must also remain
localized in the same region of space. In viewhsf zero rest mass of the ppnary, this
situation cannot hold if it takes up any energglftsn which case it must move with the speed
of light out of the area. The same argument has lsed to explain the quantized nature of
photon interactions, particularly the well knowwtféhat they tend to give up all rather than only
part of their energy when absorbed by atomic orecwdhr systems. The enormous amount of

energy released in the proton-antiproton interactiust be taken up by something, however,
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and because of the conservation of momentum regemg the most likely recipients in the
present model are two photons, initially also pessg zero energy and therefore likely at rest in
the neighborhood of the reaction.

In this respect the*e and Pp particle-antiparticle reactions initially proceada very
similar manner, but the amount of energy releasethe latter process is sufficient to cause
neighboring & species to decompose into their elements, untikesttuation when a positron
and electron react with one another. As shownign B9, a relatively uncomplicated scenario
for the observed pion production can be imagineckdwo pairs of electrons and positrons are
set free as a result of the proton-antiproton aigon. The conservation laws essentially require
that the two & species push off one another (see Fig. 4), sariially one € and é remain
near the original center of mass, whereas the t#h@iparticles go off in opposite directions at
high speed. The next step would then involve thachtment ofvv binaries to each of the
fragment systems: one to ® form a transient Table XVII), one to &to form |, and finally
one to the remaining’e pair to form ar® species. At such high energies the muons offer an
attractive target to anothe® binary, thereby producing the respective chargedsaic (v) and
andrti(Vv). Alternatively, twovv species might be involved, with the unusednd v particles

taking up some of the released energy as well.
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FIG. 19. Schematic diagram showing four stage$iefproton-antiproton fusion process producing &esyf three pions and

the massless prophoton'f) system. In the first stage the proton and antiprare shown to collide with one another in the

presence of massles&eandvV systems (l). Their fusion leads to the productiori 88 GeV of energy which is taken up
initially by two massless’e species, leading to their dissociation in the sdcstage (I1). The latter particles further combine
with vV species to form the @V (), €evV (1) and &V (W) intermediate products in the third step (Ill),ilehin the
final stage the muons react further to form theesponding charged pion systems (IV). The prophetmduct is assumed to

remain in the translationless state upon its foionaand thus escapes experimental detection.
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In accord with the notation used in Table XVII theacting system involved is not
100.100,i.e. p'p, but rather 123.123 (or 124.124), which yieldspasducts are+ (11.2), art
(2.11), ar® (11.11) and the 100.100p massless binary (plus an additionaand v in the
second case). The mechanism described above kedas production of only three pions, but it
is obvious how alternative processes might occuchvivould produce still larger numbers of
such mesons. Given the amount of energy producethéy p interaction and the relatively
small barriers to decomposition of the massléssandvv binary systems, it is not surprising

that a variety of such multiple-pion products isetved.
H. COMPOSITION OF HYPERONS IN THE XBPS MODEL

The next group of elementary particles, in ordeinafeasing rest mass, are the various
meta-stable baryons, or hyperons, as they arefidgaently called. The suggested elemental
composition of these particles is given in Tablel)Valong with a survey of their respective
decay process&82%* There is a well known baryon conservation law egaing reactions of
such systems, and this is obviously consistent thighmain thesis of the present work, namely
that all truly elementary (stable) particles areamtinuous existence, regardless of the nature of
the interactions to which they are subjected. Tidsments are the proton, electron and neutrino
and their antiparticles, and since each of the loymedecays into a collection of such particles
of which one is always the proton (or antiprotanjs clear that each of them must contain such
a heavy element if the creation-annihilation hypsth is to be avoided. The simplest meta-stable
baryon is the neutron in this view, with a 1.11@npwosition (Table XVIII), whereas the proton is
one of the elements (100).

The next lightest hyperon is the particle, which decays into the major sets of potsl
prt and . The latter differ by a single’@ binary according to the assignments of Table XVII.
The decay energy is of the order of the pion valmounting to 177 MeV. The most likely
composition (2.111) would thus seem to be one prptas two antineutrinos, one electron and
one neutrino, i.ethe components of p+ 1. Alternatively, one might take it to be an excited
state of the neutron itself which upon decay at$rav v binary to its emitted’eand v particles
to form a negative pion. In view of the observattbat a proton is surrounded by a pion cloud

even when it is in its ground state, the formerigmseent is slightly preferred and given
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explicitly in Table XVIII. With this choice only aingle ée massless binary must be added\to
to produce its T° decay products. The other groups of fragmentsdliisteur far less frequently
and are easily correlated with the above structoire\ when allowance is made for the usual
addition or loss of particle-antiparticle binarysegms. The un-symmetric nature of the
composition vector indicates that a distinct antipke exists with charge-conjugated

composition, and this is observed as well.

TABLE XVIII. Classification of baryons by means ebmpositjon vectors. For notation see
Table XVII.

Particle Symbol Rest Mass Composition Decay Fraction Bl
(Lifetime) Vector Products

proton P 938.25920.0052 100 stable - -

neutron n  939.552%#0.0052 1.110  p'ev 1.0000 0
(1=918s)

lambda A 1115.590.05 2.111 pm 0.642 0
(1=2.521 x 10%) nr° 0.358 10

p'ev 8.13 x 1¢* 1
p+U-Y 157x10¢" 0
p'my 8.5 x 10* 10

sigmaplus "  1189.4%0.07 11.111  p'r® 0.516 0
(t =8.00 x 10's) nm’ 0.484 1

p'y 1.24x 100 1
nm'y 1.31x10° 11

Ae'v 2.02x 10° 1

np'v <24x10 1

ne'v <1.0x10 O

|

p'e'e <7.0x10¢
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neutral sigma 3° 1192.480.10 2111 Ay 1.000 10
(1<-1.0x10"s) Ne'e 5.45 x 10° 10
sigma minus ¥ 1197.340.07 2.120 nm 1.000 1
(t1=1.484 x 1 0%) nev 1.10x10° 0
N v 4.5 x 10 1
NEV 6.0 x 10° 1
nmy 1.0 x 10 11
neutral xi =%  1314.90.6 12.121  ATC 1.000 1
(1=2.98 x 10°s) pT <09x10° 1p
pev <13x10° 11
eV <15x10 0
>e'v <15x10 0
PMTRY <15x10 1
PRTRY <15x10° 1
PV <1.3x10° 1
TABLE XVIII continued
Particle Symbo Rest Mas Compositiol Decay Fractior BI
(Lifetime) Vector Products
xi minus =~ 1321.2%0.14 3.121 AT 1.00( 1
(1=1.672x 1¢s) Ne-V 7.0x1¢* 0
%6V <5.0 x 1(* 0
AU-V <1.3x1c¢ 1
UV <-5.0x 1C° 1
nv <1l.ax1c 0
nev <0.01 1
omega minus Q- 1672.530.5 13.13: = - 1
(t = 1.3 x 1d%) = - 1
- 2
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The next three hyperons have nearly the same r@stam and are grouped togetheX as
>° andZ’, in order of increasing energy. Again two majocalemodes are noted fat, namely
prt and T, With the usuataveatan assignment dff.111 for its composition is made in Table
XVIII, which is identical to that of its {° products. A single Vv binary must then be added to
obtain the m’ fragments, observed in 48.4% Df decays. Otherwise there are six minor decay
modes such asymnd nt'y, which are easily understandable in the usual Wag. composition
of =" implies that an antiparticle also exists, as olegrv

The neutral sigma particlE® also has an antiparticle. Its decay products cbmdisost
exclusively of a\ species plus a photon or a separatedpair. This suggests something akin to
a conventional radiative emission is involved ie thecay, so th&° structure is probably best
assumed to be the same as that ofthparticle. The assumption is that the 77 MeV higtest
mass o’ relative toA is simply a consequence of the mass-energy eguivalrelation for two
different states of the same system.

The heaviest of the sigma particlesisagain with its own antiparticle. It also has only a
single major decay mode, producing.nAs such it is probably best to assume that tiggnad
system contains two electrons, thereby clearlyirdjstshing its composition from that &f .
Since the other tw@ species are assigned a composition of five pastidteis reasonable to
delete avv pair from the mt fragments in arriving at thE™ structure, so that a like number of
constituents is assumed for all members of thisshgp family. A restructuring of the bonding
between the&” andvv species can then lead f&e'v products (Table XVIII). As usual the
possibility must be left open that each of thessigasnents may need to be altered by the
addition or subtraction of'€ and/orvv binary systems.

The next two hyperons in order of increasing reassncomprise the family, =° and=".
Both particles have essentially unique decay prsdnat andATt respectively. Their difference
in rest mass compared to tAeamily members is about 130 Me V, wiif being more stable
than=" by 6.4 MeV. This suggests a composition of seva@ile particles than for tiEespecies.
Since=? is more stable it seems reasonable to assumét themefits more from the Coulomb
interaction. Taking the number of constituent mées to be seven in each case leads to
assignments of 12.121 fa&° and 3.121 for=". Whether the combination of one proton, two
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electrons and a positrox) reaps more benefit from the Coulomb interactibant just two
electrons and a proton remains somewhat of an qpestion in this assignment, but at least the
assumption that one can estimate such effectsgagbedically adding the products of each pair
of charges does speak in favor of it. As usual ediche minor decay products of both particles
can be obtained with the help of integral numbésasticle-antiparticle binaries (Table XVIII) .

The last particle classified as a hyperon is @ewith a rest mass of 1672.5 Me/\¢?,
some 340 MeX¢? greater than for th& particles. It is also a fermion, but it is fourmtave a
guartet state, in contrast to all the other hypgrdime compositions of two of its known decay
products,=°rt and="1C, is the same according to Tables XVII and XVIigmely 14.132. The
other possibility AK") has an additionabv pair. The assignment given in Table XVIII of
13.131 assumes th@f has two more constituent elements thangtiamily members and that
V massless binaries are always involved in its decay

Before closing this section, however, it shouldno¢ed that there are a large number of
other resonances found as a result of scattermgggdrom protons which are often referred to as
excited nucleon states. Their decay products areergdy of the same order. The main
distinction between these two groups of systens digperimentally in the magnitude of their
lifetimes or linewidths. The N’ andl resonances all have widths of ca. 100 MeV, comedmg
to lifetimes which are shorter by a factor of*300™ compared to those of the hyperons.
Especially in the present context, it seems pettit@ mention that a distinction on this basis is
somewhat artificial. Designating something an eletawg particle because it only decays with a
lifetime of 10 s, while refraining from the same terminology fess stable systems yielding a
very similar product spectrum, is in itself an ication that the whole classification system is
somewhat inconsistent. The present view is thaefyms and the above broad resonances are all
meta-stable combinations of protons and lighteblstéermions. They are distinguished from
one another mainly on the basis of the number goel of such particles they contain, as well as

the manner in which they are bound together bytsiaoige interactions.

I. REACTIONS OF ELEMENTARY PARTICLES

Throughout this chapter we have been discussingioea of particles generated in high-

energy collisions, but the emphasis has been planedne-particle decays. In this section we
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will briefly sample other types of reactions ocaugrfor such systems as a further illustration of
the utility of the assignments given in Tables X¥Hd XVIIl. We can start by considering the
collision of two protons: p+ p- — d" + €. As usual the equation as conventionally writen i
not balanced. On the left-hand side the compositextor is 200, i.etwo protons, while on the
right it is 11.210. Balance is obtained by addingg& and avv binary to the initial system and
by taking account of the fact that positron emissiosuch a process is inevitably accompanied
by the release of a like number of antineutrindse Tesult is 11.211 on both sides. Nothing is
created or destroyed in this view. It only appdhet just two protons are present at the start of
the reaction. Instead there are always an infiniblenber of massless binaries available to
participate in the reaction in a non-trivial wayypided sufficient energy is available to cause

their decomposition or attachmest masséo a neighboring system.

It only makes sense to include the binary systexp8icitly in the reaction's equation when
they have a different relationship to their surrdings before and after the process has occurred.
The situation is thus wholly similar to that enctered when a chemical reaction takes place in a
water solvent. We could write down?@vater molecules on both sides of a typical equatioit
this generally serves no useful purpose and cleangeals the essential submicroscopic nature
of the observed process. It occasionally happemseter, that a true picture of such a reaction
only emerges after careful study, with the redudtt it is realized that one or more of the water
molecules does play an essential role in the pspecemaining for example as part of the product
molecules generated by it. The massless binarigsrpeboth the functions of reaction partner
and catalyst in elementary particle reactions, ddpg on the specific case. One major
difference between water and massless binarieseVmwis that the latter cannot be observed in
their state of lowest energy, which has been faarttle present work to havé §ymmetry. This
characteristic makes a unique assignment of elexheomposition to each participant in a given
reaction effectively impossible. That need not beiraportant deficiency in the utility of the
theoretical model, however, because the main isitasein the identity and probability of a
certain reaction’s occurrence. This aspect is moluly affected by the miscounting of one or
another of the binary systems, as long as the sarne is made on both sides of the equation.
These are the rules of the game which should bé ikemind in considering other reactions
below.
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Let us now consider a more complicated processhiclwa negative kaon collides with a
high-energy proton. According to Table XVII the mlental composition of the initial particles is
13.122. The products of this reaction afe K" andQ’, respectively 13.13, 22.13 and 13.131,
which gives a total of 48.157. The difference betmwéhe two totals is 35.3be. three ée and
five vv species, which must be added to the reactantsstore elemental balance. These are
distributed as follows: one'@ and three» Vs are needed to form’Kan electron is added td p
K™ and a neutrino is lost to giv@’, while the remaining particles go into the forroatiof the
positive kaon (including the positron counterpdrthe Q™ electron and the neutrino lost from K
). As usual the assignment is not unique. One wpalticularly like to know if the Kelements
are used exclusively in the formation @f or if they are distributed among two or more & th
products. Only accurate calculations can presumhbblp to remove such uncertainties. The
reaction is highly endothermic, which is consisteith the relatively large number of particle-
antiparticle systems which become included in tloegss.

As another example let us consider the reaction which gives as products’n. From
the point of view of merely balancing the equatibrs necessary to compare a proton with a
neutron-plusi” combination. The difference is again an integrahher of binaries (12), which
must be supplied on the reactant side of the gooreing equation. One can imagine the process
starting with the decomposition of th&ebinary. The electron combines with the proton and
species to form a neutron, while theand v counterparts result in the positive pion with the
addition of the secondv species. In actuality it might well be that thétia 1T species is
decomposed in the course of the reaction and sirefidymed, perhaps with different constituent

particles, at the conclusion of the process.

Another set of products observed imt pollisions is AK®. We begin with a 2.111
composition and end with 2.111 + 12.12 = 14.123 Khspecies is its own antiparticle and thus
can be formed directly from only binary systemgvuted the minimum of 496.7 MeV kinetic
energy is provided at the center of mass in thgimal collision. Thev, *'Cl to € *’Ar process
can be similarly described by suppressing the comfi6l nucleus on both sides, which
changes it to the typical beta-decay reactipn — €p’. This equation is balanced by adding a

massless v species to the products which is assumed to getantkd. Then reaction, which

218



is crucial in the arguments supporting a seconé tfpneutrino, as discussed in Sect. IX.B, is
already balanced for pi” formation. Only a suitable amount of kinetic eneig additionally
required to make the latter process possibleslalisence a massless species can be formed,
giving the appearance that only an electron antbprare emitted in the process. This is the only
process which can occur unless the sum of theikieaergy of the + n system in its center of
mass and the decay energy of the neutron exceeddBhMeV rest energy difference between
the muon and the electron.

As an example of a more complicated reaction, setaonsider the result of a deuteron
colliding with a K particle. One of the more unusual possibilitieghie formatioA?> of the
productsQ *AAp T TT. One starts with d(1.210) and K (22.13), or a total composition vector
of 23.223. TheQ assignment in Table XVIII is 13.131, which impli@81.113 for pQ ".
Adding a gp binary to the reactant side gives 123.323, whaelvés a deficiency of two protons
on the product side. These are covered by\tparticles of 2.111 composition (Table XVIII).
Adding these as products of the reaction givessaltr®f 135.335, which provides a potential
elemental balance through the addition of or@and twov Vv species as reactants. Tiiat pair
is unchanged by charge conjugation and thus canb&lsexplained in terms of integral numbers
of particle-antiparticle binaries becoming invohiedhis reaction.

In summary, the present analysis in terms of coitipasvectors of protons, electrons,
neutrinos and their respective antiparticles astlgaovides a handy bookkeeping device for
checking if a series of reaction products is fdasibh the model the occurrence of the given
reaction depends on a number of factors, espeamibther sufficient energy is available. The
actual reaction probabilities can then be computedorinciple, and in this way give a
guantitative description of the various processeathout the need of further assumptions.
Traditionally one has tended to rationalize whetharh reactions are allowed or forbidden by
defining a series of quantities such as isd$pfh hyperchargé’?* and muon quantum
numbef® which have no counterpart in atomic and molecaéculations. In the XBPS model
it can at least be imagined that these quantitesimot be considered explicitly in calculations

which are capable of providing a suitably quanti&atescription of such processes.
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J. THE QUARK MODEL AND ITS RELATION TO THE XBPS TRE ATMENT

The prevailing theory of elementary particles isemg bound up with concepts of
symmetry, involving a number of quantities speailig introduced to aid in unraveling the
tangled web that the experimental data for suckesys has produced. As mentioned in Sect.
IV.D, the basic assumption in many theories whialréhbeen put forward is that all matter is
ultimately formed from a series of building blocksit the models differ in their specific choices
for these quantities. Between 1949 and 1956, Earivang™ and Sakata® developed one of the
first such variations on this theme. They suggestesgt of elements consisting of the proton,
neutron and lambda particles, thereby setting egolent for allowing unstable particles to serve
as elements. One of the most fundamental concegitoged in this approach was the provision
that a boson can be constructed from an even nuailgrch fermionic elements. Some of the
new particles which could be expected from this ehdthve never been found experimentally,
however, which fact has generally brought it inigude.

The suggestion of quarks as building blocks browgth it the new assumption, at least
relative to the Fermi- Yang-Sakata model, thatithiéding blocks need not be found among the
list of observed particles. In 1964 when the latterdel was first introduced by Gell-Malth
and Zweid™® only three quarks and three antiquarks were me&mlexplain the structure of all
known particles. In the meantime this number hanlexpanded to six eddf) and the resulting
improved theory has won great respect among plsysitor the detail with which it is able to
describe observed relationships among this otherwisterogeneous group of systems.
Symmetry is the watchword in this theory and theemibhas been refined and tested, the more it
has come to be accepted as reality.

The present calculations are based on a model wdoels not require the existence of
quarks or any other particles as elements exceptptioton, electron, neutrino and their
antiparticles. It also does not make use of quamtumbers other than those known in the field
of atomic physics at the time of the introductidrttee Schroding&f and Dirad® equations. On
this basis it can be argued that the present misdedlatively free of unproven assumptions,
which is after all one of the most important cideto be satisfied by any physical theory.
Emphasis is placed to a large extent on the ideatibn of a Hamiltonian which when employed

in standard quantum mechanical procedures leadsstotably accurate description of observed
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phenomena, particularly for such quantities as rist masses and lifetimes of elementary
particles. As mentioned earlier, the fact that saanodel might ultimately be improved to the
point of delivering a high degree of quantitatieiablility does not necessarily clash with the
precepts of the quark theory. It is conceivabldg tha elements assumed in the present model,
particularly the proton, are composed of still lsssssive building blocks such as quarks or even
more fundamental particles. Even if experimentstiooe to be unable to provide definitive,
positive, direct evidence that quarks exist, sushsalating and identifying a particle with a
charge ott1/3 e or£2/3 e, it can still be true that such entities mehadess exist with essentially
the same properties as are required for them ithéhary. Similarly the fact that one or the other
of its key predictions cannot be verified, suchf@sexample that the proton decay with an
extremely long but nonetheless finite lifetfth& in no way constitutes a disproof of the model
as a whole. In short, the possibility that two fantentally different theories might explain the
same set of observations inevitably leaves one wafittuneasy feeling, but does not in itself
amount to indisputable evidence that at least dtieem is seriously flawed.

Yet one knows from experience with simpler probleémghe field of mathematics that
multiple solutions of different characteristics anere the rule than the exception. The goal of
finding a set of elements or building blocks fronhigh to synthesize all known material
particles is similar to the familiar exercise irettheory of finite-dimensional linear spaces of
determining a set of basis functions to span arglireear manifold. It is impossible to find a
suitable choice of functions for this purpose whosenber is less than the dimension of the
corresponding space, but there is no difficultyfimding a solutioninvolving more than this
minimal numberlt is easier to construct a polynomial fit to aegivset of experimental results
which satisfies a given least-squares criterionwiie ratio between the number of terms in the
expansion and that of available data points idivelly large. In general, one is inclined to favor
solutions which rely on a minimal number of elense(iiasis functions or free parameters) to
accomplish the desired purpose.

The quark model, in its most modern form holds thate are a total of twelve fermions of
non-integral electric charge plus a number of laptand their antiparticles which nature uses as
building blocks. The XBPS model by contrast hypsthes that only six elements are needed,
the proton, electron, neutrino and their respectiméiparticles. It also uses only two intrinsic

properties of these patrticles in its formulatioamely their electric charge and rest mass (or the
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ratio of these quantities in the case of the masaheutrinos). Other quantities such as angular
momentum quantum numbers and parities arise nbtuvat of the solutions of differential
equations. No direct use is made of quantities [aghsospin, muon quantum number and
hypercharge. It is proposed instead that quasirtrgée groups of particles such as the pions
arise naturally from the theory when one solvescar&linger equation in which the true
elemental compositions of these systems appeaicihplit is clear then that the present model
at least attempts to represent the structure aieadary particles with a far less elaborate system
of hypotheses than does the quark theory. It iglggalear that the success of the XBPS model
ultimately lies in its ability to obtain reliablgpproximate solutions to the Schrodinger equations
arising from it, without greatly increasing the riuen of free parameters and/ad hoc
assumptions needed to attain this goal.

If this goal can be achieved in a systematic maniewill constitute strong evidence
supporting the major assumptions which have beeatenmprevious chapters, such as that of the
ubiquitous presence of massless particle-antiparimary systems or the non-zero charge-to-
rest-mass ratios of the neutrinos. In this senseetls a clear parallel between the present model
and that of the quark theory. Both contain assumnptiwhich of their very nature cannot be
contradicted by experiment. In the latter caseetl@no way to prove that quarks do not exist or
that protons do not have a finite lifetim@n the other hand, as already mentioned, these
assumptionsnight be verifiableat least in principle. It is not difficult to imagg experimental
investigations which could produce such resultg, ibguarks really do not exist the wasted
effort could be enormous. Similarly, the basic agstions underlying the XBPS model appear
to be impossible to refute by experimental mearmuy ldoes ongrove that two particles pass
out of existencefor example, or how can one bertain thata neutrino does not havagiven
charge-to-rest-mass ratiovhen theoretical calculations indicate that convsral magnetic
fields would be incapable of deflecting it regasdi®f what value it might have (Sects. VI.H-1)?
The likelihood is thus that none of the above aggians in either theoretical model will ever be
definitively proven to be either true or false. teed the theories must be judged on their
respective abilities to make detailed predicticegarding other types of experiments, especially
of those which will first become possible in thering years.

Before concluding this discussion it is well to smer several further points, one of an

experimental and two others of a theoretical nafline deep inelastic scattering experimétits
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mentioned in Sect. IX.F are often taken as an atdio that the proton does have internal
components which are point charges, just as theesponding elastic form factdts*'® are

used to justify the position that the proton hasde radius. If the assumptions of the XBPS
model are correct, a quite different interpretattam be given to the same results. Accordingly,
the proton, just as the electron (and neutrinoljccde regarded as a point entity. The elastic

scattering daf4*1%°

could simply be a consequence of the admixtureeatron-pion character
(or binding with ée andvv binary systems; see Fig. 18) in the wavefunctibihe proton in its
normal environment, whereas the higher-energy*tafiar the corresponding continuum might
be a reflection of the free proton’s isolated statethe XBPS model, the charge (probability)
distributions of all these particles have finitenénsions, but the terms in the corresponding
Hamiltonian are constructed entirely under the exgdion that each of them is a point particle.
From this point of view an experimental proof tliaé proton has a finite lifetime would be
inconsistent with the present model because it dvbel incongruous to hold that a point-charge
system could be meta-stable.

On the theoretical side it is interesting to coneptiie way isospin degeneracy is defined in
the description of elementary particles as oppdeeits original usage in the field of nuclear
physic§>®° The classic example common to both fields isrtheleon doublet consisting of the
proton and neutron, i.&ith I= ¥2. Each of these particles has its owngatticle, which together
form a differentisospin doublet. Th@i mesons on the other hand are said to form desing
isospin triplet, consisting of the’, T° and Tt particles, even though the two charged members
bear the same particle-antiparticle relationshiphasproton and antiproton in the first example.
Similarly the K and K particles are paired in the same isospin doul#letording to this
prescription the nucleons actually form an isospiartet, but as already mentioned the standard
theory assigns them to two different doublets @d$tén so doing, however, one in effect asserts
that there is an “accidental’” degeneracy betweerp#trticles and antiparticles of the respective
nucleon doublets. The question remains, howevey, thl particle-antiparticle relationship of
the charged pions should be described as a truendegry in the theory while that of the proton
and antiproton is given a less fundamental charaateon.

The history of quantum mechanics has led to theefo'iat accidental degeneracies are
either not real, as turned out to be the casedrsih- py2 example for hydrogenic atoft§ or

that some “hidden” symmetry can be found in the Haman which leads to the realization that
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a higher-order group is actually invol?8d In the case of the proton-antiproton pair it den
claimed that the former attitude is probably justifbecause charge conjugation is not thought to
be a true symmetry operation (see Sect. VIII.C}, this would imply that respective particles
and antiparticles actually do not have the sana totergy (rest mass). There is no evidence to
support such a view, although one can always dhanthis situation may one day change. Even
if this eventuality should come about, however, @ae wonder why there is no interaction
capable of mixing the two “basis functions” anywapnilarly as happens in the famous example
of ortho-para hydrogen conversféh

In their work on the neutral kaons (Sect. IX.D),iethdo comprise an isospin doublet
according to the theory, Gell-Mann and PHislid pursue the possibility of such hybrids of
degenerate particles {kand K° being formed, a phenomenon referred to as hypegeh
oscillations. Their conclusion was that a basishgbrid kaons which would be separately
symmetric and anti-symmetric with respect to thargh conjugation operation C should possess
distinct decay lifetimes. The observation of thpéen decays several years |I&t€gave strong
support to this interpretation. As mentioned in tSé¥.D, however, further experimefits
indicated that the long-lived kaon (K see Table XVII) exhibits both two- and three-pion
decays, which led to the abandonment of the hypahef hybrid particles which are
eigenfunctions of CP, but not the concept of hylparge oscillations itself.

The question that seems pertinent in the presergrgkediscussion, however, is why such
“linear-combination” particleslo not occur for multiplet partners possessingedéht electric
charge, such as for the three pions or the charged kaon Baich hybrid particles would
necessarily have non-integral electric chargescamdequently there is no evidence whatsoever
that they exist. While it is always possible to enp with an argument based on one or more
conservation laws to rationalize such a findinghibuld at least be acknowledged that a far more
straightforward explanation can be found by simmjecting the idea in the first place that
elementary particles can be treated as basis @mgcfior irreducible representations of some
mathematical group. Even in the case of the nelaahs, it is still possible to interpret the
experimental observations in terms of two parti¢tastwo different states of the same patrticle)
with well-defined lifetimes (K and K°). Their lack of electric charge simply makes it

impossible to rule out that oscillations actualtyrtbt occur.
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Especially when attention is focused on chargedesys, it is seen that elementary
particles do not generally behave like conventiomagular momentum basis functions. For
example, the spatial properties of the latter camalered in a continuous manner simply by
systematically changing the direction of a pertogbmagnetic field. In this sense the analogy
between angular momentum and isospin is not aasaktlosely drawn as generally assumed.
Where else in physical applications gfoup theory does single basis for a degenerate
irreducible representation play such an exclusiederas in this model for the structucd
elementary particles?

By contrast, the present model seeks to deal WwéHdct that two different particles of the
same rest mass exhildistinct properties, which aréxed characteristics of each system, by
employing the following two basic assumptions: [#@ true building blocks of nature are the
proton, electron, neutrino and their respectivepanticles, each of which is an immutable
element and b) the governing Hamiltonian commutik the charge-conjugation operation, so
that any given composite particle must have arparticle (in some cases identical with itself)
with exactly the same rest mass. The possibilityeroéountering a single particle which is a
hybrid of two or more other particles is therefore exctlidte the present model, whereas it is
clearly implied by any theory which treats thesgeots as basis functions for a particular group
representation.

The other theoretical point mentioned above hasnmrdo with the internal consistency
of the XBPS model. Especially in view of the desility of keeping the number of free
parameters to a minimum in constructing theoretinatlels, it can be regarded as a positive
aspect of the XBPS methodology that it appearshtapz accomplishing the goal of obtaining
maximum binding energies for particle-antipartipksirs of exactly 2nfcwith the aid of only a
single parameter, the exponential damping factoifAe scaling arguments of Chapters V-VI
make clear, however, that this result is only vétidparticles with electric charges £¢ or zero.

In that sense the properties of the various quarkgbes (non-integral charge) are incompatible
with the present assumptions of the XBPS model.ifffmasse can only be averted by allowing
two additional damping constants, one for partieléh +1/3 e and one for those witt?/3 e.

Such an additional complication in the underlyihgdretical framework might be acceptable on

general grounds, but it would be a step backwaddpaesumably should only be taken if more is
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accomplished thereby than just ensuring that pdaticvalues of quark-antiquark binding
energies are obtained.

In summary, the quark model and that presenteldarptesent study differ in a number of
important respects, although their ultimate goaés quite similar. The XBPS model employs
notably fewer assumptions and seeks to computemiasses of elementary particles inam
initio fashion. The quark model derives its plausibilitpni its capacity to identify and
rationalize an orderly grouping of meta-stable ipka$ observed in high-energy experiments. In
so doing it claims, for example, that a chargedpson is a diatomic system composed of one
type of quark and the antiparticle of another tyen the resultant particle decays a short time
later, however, the fragments observed are ultimaiectrons and neutrinos, i.e. leptons in the
terminology of present-day physics, which do nopesy to have a quark composition
themselves. This model therefore relies firmly e treation-annihilation hypothesis whose
validity has been questioned in the present stadg, which at the very least cannot be proven
experimentally. The XBPS model by contrast assbesthe order perceived in the quark theory
has its origin in the structure of a single Hanmlgm operator which governs the interactions of
three well-established stable particles and thetiparticles. All other substances are thought to
be compounds of such elements in various degreesxa@fation whose composition can be
inferred to at least within an integral number i pe’e andvv binary systems on the basis of

the identity of their various decay fragments.

X. THEORETICAL DISCUSSION: RELATIVISTIC TREATMENT O F
TRANSLATIONAL MOTION

The main tool in the XBPS theoretical model disedsabove is a Schrédinger equation
whose Hamiltonian contains a relativistic free-fgégtform for the kinetic energy and potential
terms which are short-range in nature. Specificathe latter are exponentially-damped,
momentum-dependent operators, which in the limieddcities much smaller than that of light
approach those used in the conventional Breit-Repproximation to the Dirac equation. Since
this formalism is applied to describe interactisash as nuclear binding and elementary particle
processes, it is evident that it must adhere tosthietures imposed by the theory of special

relativity for phenomena involving high relative loeities. Theoretical aspects regarding this
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point will be considered in the present chaptethvgarticular emphasis on the treatment of
translational motion employed in the present modkis general topic will also be seen to have
relevance in another important area of quantum am@chl theory, namely the particle-wave

duality interpretation of physical processes.

A. RELATIONSHIP BETWEEN THE SCHRODINGER EQUATION AN D MULTI-
COMPONENT RELATIVISTIC FORMULATIONS

The Dirac equatiofi is the cornerstone of a four-component theoryfwe-electron atoms.
Just as the Schrodinger equatibiit, can be looked upon as an eigenvalue equatiertp ¥ =
EY, for which the corresponding Hamiltonian consistsaod x 4 matrix of operators and the
eigenvectors are corresponding four-dimensionalovecalled spinors. For a time-independent
Hp the same type of separation of time and spin-dpadidaables can be obtained as for the
Schrédinger equation. In this caséecomes a four-dimensional constant matrix andpiors
which serve as solutions to the corresponding timdependent Dirac equation are functions of
spatial and spin coordinates only. Dirac was lethi® equation by relativistic considerati6is
especially the desire to accurately describe atdimécstructure which was known to arise from
the motion of the electrorend thus could not be satisfactorily representedni@ans of the
original electrostatic Schrodinger equation. Sitlve goal of the present study has been the
guantitative description of systems involving highelative velocities than those of electrons in
atomic systems, it is natural to ask whether theeiiantly relativistic nature of the interactions
involved is compatible with a theoretical treatment which the multi-component spinor
wavefunctions analogous to those of the Dirac eguaare not employed. To answer this
guestion it is important to examine the naturehefDirac four-component theory in some detail.

As already noted, the differential equation in tfiesmulation employs fourth-order
operator matrices. In the time-independent verslmn energy is represented by a constant
matrix, whereadHp itself contains non-vanishing elements of seveypés, including some at
off-diagonal positions. As with all equations inviolg matrices, it is possible to apply a unitary
transformation to each of the objects appearingtm obtain an equivalent differential equation.
The constantE matrix is unaffected thereby, but the spinor eigenfions as well as the

Hamiltonian matrix will generally have a differeappearance after such a transformation. An
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interesting possibility suggests itself as a reswdinely that a particular unitary transformatidn
might succeed in producing a diagonal form for Bheac HamiltonianHp'. The transformed

Dirac four-component equation thus takes on theviehg appearance:

Hi 0 0 0 W E 0 0 0)(y
0 H, 0 O W'?=0EO0L|J'? X 1
0 0 Hz O Wy 0O 0 E O Wy
0 0 0 Hy) (v, 0 0 0 E)(w,

where W = W gives the relationship between the original anmdnsformed spinor
eigenfunctions.
Foldy and Wouthuysérf adopted such an approach and succeeded in diiingahe

free-particle Dirac Hamiltonian with the help of

U = [(@ p)B + m + Ey] [2Ep (mo + Ep)] ™ X.2

In this definitiona; and Rare the four-dimensional Dirac matrié€sand E and m are constant

matrices for (p+ m?)*?

and the electronic rest mass respectively (inséesy of units in which
¢ = 1). The corresponding diagonal elements infrise-particleHp’ are then H=H, = -Hz = -
Hs = E,, which is the Einstein relativistic energy for ateys of rest mass grand momentunp.
The same one-electron term also appears in the XBB@&iltonian (Table 1). When the
Coulombic potentiab = -Z/r is introduced, the situation becomes marmglicated, but Foldy
and Wouthuysen suggested a series of contact aramstfions which in principle can achieve the
desired diagonal form oflp’ in this case as well. By carrying out a finite nenltof such
transformations it is possible to obtain an appr@tion to the Dirac equation which is closely
related to that used in the Breit-Pauli formaf&in

The main interest in the FW transformations in present context is less in explicit
mathematical details, but rather the theoreticaplications of employing such formal
diagonalization procedures in the first place. Osigeh a unitary transformation is appli¢ide
Dirac equation reduces to a series of four ordin&shrodinger equationsivolving Hy, H, Hs
and H, respectively, namely:
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H1L|J1' = Eq-’l'

H,W, = EW, X.3
H3L|J3' = Eq-’g'
H4L|J4’ = ELIJ4’

The simplest way of proceeding is thus to solvéehezdahese Schrédinger equations separately,
obtaining four complete sets of eigenfunctionsdach component. Under the circumstances it
would no longer be necessary to employ spinor éiggions with more than a single non-zero
component. For example, ;' is an eigenfunction of Hthen the spinor¥;’, 0, 0, 0) is an
eigenfunction ofHpy' as well, with the same energy eigenvalue as inotbdenary Schrédinger
equation, H¥;" = EW,'. If the individual eigenfunctions for each compor Hamiltonian form

an orthonormal set, as is always possible, sucho&ce of spinor wave-functions with only a
single non-zero component would be orthonormal @l W reverse transformation then allows
one to generate spinor eigenfunctions for the oaildil; operator from each of the above simpler
spinor functions with a single non-zero compongnt: UW. There is thus clearly a one-to-one
correspondence between the two sets of spinor feigetions with identical eigenvalues.

As a result there are essentially (exactly in thgecof free particles) four times as many
spinor eigenfunctions of the Dirac equation asdlae simple eigenfunctions of any one of the
above Schrddinger equations involving té H,;, as has been pointed out earlier by Bethe and
Salpeter™. The question that arises from this observationtisther the additional solutions of
the Dirac equation are important physically.the case of the free-particle Hamiltonian, the
answer is clearly ncsince the four diagonal Hamiltonian operators deniical except for sign.
For each eigenfunction of jHhere is an identical one for,HH; and H. The corresponding
eigenvalues are equal for ldnd H, and only of opposite sign forstand H, It is common to
think of the pairs of equal eigenvalues as corredpy to different spin directions of the free
particle, but such a distinction is not essentiadtead one can have a complete set of solutions
for both spin directions (assuming the system im@dlis a fermion) for each of these operators.
This is the way the XBPS Hamiltonian is treated, dmample, with all degenerate components
being generated by the same operator. Under tlenegtances it is a matter of semantics

whether one refers to such a treatment as a ongaient or a two-component method. At least

229



for the free particle, half of the solutions of theac equation are simply redundant, serving no
useful purpose from a physical point of view. Moreq the negative-energy solutions don’t
really tell us anything new either. In summarythe free-particle example, solution of a single
Schrédinger equation tells us all we need to know.

When a potential is added to the Dirac Hamiltonihere is no longer such a simple
relationship between the positive- and negativeggnsolutions. This is because the potential
has the same sign in all four diagonal termsigfwhereas the kinetic energy terms for the first
two components continue tliffer in sign relative to the last two. Nonethalgthere is still a
clear mathematical relationship between the tws sétspinor eigenfunctions which allows
corresponding positive- and negative-energy salgtito be converted into another by simply
changing the signs of E, p and the electronic aéhargnd interchanging the first two components
with the last tw6*****relative to the original solution. The new funetithus corresponds to a
system in which the electron of the original problés replaced by its antiparticle. Dirac
originally used this relationship to formulate higle theory of the electron, which ultimately led
to his prediction of the existence of the positréfurthermore, since the added potential only
appears in the diagonal positionsHyf, it seems likely that the interesting simplifyingafere of
the transformed free-particle Dirac equation, ngmh&l = H, and H = H, in the diagonaHp’
matrix, is also a characteristic of the correspngdiydrogenic version. In other words, all the
physically meaningful positive-energy solutions thie Dirac equation with a central-field
potential can also be obtained from a single Sahgid equation.

The same type of analysis can be carried over thi-camponent treatments of many-
particle systems, such as the Bethe-Salpeter equftti helium-like atonf$®. In this case one
can generalize the Dirac approach to define cooredipg differential equations whose solutions
are spinors of dimension“4where N is the number of particles. Such matricas also be
diagonalized, at least in principle, and the resgltH diagonal elements must have
eigenfunction sets which can be used to produce4theomponent spinor solutions of the
original system of coupled equations. If one cammto allow each of these Hamiltoniangtd
act on the entire spin space spanned by the mstitl again seems possible (and even likely)
that all physically meaningful results for the @sponding positive energy states can be
obtained by solving a single many-particle Schrgdmequation. Furthermore, as long as the
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original multi-component set of equations is inaatito a Lorentz transformatioii?*’ so must
the corresponding diagonal (uncoupled) set as well.

In summary, because of the form of the Dirac eguadind its generalizations, it appears to
always be possible to obtain a completely equitalersion which decouples the various
components. This being the case, there is no redsorule out the possibility that a
corresponding Schrodinger equation might exist wheslution contains all the physically
meaningful information about a given system whiah be obtained from quantum mechanical
theory. Since an analogous multi-component treatrizemuclei and elementary particles is not
known, it therefore seems reasonable to search tmncrete form of the Schrodinger equation
which is capable of attaining the same objective.

Indeed, once such a form is known it is always ipbsg0o construct a multi-component
version by writing down a diagonal matrix contagpillamiltonian operators corresponding to
different combinations of particles and antipae#cland subjecting it to an arbitrary unitary
transformation. The latter complication would seneeuseful purpose, however. From this point
of view the advantage of the original Dirac mulbrtponent formulation is clearly that it
provides a quite satisfactory description of theie atomic interactions which is superior to
any Schrddinger equation yet discovered. It brindghk it a large number of redundant solutions,
however, which either apply to a different physisgstem than that of primary interest, or are
simply repetitions of other useful solutions. Undée circumstances, when dealing with
interactions for which no appropriate multi-compenérmulation is known, such as in the
present set of applications, there is no compellagson to expect that a Schrédinger-type
approach may not offer the most straightforward maeaf achieving a suitably accurate
description of the phenomena of interest.

B. THE ROLE OF TRANSLATION IN THE MULTI-COMPONENT D IRAC THEORY

One of the mathematical characteristics of the irsoinponent Dirac equati@hwhich
sets it apart from its non-relativistic counterpaid that it can be brought into an explicitly
covariant form@®’. The variables contained in it represent exclugiviaternal degrees of
freedom, however. Implicit in this formulation iserefore the complete separation of internal
motion from that of the center of mass. Such aamngement for the theory seems intuitively

obvious, but as pointed out in Sect. V.B., a mathgally sound procedure for effecting the
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desired coordinate separation is only given expfidor a non-relativistic treatment of the
motion of several particles. In Sect. V.F it hagmbargued that the failure to obtain a clean
separation of internal and center-of-mass coordsat the XBPS Hamiltonian leads to some
hitherto unexpected effects for the description shiort-range interactions, particularly a
relationship between the strength of the varioustBrauli terms (Table 1) and the magnitude of
the translational energy.

The question that therefore needs to be examined oavefully is whether the separation
of internal and center-of-mass coordinates in tiradequation is consistent with experimental
observations. In this context it is well to redhlht the theory of special relativitpolds that the
distance between two objects may be measured thffieeent in inertial systems moving with
non-zero relative velocity to one another. In thagssic example, both inertial systems move
along the x axis and the distange-%; in one of them is perceived to be contracted éendther
by a factor ofy = (1 -\¥/c® )2, where v is the relative; velocity. It is not eaty obvious how
this aspect of relativity theory should be car®@r to quantum mechanics.

As an example, consider the computation of the nukstance between the electron and
proton in the hydrogenic ground state. In quantuechmanics this quantity is given as the
expectation value R|(re-rp)|¥> for the corresponding eigenfunctidh The distance between
these two particles is not fixed but the phenomenbriorentz contraction should still be
relevant in this determination, that is, it seee®sonable to expect that a different result should
be obtained if the center of mass of an H atont i®st with respect to the observer or if it is
moving relative to him at high speed. If the tatalvefunction is always written as a product of
two factors only one of which depends on the irdkrooordinates, however, as is the
consequence of separating out the center-of-matiemmd is clear that the expectation value in
guestion cannot depend on the translational sthtéhe system. The internal part of the
wavefunction is completely independent of the motad the center of mass. If, on the other
hand, the two types of motion become increasingkgriwined as the translational energy
becomes large compared to the system’s rest emeygfy one can at least see a mechanism in
which the Lorentz contraction/expansion effects hhigvolve in a natural way from the
computations.

One might argue that it is not really necessarylbain different results for internal

properties of systems as a function of their tratishal state. Instead, one can compute the
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property for the system at rest and use the relstips of special relativity thedtysuch as
Lorentz contraction/expansion or time dilation, dbtain the corresponding results when the
system is moving relative to the observer. Theasibm is similar to that encountered in the
computation of the energy lost when positroniumagscnamely 2 gac” in accordance with the
classical mass-energy equivalence relation. It sédamto say that such interpretations may be
overly simplistic, however.

In the case of property computations corresponttirggates of high translational energy,
this line of reasoning seems to suggest that tharagon of internal and center-of-mass
coordinates is an approximation whosaidity is lost at velocities close to the speédight.

An attempt to recast the XBPS Hamiltonian of Tdbfeterms of center-of-mass and relative
coordinates leads to cross terms involving odd pswéboth types of conjugate momenta, as
already discussed in Sect. V.B. Although matrixredats for such terms cannot mix
configurations of different translational momentknthey can connect species of different
angular momentum quantum number .

Since the differentiations of the center-of-massmaontum operator always lead to factors
of |k| in the corresponding matrix element exp@ssiit is clear that no such mixing can occur
for zero translational momentum. By the same tokemever, it seems reasonable to expect that
the magnitude of such interactions increases syeaslihe speed of the center of mass increases.
This would mean in effe¢hat different internal configurations are useddescribe states of
high translational energy than arequired for the corresponding system when it iseat with
respect to the observedince the translational kinetic energy operator wones with any
Hamiltonian which is a function of the inter-paliclistances only, none of this prevents the
total eigenfunctions from having a well-definedskational energy. This effect is seen to arise
naturally in the present formulation from the fdwit the cross terms involving both types of

coordinates have only vanishing matrix elements/éen functions of different k.

C. LORENTZ INVARIANCE CONDITION FOR QUANTUM MECHANI CAL
TREATMENTS: APPLICATION OF THE BOHR CORRESPONDENCE PRINCIPLE

The above discussion also raises a question détewtay in which the Lorentz

invariance condition of special relativity is aggaliin quantum mechanics. In the classical
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theory, the discussion of relativistic effects is invatiatied up with the translation of various
systems. The Lorentz invariance property of tha®@&quatioft’ for a particle moving in a
central field by contrast refers to a non-transtasystem, i.eonly internal coordinates are
involved. In classical expositions of special reify theory, however, the treatment of two
interacting systems is generally given in termtheforiginal Cartesian coordinates of each
particle. For example; in discussing the problertwaf charged particles moving with the same
velocity, Sar@ proceeds as follows. In the inertial system ofdharged particles themselves,
the equation of motion is:

2.t
dya _ eaep

dt'? (v -yg)?

X.4

2
and 19 Y6 __—eaes

dt'? (v} -yg)?

where the two particles are denoted by the indicaad B, the direction y is perpendicular to
their momenta, and yefers to a coordinate measured in the movindagbest own inertial
system § These equations express the fact that from the pbview of the particles
themselves there are no magnetic forces (see shagdiion in Sect. V.E).

To transform to the laboratory inertial systemt$ necessary to apply the Lorentz
transformatiof'*?to each of the quantities in the above equatifmmexample, 4 = pa'y, where
y= (1 —/c?) ™ and v is the relative velocity of the particlasthis way one obtains a new

equation of motion:

2
dya enep

A X.5
dt®  (y, -yg)?V?

Ha

i.e.in terms of the laboratory quantities, includingaattitional factor of?. Because the spread
of the two patrticles in the y direction correspotals direction perpendicular to the velocity of

the particles relative to the laboratory, it fol®what this quantity is measured to be exactly the

234



same in both inertial systemsa(3 ya'), but in general other properties will have difier values
when viewed from the position of the charged plasias from that of the laboratory. The
Lorentz transformation is supposed to predict tlikerent observations in the two inertial
systems.

In quantum mechanics the equation of motion is diffarent form, however, namely one
in whichthe wavefunction of a system is sought rather théired trajectorylf the
corresponding Hamiltonian is given in terms of therdinates of each particle rather than
assuming a separation into internal and centeragsncoordinates, similarly as in the example
from classical relativity theory discussed abowe, following possibility suggests itself. The
laws of nature must be the same in all inertiatesys according to the principle of relativify/.

In the casef aquantum mechanical formulation this condition canfllfilled if the

Hamiltonian operator simply has the same form fbohserversThe coordinates on which this
operator depends necessarily vary from one inayistem to another in describing a given
system.

If two observers moving relative to one anothertsiat with the same Schrédinger or
Dirac equation (H E) W = 0,how then can they come to different conclusionsuaibiee
properties of a system in their respective inedyatems? The answer lies in the fact thate is
more than one solution to the above quantum meahditferential equationThe computation
of the properties of a given system thus requieonly the solution of the corresponding
equation, but also the correct identification okoof the resulting eigenfunctioas that
describing the state of the system actually obseriver example, the hydrogen atom ground
state in the conventional language actually cooedp to an infinite number of different
translational states. If two observeisagreeon the magnitude of the translational energy of a
given system, they will simplghoose different solutiores the same differential equatiaa
describe it. This possibility distinguishes quantor@chanics from itslassicakcounterpart, for
which a definite answer is expectéat each set of initial conditions.

What these considerations show is that the pria@pkelativity can be incorporated into a
guantum mechanical theory by simply requiring thatHamiltonian H(g.p,t) of any system
always be expressed in terms of the coordinatasgofen observer. Applying the Lorentz
transformation to H(q,p,t)-E(t) simply gives bable tsame expression in terms of the coordinates

of a different inertial system, i.el(q’,p’,t") - E(t'). Under the circumstancasis not really
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necessary that the two quantities be exactly egeathat H(qg,p,t)-E(t) = H(q",p’,t")-E(t’) in

order to satisfy the principle of relativitRather it is sufficient that thierm of H-E be thesame
for all observers, so that each of them can geméhasameset of solutions to the corresponding
guantum mechanical equations of motion from whiehgertinent translational states
corresponding to different perceptianisthe same physical system can be properly seldte
the Hamiltonian is incorrect for any reason, theiieinevitably be disagreement between
prediction and observation on this basis, so tbssiility still excludes the use of distinctly
non-relativistic terms such a§pm in representing the kinetic energy. On the okfaad, it
suggests that failure to firmlcovariant formior H-E, i.e.one that satisfies the condition H(q,p,t)
- E(t) = H(q',p’,t') - E(t") upon application of adrentz transformatiordoes not constitute
proof in itself that the corresponding quantum naetbal formulation is defective.

Since the present discussion involves a companoétime theory of quantum mechanics
with its classical counterpart, it is relevant tmsider the implications of the Bohr
correspondence principfe in this regard. In accordance with this presaoiptit must be
expected that the quantum mechanical formulativarts to the classical one in limiting
situations in which the less general theory hasbdéished validity. One difficulty with applying
this principle to a relativistic quantum mechanitedory is that two separate limiting processes
are involved, as commonly achieved by setting l@nmonstant h to zero and the speed of light
in free space c to infinity. The minimal conditiatich must be fulfilled with regard to the
theory of special relativity is that the classilialit of the quantum mechanical equations of
motion can be cast in covariant form. For this pggone typically employs the relativistic four-
vector$® (p,iE/c and A, i¢). The Breit-Pauli ternf¥ are closely related to the classical
magnetic interactions containing the vector po&mj as has been discussed in detail by
Slatef*® so the ingredients for such a covariant limitiogn are present when a Hamiltonian
containing such interactions is employed. Becatiseenlinearity of the Lorentz transformation,
it is clearly essential that thé dependence of the Breit-Pauli terms (see Tatient) toward
as a result of the limiting process. Since a cartstalocity is always involved in such a
transformation, however, it is not difficult to iigiae how this occurs. Under these conditions
the angular momentubwr x p itself varies as the first power of r, and sirtoe $pin-
independent Breit-Pauli terms are second-ordér(orr « p in the case of the Darwin term), the

necessary changeover fromito r' variation is ensured. The corresponding spin-degen
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terms can be plausibly ignored since they haveassical analogue and can thus be assumed to
vanish in the pertinent limiting process.
The fact that the Breit-Pauli terms can be deriag@n approximation to the Dirac

equatiori®®*°2

which itself is invariant to a Lorentz transforina, is perhaps the best indication
that such a limiting relationship can be satistgch differential equation containing such
momentum-dependent short-range interactions. Téenéal point remains, however, that it is
not necessary that the relativistic quantum medatieory be Lorentz-invariant itself. As
discussed above, the principle of relativity iscaotically satisfied by employing the same
functional form in all inertial systems for the @)-operator appearing in the pertinent
Schrodinger equation. By treating the translationation explicitly in such a formulation one
can satisfy a more specific condition of the clealsineory of special relativity, namely that
observers in inertial systems moving with high eélprelative to one anothean measure
different properties for the same physical systSett. X.B). For this purpose it is only
necessary that they choose eigenfunctions corrdgpptodifferent translational energiefsom
among the complete set of solutions ®chrédinger equation which has the same form fohea
of them.

D. THE ROLE OF SHORT-RANGE INTERACTIONS IN HIGH-ENE RGY PROCESSES

Ever since the first scattering experiments one&iuitlhas been recognized that forces of
shorter range than those of the Coulomb effectgraitation are at work in nature. Yukatta
was the first to suggest that the interactionsuiestjon were exponential in character, but he
assumed a potential which varies Ass the internuclear distance approaches zerbelXBPS
model the short-range interactions vary asver a large range of interparticle distance,| thé
momentum-dependent damping factors begin to haleranant influence on the theoretical
description (Table I). Because the Lorentz tramsdion is linear in spatial and time
coordinates, it is difficult to imagine an equatmimotion involving such a potential which is
invariant to such a change in variables. Nonetlel®gnot assuming the usual separation in
terms of internal and center-of-mass coordinatdgs been possible to employ such potentials
in the XBPS model to obtain a realistic descriptadmuclear binding. In Sect. V. F it has been
pointed out that the combination of short-range rmotmm-dependent potentials plus an

interdependence of internal and translational nmogikows a simple explanation for the fact that
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particles and antiparticles can interact stronghyr\&@nother. In the inertial system in which the
center of mass is at regt, = -p,, from which it follows that particles of equal resass must
move with the same speed relative to their midpdihts circumstance allows maximum benefit
to be taken of attractive short-range interactwhi&h are momentum-dependent, whereas a
much weaker effect is expected for two particlethwgreatly different rest masses.

It would appear then that not only is it consist&ith relativity theory to employ such
short-range interactions to describe high-energggsses, but even that it is actually essential
that this be done in order to obtain satisfactgneament with experimental observation. The
arguments of the last section show how the resiilise corresponding Schrédinger equation
can be interpreted in a manner consistent witlpthreiple of relativity, even though a covariant
form for its Hamiltonian appears to be excludedrtirermore, by not factoring out the center-
of-mass motion, it is possible to explain at leagirinciple how the properties of physical
systems can vary with their translational statehagheory of special relativity tells us they
must. None of this precludes the possibility oficiey a Schrodinger or Dirac equation which is
completely independent of center-of-mass coordmatermally, one must transform to the
usual system of internal and center-of-mass coatdfand retain only the terms of the
Hamiltonian which are independent of translatioralables. Solution of the corresponding
differential equation would then only produce imf@tion about states of zero translational
energy. It is doubtful that such a simplified ogeravould be Lorentz-invariant, but its
application would have an advantage relative to Hamans of the XBPS type employed in the
present work, in which the center-of-mass and inatetypes of motion are intertwined.

A related question to that discussed above is venétis essential to employ a separate
time coordinate for each partidledefining a proper equation of motion. Becausthef
assumed lack of simultaneity in different coordnsystems, it might be argued that such an
arrangement is essential, but this view is suligestterpretation. In particular, if one assumes
that all the particles of a given system are refegd to the position of an observer who is always
located at the origin of the coordinate system lmclv the computations are carried out, it is
permissible to employ a single temporal variabldescribing the physical interactions. There is
no need for more than a single clock with whiclm@asure the time of events occurring in the
same inertial system. This choice is also condistéh the assumption that each solution of the

corresponding differential equation corresponds single total energy. As a result it is possible

238



to describe the time-dependence of the XBPS eigetifins in the usual way as exp (-iEl/
where E is the totanergy of the corresponding state. Since the pestroove independently of
one another, it is necessary to employ a sepagatd spatial and spin coordinates for each of
them, but the former correspond to different lengasurements in the same inertial system,
thus requiring the use of only a single unit otale (meter stick) to determine their values

experimentally.
E. TRANSLATIONAL MOTION AND WAVE-PARTICLE DUALITY

The physical model on which most of the theoretizguments of this study have been
based relies heavily on the existence of subatpamtcles from which more complex systems
are formed. The questioning of the creation-andkalation hypothesis of matter is motivated in
large part by experience with macroscopic systéongxample, which at least give the
appearance of decomposing into ever smaller conmi®mehen subjected to large forces, rather
than dropping out of existence entirely. Nonethetbe theoretical framework chosen to provide
a quantitative description of such particles ig¢ tifahe Schrodinger or Dirac equations, in which
wavefunctiongre employed to compute the (average) propertisaaf systems. The concept of
wave-particle duality should therefore be giveretdrconsideration in the present discussion.

The wavefunction itself was interpreted by B8tas having only statistical significance,
with |WF serving as a distribution function to be emploiredomputing average values. This
identification is not in itself in conflict with #hancient philosopher's idea of an atom or particle
It still leaves open the possibility that particldeays have a definite position in a given
coordinate system, but emphasizes that observatfadentical objects under the influence of
the same system of forces over a long period of e characterized by a definite statistical
pattern. The motion of a planet in the gravitatidiedd of a star can be charted over the course
of centuries, for example, and from this informatadistribution function can be defined which
gives the percentage probability of finding its tegrof mass in a certain volume element
independent of the actual time. Just because igtishadition has a continuous form does not at
all mean that one must ascribe delocalized chaistits to the planet.

Yet the concept of wave-particle duality is genlgrelken to mean that sub-atomic

systems such as electrons and photons cannot &eleelgn this way. Experiments can be
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carried out whose interpretation is argued to goissible without giving up a strictly localized
description of such systefii§ Because of the fact that our view of physicalitg# profoundly
affected by the degree to which the particle medsubatomic systems succeeds in explaining
experimental observations, it is important to graeeful scrutiny to the wave-particle duality
interpretation. In particular one should focus loa questiondoesasingle particle ever exist in
more than one location at any one timel3 probably safe to conclude that Newton woudadn
vigorously opposed such a suggestion. He would h&eenpted to settle the matter exclusively
on the basis of indisputable observatidnieing careful in his argumentation to avoid the
slightest dependence on the assumptions of soroeetiwal model.

To begin such a discussion it is well to returthi® treatment of translational motion in
dynamical theory. Schrédinger was led to his opembstitution hypothesisby studying the
motion of a free particle, i.e. jpure translation. He employed de Broglie's id®agarding the
equivalence of certain properties of particles awagles to define a prototype differential
equation which could be generalized to deal witmenemmplicated phenomena requiring the use
of a potential. Einstein also used a free partschabtion to guide his development of the theory
of special relativit§. These observations suggest that the essence wiive-particle duality
concept can also be found in the study of trarmsiatimotion.

The free-particle wave function is exg [k r - wt)], where |k| = |p}{ = 21/A andw = E/x
= 21w. It should be clearly understood that such a wametion is a characteristic ofstngle
particle in this picturé?*? A term such as “stream of like particles” in thimnection merely
implies thateachsuch particle is describdyy the same statistical distributioBxperimentally
one could determine the latter by subjectimgsuch particle to exactly the same experimental
conditions a large number of times. The same Higion function is also relevant to the
description of the motion aghanysuch particles at one time, however, in which ¢asevave
properties of the aggregate system can be obsdrmexdly, but this relationship can only hold if
the particles in the aggregate system do not icteridéh one another. Otherwise each of their
wave functions would necessarily be different tfartheir corresponding isolated state. There
are limits to which it is feasible to consider seatn of electrons as free particles, entirely
unaffected by each other, but this condition i§ilfatl to a very good approximation in the
classical electron diffraction experimé&hiOne can easily distinguish between an experiment

carried out for a single particle and one for demtion of them, but as long as the above
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condition of non-interaction is fulfilled, it is pmissible to use the same statistical distribution
function in both cases.

Since any free particlean be treated in the same wiys also readily understandable why
a statistical distribution based on the above wawetion appears to beumiversalproperty of
pure translation. Even at relativistic speedsgilgenfunctions of the total Hamiltonian for any
isolated system, independent of its compositioa,adso eigenfunctions of the translational
energy operator (see Sect. V.B) Thus such a rekttip between the momentum and kinetic
energy of the center of mass and the wavelengtliragdency of the relevant statistical
distribution would always be guaranteed.

With the above line of argumentation we could sumreahe situation, at least
tentatively, as follows: the wave properties ofi\aeg system only arise whéarge numbers of
such particles are observed under similar condgioner the entire duration of an experiment.
By contrast, the characteristic properties of ali@aed system exhibit themselves even if
attention is restricted to the behavior of a sinmieticle The photoelectric effettis a prime
example of the latter type, and this experimentHattein to re-examine the long-held position
that light is strictly a wave-like phenomeridnThe opposite side of the coin is the diffraction
experiment, in which interference patterns are nlegk It seems unavoidable to conclude that
such spectral images do not result from a singtggrh(or other particle), in agreement with the
above principle. Yet it is exactly experimentsluod tatter type which have led to the conclusion
that a single particle can also exhibit wave charsstics.

This is the crucial contention which needs to beftdly examined. For if the wave
properties commonly associated with particles @nige because of the collective motion of
large numbers of themas suggested by the above statistical argurtiegre is really no need to
speak of a wave-particle duality describe the relevant experimental findingstelad, the de
Broglie wavelengttf and the Bohr frequentgan simply be characterized as statistical
parameters needed to specify an appropriate disibfunction for a large sample of
indistinguishable particles, each of which possefise same momentum and energy. Similarly
one can also understand the Heisenberg uncertaiiatyort> as a purely statistical law,
whereby the quantitieSp andAq in this inequality are taken as rms deviationsitfimean values
of complementary dynamic variables, as determinechrying outa seriesof equivalent

measurements on largepresentative samples a given type of particle.
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In short, if waves are nothing but streams of irdiial particles, then Newton was right
when he argued in favor of his corpuscular thedjght®. Before taking a closer look at the key
interference phenomena which are always citedvarfaf the principle of wave-particle duality
and against his position, however, it is well tamine another experiment which gave a decided

impetus to the wave theory of light during Newtolifstime.

F. LIGHT REFRACTION

The bending of light rays at an interface of twadieof different density was one of the
earliest phenomena to be characterized by a mattainequatiofi*>*** The sine law of
refraction was discovered by Snell several thousaadls after the other two laws governing this
process had been discovered. NeWwattempted to explain such observations in termbef
particle model of light, while Huygefisargued that they could only be understood in tesfns
wavelike properties. Newton lost the argument,ibistinteresting to see why. Since the angles
of incidence and refraction were not changed irtiplel passes of light rays through the same
media, it could be safely assumed that the eneirtfyechypothesized particles of light remains
constant. The fact that the light is bent downwagrdn entering a medium of higher density
indicates that the potential V acting on the pletienust be attractive, i.#.decreases after
crossing such an interface. Combining these twis flad unmistakably to the conclusion that the
kinetic energy T of the light particles mustdreaterin the denser medium. Assuming that T
was proportional to the square of the velocitya@ordance with the then accepted dynamical
theory, thus led to the prediction that the spddajbt must be greater in water than in, ahich
is incorrect*’. Proceeding on the principle that an assumptioiciwis contradicted by
observation is false, it was thereupon concludadtthis result refuted the particle theory of light
once and for all.

Examination of the above argument shows that anetiner of a different kind was made,
however, which ultimately invalidates the lattenclusion. In the first place the kinetic energy
of the photon does not satisfy the non-relativiggiation employed therein. When the correct
formula is used, one is still led to conclude tha&momentunof the photon increases in going
into the denser medium, but since the mass of gaditles cannot safely be assumed to be

constant in a relativistic treatmeiitpo longer follows that the velocity of light miuscrease as

242



well. The conclusion that light rays cannot simply beatns of photons because a purely
mechanical treatment of the refraction phenomeaadd to a false prediction on this basis is
therefore not justified. On the other hand, ikiassumed not only that light consist of particles
but also that their collective motion conforms tdedinite statistical distribution, a different

result is obtained from the refraction analysis.

By interpreting the de Brogftéand Bohr frequencyrelations in accordance with this
view, one is led to the following conclusions: ajce the momentum of the photons increases
upon entering the denser medium, Wea/elengticharacterizing their collective motion must
thereforedecreasdp = hA), and b) since the energy of the individual partictesonstant, the
frequencyassociated with the statistical distribution meshain thesamein both media (E =
hv). Under the circumstances the speed of any giaeticfe in the light ray can be computed as
the product of the wavelength and frequency in e@aetlium[improve this],on which basis one
is led to correctly predict that the velocity ajiit issmaller in the denser mediuihactually
varies ininverseproportion to the momentum, a possibility which Idoniot be foreseen in the
seventeenth century. Dicke and Wiftlehave also used the de Broglie relation to detieesine
law of refraction explicitly, thereby showing thaave optics and Newton's classical mechanics
are consistent in this respect as well. From taedgoint of Newton's dispute with Huygens,
however, there is an important distinction betwessgarding light as a stream of particles
moving in accord with a particular statistical distition law instead of as an intrinsically
wavelike quantity. In the first case, one can spkak of the individual units of light as partgle
which are always perfectly localized in space, whsrin the second, a delocalization is implied
which is inconsistent with the concept of a pagticl

To conclude this section, it can be noted thaeth®/e argument implies that the mass m
of each photon increases as sigeareof the momentum upon entering the denser mediurly. On
in this way doesheproduct of mass mand velocity ¥ vary correctly as the first power of the
photon's momentum. Moreover, the produgiri is seen to be equal to the (constant) energy of
the individual photons, E = fiawhere m is the relativistic mass of the photofrée space (in

which case v = ¢).
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G. PROBABILITY ADDITION LAW AND INTERFERENCE PHENOM ENA

As remarked in Sect. X .E. one does not really ctontbe crux of the wave-particle
duality question until interference phenomena arestlered. The most frequently analyzed
experiment is that performed by Yodf§*in 1802, in which light from a single source is
allowed to pass through two narrow slits separftad one another by some distance. The
interference pattern which results is not the samehat is obtained by superimposing the
results of two similar experiments in which onlyeoof the slits is open for the same period of
time. This result is generally interpreted as fa6". If the light emitted from the source were
to consist of particles which are always localizbeén each of them would have to pass through
eitherone hole or the other. It is safe to say that Newtould have agreed with this statement.
Since the holes are relatively far apart, it is @sgible that particles going through one of them
would be affected by those going through the otBgperimentally one can show that the
interference pattern does not result because b$ionls between individual photons, because the
intensity of the light can be decreased to thetgdbiat it is impossible that more than one such
particle be in the apparatus at any one time. Ditanmarized this situatiétf by saying that it is
as if each photon “interferes with itself.”

Since particles cannot interact with themselvesaaues (or anything that is extended
through space) can, the conclusion that light Uaitsl everything else) somehow behave as both
particles and waves depending on the set of gavgreonditions seems inescapable. For a
stream of particles to give a different distribation a screen depending on whether the two slits
through which they pass are always open or wheliesralternate in being open and closed in a
complementary manner seems tantamount to ascisoimg sort of intelligence to them. How
can the photons at the source know which holegaireg to be open and when? Yet the solution
to this dilemma of attributing both wave and paetigroperties to matter is also not without its
ambiguities.

Once the decision is made that a photon (or elertrust pass through both stftsin the
Young experiment before reaching the screen, alsingriation presents itself. Send a single
photon through the apparatus and replace the sbyeamphotographic pla®. The experiment
mentioned above approaches this in principle, naimgletting a maximum of one photon

through the apparatus at any one time. The fattlleausual intensity pattern still develagser
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asufficiently long timgroves that the photons do not collide with onetlagg but as long as
more than one particle is involved it is imposstblée certain that any one of them has passed
through both slit®n its way to the photographic plate. The lack etigiably sensitive
photographic plate renders such an experiment ictipedt“®, but its conceptualization at least
illustrates that the principle of wave-particle tityamplies a definite result of an experiment
which has actually never been carried out. Theipiigg that a single photon makes more than
one impact on the screen of the Young apparatubabit somehow recombines after passing
through each of the slits so as to make only oderntation, is sufficiently improbable as to
warrant skepticism in the absence of a means dfiyalyg verifying its occurrence. In
recognition of the conceptual problems inherentsogical structure, the wave-particle duality
principle is typically described as a paraff8x

It will be recalled. however, that the argumentiagiaan exclusively corpuscular
(Newtonian) description for the photons in the Yg@xperiment rests on the conclusion that at
the time they leave the emitting source, thereisvay they could be aware of the status of the
two slits of the apparatus. If nothing occupiesgpace between the source and the slits, there is
no reason to doubt this position, but in the coofsexamining the creation-annihilation
hypothesis, a different picture has emerged. ldsitdaas been assumed that there is a high
density of massless particle-antiparticle systdmsughout all space. It also has been argued that
such a model is consistent with the virtual phdtmalism of quantum electrodynamics. If
such entities need to be taken into account iridiva of radiative corrections in order to obtain a
highly accurate description of the fine structur@atomic systemst is not obvious that their
influence carbe entirely neglected in the present context either

Particularly if such massless species exist imtimabers required to explain emission
processes without invoking the creation-annihilatiypothesis, it would seem to follow that
there is a direct line of communication betweengtwrce and the two slits of the Young
experimental apparatus, one that could cause th@phto distribute themselves differently on
the screen depending on the nature of the envirohaneelatively large distance away. The fact
that the single-hole intensity distributions do satisfy an additivity la#?’ to give the
corresponding two-hole result is not in itself imguatible with the particle concept. Rather it
reinforces the key assumption of the Born integtiet?*! that the wave function in quantum

mechanical treatments needs to be multiplied wétltomplex conjugate to obtain a physically
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meaningful distribution function for the systemumgireated. An accurate computation of this
wave functiorrequires acomplete specification ¢iie physical systeat hand, which in the case
of the Young experiment would mean not only thetphs and the apparatus, but everything in
between.

In this connection it is well to recall that thearference effects under discussion have
never been observed when photons deriving fronemifft sources are involvél This implies
that a very delicate balance is involved which etda mixing of the two parts of the wave
function corresponding to the different slits o€ tfioung apparatus only when a perfect
symmetry existsErom this result it is clear that an extremely dmpatturbation is enough to
destroy the constructive interference pattern. i@tpsne of the holes in the Young experiment
might constitute such a small perturbation, theua@nce of whichf transmitted by auitable
medium to the sourcejould be sufficient to “inform” the photons locatdgere that the
symmetry required for the production of interferephienomena is no longer present.

The advantage of the above interpretation is treaés not requifé* a modification of the
fundamental definitions of particles and waves tikenthe experimental results understandable.
Streams of particles of the same properties olaigstal laws embodied in the de Brodfiand
Bohr frequencyrelations. The individual particles are localizdill times, buthe quantum
mechanical formalism is only able to proviastatistical distribution functiofrom which
expectation values for their various properties lwarcomputed. For this purpose an accurate
description of the forces acting on the individeaiponents of the system is necessary. In
certain instances for which the results are vengisige to the choice of experimental conditions,
this requirement includes taking into account ne@ing systems such as massless photons

which are always present but whose influence caallys(but not always) be safely excluded.

H. THE EINSTEIN-PODOLSKY-ROSEN PARADOX

The last topic to be considered in the presentimsed the Einstein-Podolsky-Rosen (EPR)
paradox®. Since it was first presented in 1935 there has lygeat interest in the question of
what it implies about the role of quantum mechadrtioaory in describing general physical
processes. The experiment on which this paradbased is the same one with which the present
study began, namely positronium decay. To propegspreciate the significance of the EPR

paradox, it is important to first consider the esise features of the quantum mechanical theory
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of measurement, known as the Copenhagen interjorétat The guiding principle of this
formalism is that one can only predict the restith given experiment in terms of a probability
distribution. The corresponding quantum mechamaale function describing a given state of a
system can always be expanded in terms of the feigetions of a hermitean operator P

corresponding to a property which is to be measured¥ = > c¢;¢; , where i = p¢i. The
i

probability that a given eigenvaluewill be obtained in the measurement is expectdet{s’
whenW is normalized to unity. The most controversialexsf the Copenhagen interpretation
is the question of whether such a probabilistiotifean be considered to give a complete
description of physical reality (essentially th¢etof the original EPR publication), or whether a
more detailed theory exists which is capable oingjymore definite predictions of experimental
results.

The positronium decay experiment represents a paieal situatiorvis-a-visthe
Copenhagen interpretation because it shows thatallne of a property of one of the two emitted
photons (in the singlet decay) is always complepegdictable based on knowledge of the
outcome of the equivalent measurement carriedasuithe othe?*®. From this interpretation it
would seem to follow that if a property is measui@dwhich the photon wave function is not an
eigenfunction of the corresponding quantum mecladoigerator, the result obtained can never
be predicted with certainty, regardless of whaebthformation is available. Since there are a
variety of different measurements possible whosstium mechanical operators cannot all be
compatible (mutually commuting), the experimentatlence indicates that at least in the form
given above this principle is violated in practig¢hile one can only speculate how two particles
can always give complementary results when sulijdct¢he same experiment, it seems certain
that such a mechanism does exist on the basi @fttbve measuremef{fs?*®

In a broader sense the EPR paradox suggests tiiatgsasuch as electrons, which are
taken to be perfectlyndistinguishablen a quantum mechanical treatment, actually enjoy a
unique existence. For example, in a collection lafrge number of hydrogen atoms, all in the
’p,, state, there may be a mechanism by which an ofisean know with certainty which of
them will undergo radiative emission at a partictilme. What is clear and indisputable is that
guantum mechanical theory as we know it is incagabproviding such information. It is
important to note in this context, however, tharéreally would be no way teerify such
theoretical prediction$or the outcome of the above experiment for thepgemeason that it is
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impossible to tell the individual particles ap&ne cannot put a label on an individual hydrogen
atom and then determine precisely when this paati@ystem undergoes radiative emission. So
in that sense it is impossible to devise a pralctiezans of testing such a hypothetical extension
of quantum mechanical theory.

The positronium decay experiment described abonetheless succeeds in providing a
type of photon labeling which satisfies the basindition described in the last paragraph for
hydrogen atoms. Accordingly, two otherwise indigtirshable objects are identified by virtue of
their special relationship to one another. Undeséhcircumstances it is still impossible to
predict the outcome of every conceivable experinoenbne of the two photons (ithat
measured first), in accord with the Copenhagenpnégation. The knowledge of its relationship
to the other product of a given positronium dedeyyever, is sufficient to allow for complete
predictability of every complementary measuremebtssquently carried out for the second
photon.

There is no immediate justification for extrapatatithis result to the much more sweeping
proposition that the outcome of every experimebisipletely predictable according to some
unspecified theory, but this possibility is at lela$t open on such a basis. The required
extension of quantum mechanical theory to achibigegoal might still involve the wave
function for each of a given set of indistinguislegbarticles. This assertion follows from the fact
that the definition of such functions is not unityugrovided in the existing theory. Since its
predictions are always in terms of expectation e=fl}, it is clear that different functions can
give identical results for all properties. It isvalys possible to introduce a finite discontinuity i
such functions which leads to no change in anysobperator expectation values.

One of the more frequently mentioned examplesisfriature involves the evaluation of
the Darwin term for atoms wherpaint-charge nuclear charge distributii® assumead™.

Because this operator is singular at the origie Mdlue of the wave-function there affects its
expectation value, contrary to all other Hamiltoniarms (for example, those shown in Table I).
If one excludes such physically unrealistic opamafiom the Hamiltonian, it is possible to vary
the value of the wave function at the origin ovelaabitrary range of finite values without
affecting the associated total energy expectatauer It can be argued that no property which

can be measured in practical experiments will ddpenthe value of the wave function at the
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origin either, so in this sense there isumiquedefinition for any physically meaningful quantum
mechanical wave function.

In summary, there are an infinite variety of funas whose overlap with one another is
exactly unity. This being the case, one could bgeambiguity to store any conceivable amount
of distinctive information regarding individual pates without affecting the equality of their
guantum mechanical expectation values in any ¢&saer the circumstances it seems only
prudent to at least hold open the possibility thatresult of each experiment ever to be carried
out upon itis uniquely specified. Presented with a set of suchewanctions we would only
verify that they lead to identical probability dibutions, and consequently to the same
expectation values for any conceivable observablether words, the very structure of quantum
mechanical theory suggests a level of ambiguityctviallows no definitive conclusion as to
whether its probabilistic character is a signaofintrinsic element of unpredictability of
naturally occurring phenomena or not.

Since a possibly higher level of theory would netslibject to verification because of the
impossibility of labeling otherwise indistinguisiHalobjects, it might well be argued that there is
no point in even looking for its concretizationoRr a purely scientific point of view this
position is tenable. Nonetheless, the belief thatdutcome of physical experiments is often just
a matter of probability can lead to the generalwathat almost everything is simply a matter of
chance, and as a consequence, that causalityav@mpimpossibility in the natural course of
events. The EPR paradox is an indication that ayjadgment is at best prematuresit
important to know if anything happens by chancaair even if it is clear that in many situations
it must remain effectively impossible to predice tftonceivably) inevitable outcome of a given

experiment.

Xl. CONCLUSION

In the present investigation attention has beeteced primarily on .the pervasive
assumption in modern-day physical theories thatanatin be created or destroyed by means of
a suitable addition or loss of energy. It has bmmphasized that it is impossible to distinguish
experimentally between a particle which is unobakl® in its present state and one which has

gone out of existence entirely. The concept ofrelterial particles being composed of atoms or
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elements which are impervious to the applicatioarof force has played a crucial role in the
development of the physical sciences over a periagveral millenia. It has been argued in the
present work that since the antithesis of this vidae creation-annihilation hypothesis, can never
be proven by direct experimental observation, guge important to see if an alternative theory
of physical transformations can be formulated wigstes a plausible interpretation of all
measured phenomena without giving up the prin@pkbe indestructability of material

elements.

Consideration of the decay of positronium and thesequent production of photons,
which has hitherto been assumed to involve thehglation of an electron and positron, suggests
a different explanation in terms of the formatidrparticleantiparticle binary systems with
exactly zero rest mass. In order to give quanigasiubstance to this alternative hypothesis,
attention is turned to the goal of finding a suiatoncrete form for the system of interactions
which would be capable of binding an electron aositpon so strongly together that the energy
lost in the process is exactly equal to the sutheif rest masses, 2@ or 37557.73 hartree
(1.02 MeV). Instead of simply deducing this resuth the help of the Einstein mass-energy
equivalence relation, it is proposed to considesitpanium decay as a conventional radiative
emission process in which the binding energy offithed state is to be computed with standard
guantum mechanical methods once the nature ofsswceted interaction mechanism is
identified.

In the course of studying other modern physics er@nts on a qualitative basis it has
been concluded that such a masslésssgucture can plausibly be attributed to the phatsif,
since it is known to have zero rest mass and &vaect electromagnetically in a way that is at
least consistent with a dipolar composition of thied. Because of the well-known fact that
photon emission processes occur at all locatiotisaruniverse, i.evherever a given excited
state of a particle is found to undergo radiatigeay, it follows that the proposed massless e
binary systems must exist everywhere in space sutficiently high density in order to explain
these phenomena without invoking the creation-atatibn hypothesis. Support for this
assumption of ubiquitous photons with zero massbeafound in the black- body radiation
experiment (Sect. 11.D). The original quantum hyyastis of Planck holds that for every
frequency of radiatiom absorbed by a blackbody at thermal equilibriurarébmust be a higher

population of photons with E = 0 than for E wdr any other allowed energy value.” Since there
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are an unlimited number of such frequencies passiblollows that the number of massless
photons in the thermodynamical system is essentallindless. It is then only a matter of
theoretical interpretation whether occupation afisan E = O state is taken to correspond to a
photon which has suddenly ceased to exist or onelwgimply defies experimental detection.

In this view the radiative emission process isse#n as involving the creation of a photon
with AE = hv, but rather as an exchange of energy betweerritiea excited system and a
photon in its neighborhood which initially possesgero energy. The photon simply takes on an
amount of energy which is lost by the other sysitemtransition to one of its lower-lying states.
Furthermore, the requirements of conservation efgghand linear momentum are shown to be
directly responsible for the quantization of suchgesses, since an arbitrary exchange of energy
would require a smaller increase in the photon’sn@oetum than that lost by the heavier system
with which it interacts. Only by changing to a lawgng internal state with nearly the same
momentum as prior to the transition can the heayistem satisfy thAE = pc relation required
by the photon’s zero rest mass. The explanatigheoMdssbauer effect is based on the same
considerations, with the distinguishing feature fbathe very large energies of nuclear
emission processes, the two internal states dig¢hgier system involved in the transition are
associated with momenta which differ far more dyefladm another than those of different
electronic states in an atomic transition.

One of the most critical aspects of the masslestophhypothesis is its questioning of the
off-stated belief that zero energy and/or massfor system necessarily implies its lack of
existence (Sect. 11.C). Instead it is pointed tatt the Bohr frequency and de Broglie relations
have zero frequency and infinite wavelength astingivalues when the energy and momentum
of a photon approach vanishing magnitudes. Befusdimit can be achieved by systematically
reducing the energy of a single photon, frequemc\@avelength values must be reached which
by virtue of the above two relations already li¢stde the range of experimental observation.
Since photons whose (finite) de Broglie wavelergytite too large to measure are nevertheless
assumed to exist, it is not unreasonable to expattheir zero-momentum counterparts may
also be present, despite the impossibility of olaegrthem directly. In this connection a flaw is
pointed out in the argument which holds that aesysivith zero rest mass must move with the

speed of light based on the dependence of thevistat mass m on velocity. The latter relation
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is satisfied for any velocity v smaller than casd as m = 0, including 0. The ratio rgm is
not uniquely defined under these circumstancestamsimay exceed zero, implying thydt=
(1 - VIc®)Y? also can be non-vanishing in this limit.

Consideration of other types of observed phenomaesag in the field of modern physics
is found in no way to contradict the above hypowhegubiquitous massless photons. These
processes include the photoelectric effect, Compt@hRaman effects, Bremsstrahlung and
electron production from photon collisions. At g&mne time, this line of argumentation calls
into question standard interpretations of relatechentary processes which involve the creation
or annihilation of individual particles. The pringyagxample considered in this connection is that
of the beta decay of a neutron (Sect. IV.A). Bydwing through on the proposal that no
material particle is ever created or destroyedhiysgral transformations, one is led to conclude
that a strict elemental balance must charactengeeactive equation, exactly as is assumed in
ordinary chemical processes. In accordance withview a neutron must be composed of a
proton, an electron and an antineutrprmr to undergoing beta decay, because each of these
particles is present at the completion of the pgecAn analogy is made between the neutron
(and other unstable elementary particles) and extcaystems in the field of molecular physics,
which are well known to correspond to meta-stakigted states whose ground state potential
energy curves are completely repulsive. The engigpn off in the decay of elementary
particles is so large compared to that found inojperation of an excimer laser that a significant
decrease in the sum of the rest masses of the gieoithusuch reactions is observed relative to the
mass of the original meta-stable system. Similguaents can be given for a whole series of
elementary particles, such as muons, pions and béaier species, all of which are known to
decay with relatively short lifetimes to a collegtiof fragments of smaller aggregate rest mass.

In order to give quantitative substance to the altbeoretical model, it is imperative that
one clearly identify the nature of the interactioasponsible for high-energy processes,
especially the prototype example in which an etectand a positron combine to form a tightly
bound binary complex with exactly zero rest massphasis is placed thereby on the fact that no
corresponding state of a proton and an electrénasvn, i.e.the 13, state of the hydrogen atom
is perfectly stable when left in an isolated coiodit whereas that of positronium has only a short
lifetime. Similarly, a masslesS binary must also be assumed to exist based cantélegous

experimental results for the interaction of a pnodmd an antiproton. The term “phantom” will
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be used in the following discussion in referringteh massless particle-antiparticle binary
systems in general, and the special name of “ptopfitias been given to thégp member of
this family, to go along with the identification $é € € counterpart as the photon.

The high energies associated with the formatiothese two phantons suggest that similar
short-range interactions are involved as in thdibig of nuclei, in which case an exponential
form for the corresponding potential has been deddfi®m scattering experiments. Because of
the participation of electrons, positrons and phsto the electromagnetic interaction, it is
suggested that a good starting point in the sdarcsuch a potential is the relativistic Dirac
equation or some approximation to it. It is noteat the Breit-Pauli reduction of this equation
contains short-range terms varying inversely asthee of the interparticle distance which are of
the order ofx? (10*-10° hartree) for typical electron-proton separatianan atomic system.

The unbounded character of these terms in the dfnianishingly small separations, particularly
in relation to the corresponding relativistic kicetnergy, makes it clear, however, that the
desired short-range bonding of elementary particéesonly be satisfactorily described by
interactions of this type if they are somehow miedifto become considerably less attractive at
extremely small interparticle distances.

An exponential damping of the Breit-Pauli interans is thus suggested (Sect. V.C). This
is in analogy to that proposed by Yukawa fifty yeaarlier for the description of nuclear
binding, except that in that case it was appliedrtd' potential. Similar quantities ofitype
present in th@ ¢ A cross terms of th&laxwell-Lorentz Hamiltonian are kept in check by th
AeA component of a perfect square, which in turn aae¥. This suggests that the exponent
of the damping function for the Breit-Pauli intetians should vary as or p, and that it should
contain a factor of the charge-to-mass ratio aivargparticle multiplied by a constant of order
a®. Since the motion of charged particles is involireduch interactions, it seems reasonable to
choose a momentum-dependent exponential dampingerdrgument is always negative.
Ultimately these arguments lead to the followingleit form for the damping function: exp (-A
a? | p g/my|). At the same time, the unbounded correctiomécBreit-Pauli kinetic energy, which

Y2 my & (with ¢ =ar

varies as ) is introduced via the Einstein relativistic ogergp” + my* )
in atomic units). The resulting set of interactios subsequently referred to as the
exponentially damped Breit-Pauli Hamiltonian anéngployed in a Schrédinger equation

(XBPS) of the standard W = EW form. The potentially crucial advantage of thisnkiidonian
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is that it is bounded from below and thus can batéd using standard variational techniques,
unlike the un- damped Breit-Pauli terms themselVés. explicit form of the XBPS Hamiltonian
is given in Table I.

The above Schrédinger equation has an interestaing property of relevance to the
positronium decay process. The total energy ofsaate of a particle-antiparticle system with a
given charge and rest mass is exactly M times tdhgen that obtained by a coordinate scaling
for an analogous binary system with the same chauga rest mass which is smaller by the
same factor M. This means that the same Hamiltontsinh produces the 24a? binding
energy assumed for théeephanton leads to a corresponding value for flpegrophoton
system which is exactly 23311:2. The latter system's average interparticle seiparg smaller by
a factor of the proton-electron rest-mass ratigm,. than that for the'& photon system. The
form of the XBPS Hamiltonian is thus seen to gusgarhe condition required by the Einstein
mass-energy equivalence relation, namely that #edmum energy lost in a particle-antiparticle
interaction is directly proportional to the restgses of the isolated systems (Sect. V.D). This
condition places a restriction on the form of tpanential damping factor in the XBPS
Hamiltonian, specifically that the momentum p b@dkd by the particle's rest mass in the
corresponding argument.

The use of the relativistic kinetic energy operatothe XBPS model raises a fundamental
guestion of a different nature, however, namely boweal with the translational motion of the
combined system being treated (Sect. V.B). An amsiyndicates that, contrary to the non-
relativistic case, a transformation to center-osmeoordinates for such a Hamiltonian does not
lead to a total separation of the internal andsiiegtion motion. This fact is related to the
requirement of the theory of special relativityttdastances measured in an inertial system
moving with constant velocity relative to the oh&zrare found to be expanded. It has been
argued that this phenomenon should be directlgcedtl in the corresponding expectation values
of dynamical variables, specifically that such Hssmust vary with the translational velocity of
the system treated (Sect. X.B). Such findingsrbfezannot result if it is simply assumed that
the center-of-mass motion is completely separaihege properties involving only internal
variables are thereby forced to be independeriteo$tate of translation of the combined system.
It was therefore decided to carry out calculatisith the XBPS Hamiltonian in terms of the

Cartesian coordinates of the constituent partieiéisout introducing a center-of-mass
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transformation, so as not to prejudice the resilthe treatment in this respect, despite the fact
that this procedure brings with it certain compiotadl difficulties otherwise avoided by such a
change in coordinates.

Allowing the internal and center-of-mass motiomémain coupled in the theoretical
treatment gives insight as to how the'esystem can have a tightly bound ground state below
the familiar 1 s state of positronium, unlike tlase for the hydrogen atom of proton-electron
composition. The essence of this argument is coatkin the observation that thg; condition
for a binary system whose center of mass is aimabke origin of the coordinate system implies
thatp, = -p, orvi = -(My/ M) v,. Since the mass of the proton is so much greaderttiat of the
electron, this condition requires that their respecvelocities be quite different from one
another in the hydrogen atom. This circumstanaecismpatible with the need to keep the
particles close to one another while each is moginggh speed in order to take maximum
advantage of the short-range momentum-dependeattate terms in the XBPS Hamiltonian
such as the damped spin-orbit coupling (Sect. V.F).

By contrast, the analogous condition for a phaststiem leads to a perfectly correlated
relative motion of the two particles, which lendssiderable support to the proposition that
such systems possess non-hydrogenic states oftexadly large binding energies. As the
translational energy increases beyond zero theleded motion of the phantons is gradually
disturbed, however. At first glance the smaller gyiaue of the proton relative to the electron
appears to be inconsistent with the requirementfipahave a much larger binding energy than
the corresponding e system, especially when one only considers the matgmof their
respective coupling constants in the short-rang@SBteractions. The same quantity also
causes the argument of the exponential dampingriatt be correspondingly smaller for the
prophoton system, however, which in turn allowdws particles to approach each other far
more closely than is preferable for the lightecei@n-positron pair.

A full Cl treatment of the Schrodinger equationctissed above for thé € system
employing various primitive Cartesian Gaussian pasdicle basis sets has indicated that the
lowest-energy state for this system possessggimetry and is symmetric with respect to the
charge conjugation operation, which commutes wWighdorresponding Hamiltonian. The
constant A in the exponential damping factors renlchosen so as to obtain the desifed e

binding energy of 2 gac? for an optimal choice of orbital exponents in thié CI treatment
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(Sect. VI.D). The @ symmetry of the'® ground state is also found to possess a vanishing
expectation value for the conventional (undampeahain term, as well as for the corresponding
o-function term in the spin-spin interaction. Thesult shows in a particularly striking manner
that the two constituent particles must effectivalpid one another completely in order to
achieve maximum stability. The form of this waveadtion also allows for an efficient
minimization of the center-of-mass translationargly. The value of the damping constant A is
found to be 1.265 using the above criterion fos 2@,2d basis. As a result, the range of the
damping interaction conforms to the expectatiossused previously, becoming significant for
interparticle distances smaller than or equalt@f. In accordance with the XBPS scaling
property, the optimum prophoton wave function iarelcterized by Gaussian exponents which
are larger by a factor of G’Mmoe)z relative to those for'e, giving the desired 255c2 binding
energy relative to the separated proton and antiprior the same choice of A as for the lighter
phanton system.

One drawback of this approximate treatment is titcorresponding expectation value of
the ée translational energy is rather large (0.88 X4.0u. in the 3s.2p,2d basis, for example). It
is clear that a much more extensive treatment svithlatively large one-particle basis is
necessary to reduce this quantity to vanishing madg. A re-optimization in terms of the
difference between the expectation values of tted &md translational energies respectively
leads to an increased value for A of 1.727, anohaesvhat more compact charge distribution for
the electron-positron pair. Moreover, correspondasults for a variational treatment of this
energy difference yield a somewhat higher valug. @73, suggesting that in an exact solution of
the XBPS, only a slightly larger value for this stamt is required (& 2.0).

Because the translational energy operator T consmwité the total Hamiltonian, it is
clear that any exact solution for such a Schrodiegeation must also be an eigenfunction of
both operators. Hence use of the same A value pnadtice the desired phanton binding
energies for the <T> = 0 solution in each of the¢hoptimization procedures discussed above.
Because the lowest-energy eigenfunction of H - Btmot correspond to a minimal translation
energy expectation value, it is preferable to emplaly the full XBPS Hamiltonian in
subsequent treatments involving other combinatadnmarticles. This procedure is tantamount to
regarding the computed variational energies asrdppis to that of the lowest translational

state of a given system.
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The description of the decay of the neutron inXB&S model also requires an explicit
representation of the interaction of a third pdetend its antiparticle, namely the neutrino and
antineutrino. It is necessary, consistent withaheve considerations (Sect. VI.H), to assume
that a corresponding phanton system of zero ress mests with @v composition (photrino).
The fact that the neutrino possesses no electaigetprevents the use of the above scaling
property of the XBPS Hamiltonian in this instanlkceywever, because it is only valid for particles
having the same absolute magnitude of charge asdeb&on. Examination of the coupling
constants in this Hamiltionian shows that the amdyy that it can lead to significant interactions
for neutrinos is if their charge-to-rest-mass toe different from zero. This condition can only
be met if the rest mass of the chargeless neusiitself exactly zero, something which is at
least consistent with all experimental investigagias yet undertaken to measure this quantity. It
is also clear that the use of the rest mass instbtied relativistic mass, mymny, in the coupling
constants of this Hamiltonian is essential if {hdssibility is to have a significant impact on the
description of the neutrino interactions. Accordyndhe sign of the corresponding Breit-Pauli
interactions is determined on the basis of the yrbdf the respective ggwalues of the
interacting particles rather than for the produdheir electric charges alone.

Subsequent calculations for the system have shown that the same value for the
damping constant A which gives the desired bingingrgy of 2 ngc? for the ée and pp
phantons also works to a good approximatiorvfor i.e.with zero binding energy relative to the
separated neutrino and antineutrino constituertits.alyreement is particularly good if
translational effects are considered explicitlyhia optimization procedure. In addition, a
different scaling property is found for the XBPSrikllonian which shows that the desired zero
binding energy of the v system holds independently of which |g/malue is assumed for the
neutrinos. This result is consistent with the extise of more than one type (flavor> of neutrino
in nature, but it also leaves the choice of thiargity's value open for other purposes,
particularly to satisfy the requirement of compgtthe measured binding energy of the neutron
relative to its decay products at rest.

The correspondingVv total energy curve can be thought of as contaiaidguble
minimum at E=0, one for the tightly bound phantgstem and the other for the particles
separated to infinity. Because of the lack of agloange) Coulomb interaction for neutrinos

such a theoretical energy curve climbs immediadslyhe particles approach each other from
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quite large distances, contrary to what occursierapproach of a charged patrticle to its
antiparticle. In the latter case the internal kinehergy of the system varies more slowly with
distance in this range than does the Coulomb #tiraof the particles, an effect which is crucial
to the success of the original Bohr model of thérbgen atom. It can be argued that the failure
of the neutrino to participate in similarly longage attractive interactions is responsible for the
extremely penetrating nature of its radiation, mgkt effectively incapable of overcoming
centrifugal barriers separating it from other des.

It is possible to understand the observed lacloofentional magnetic interactions for
neutrinos on a similar basis (Sect. VI.I). From ploent of view of a charged particle, all
electromagnetic interactions are effectively pu@bulomb because magnetic contributions to
the energy are always computed to be of vanishiagmtude in its own inertial system. Thus a
non-zero ¢m, value is not necessarily inconsistent with the messent of a vanishingly small
magnetic moment for the neutrino. At the same titnegn explain why such particles undergo
strong interactions at extremely small interpagtegparations, as exemplified in the original
Reines-Cowan antineutrino capture experiments.fa¢tethat relatively high centrifugal barriers
must be overcome before coming into a suitablegdogwhich the damped Breit-Pauli terms
can dominate is also consistent with the extrersgigll cross sections observed for such
reactions. Moreover, the possibility of its payiziing in short-range interactions offers an
explanation for the presence of an antineutrinthémeta-stable neutron, as demanded by the
hypothesis of particle balance in all physical sfanmations. To obtain suitably strong binding
with the electron, the other light component of tieitron in this view, it is necessary to assume
that v has a positive g/gvalue, i.eopposite to that of the electron (and also to tfats
antiparticle).

The known g/rgvalue of the proton is so small as to rule oupégicipation in XBPS
interactions in the range of interparticle separatitypical for nuclear binding for which this
guantity appears as a coupling constant. This cistance practically eliminates any chance of
such Breit-Pauli terms as the spin-spin, orbittosbid spin-other-orbit interactions being directly
involved in the binding of protons, but it leavgsea a distinct possibility that the spin-same-
orbit and Darwin terms with electrons and antineo can affect them in a significant manner.
One knows from observations of atomic spectragkample, that the electron undergoes a spin-

same-orbit inter action with the nucleus which deesdepend on the mass of the heavier
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particle, but rather on the square of the maskeetectron itself. Preliminary calculations with
the XBPS model demonstrate that such a protonreleatteraction can be enormously
attractive in the desired range of interparticlpasation. The opposite effect is found for the
proton-antineutrino spin-same-orbit interactiort, tne calculations demonstrate that the most
stable state of the@v system adjusts its charge distribution to obtasigaificant net binding
between the proton and theecomplex. In addition to this polarization effeahother dominant
factor responsible for proton binding is its atthee Darwin term interaction with the
antineutrino, which easily outweighs the effectlad corresponding proton-electron repulsive
contribution. By decreasing the g/malue ofv below that of the positron, it is found that the
total energy of the most stable state of the p system can be adjusted to become equal to that
known experimentally for the neutron, i28781.31 a.u. higher than that of its separated
component particles. This occurs for a gifralue of +0.63 a.u. for the antineutrino in the
3s,2p,2d basis mentioned above,alsout two-thirds that of the electron (Sect. VIIBvalue of
unity for this quantity gives a much lower energythe ge'v system, showing it to be bound
by 62528.34 a.u. relative to its separated comsttti(employing the same basis), a change of
91309 a.u. or 2.48 MeV, so it is clear that theseilts are quite sensitive to the numerical value
chosen for this charge-to-rest-mass ratio.

The last comparison offers a clear perception efntlechanism of proton binding in the
present model. Thevecomplex can be looked upon as a clone of the fyméo€e” massless
binary, especially when ggiior v is assumed to be the same as for the positrorauBemf the
nature of the coupling constants in the spin-sarbé-and Darwin terms in the XBPS
Hamiltonian, the proton can be strongly attracted ¥, especially if the charge-to-rest -mass
ratio of v is relatively large. Reducing the value of thisqtity below unity necessarily causes
the stability of the @ complex to be lessened, but at the same timeneases the magnitude of
the net proton binding energy to this system. Tmarsetry of the resulting’e v metastable
state is consistent with this interpretation. Thatgn finds itself predominantly in af.sorbital,
while the év species prefers thédharacter exhibited by botfie&andv v in their respective
lowest states, giving an overall 1&/mmetry to the resulting@v wave function. There is an
indication that the computed proton binding enesgyverestimated in the computational
treatment employed, since improvements in the ASkstiand to make it more difficult for the

proton to polarize the @ charge distribution. On this basis it can be etgubthat the g/gwvalue
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for the antineutrino needed to give the experinlematron binding energy in the exact XBPS
treatment is somewhat larger than found in the tastlations carried out in the present study.
Moreover, it seems likely that as the one-partiasis becomes more flexible that the
description of the tight-binding phanton statesvelf as that of the'® complex will allow more
effective use of the short-range Breit-Pauli ativ&cinteractions, thereby drawing the two
component fermions somewhat closer together immgumaved level of treatment. This
conclusion is consistent with the results of tHéedént €€ optimizations discussed first in
which the influence of translational energy is &iply taken into account.

The qualitative picture which emerges from thesgserations is thus that the proton
experiences a net attraction to the eomplex primarily because the antineutrino’s caia
rest-mass ratio is somewhat smaller in absoluteeviilan that of the electron. This condition
makes the & system significantly less stable thdie én its lowest state, but it also makes the
former binary more attractive to protons than hamton counterpart. This attraction is
insufficient to produce a boundgv system, however, i.¢o bind a single proton, and this
circumstance is assumed to be responsible forribevk instability of the neutron. According to
the present model, decay of the neutron occura gin-flip mechanism (Sect. VIII.B), whereby
the predominantly singlet nature of thee® complex is suddenly destroyed. Instead the spins
of the proton and electron begin to alternate, ioguhe antineutrino to be ejected, always with
the same spin as that of the original neutron. €bigse of events is consistent with the
measured spin relationships of the emitted pagtitiehe decay of polarized neutrons. The
presence of a slight triplet admixture in the eomplex is thus seen as a contributing factor to
the finite lifetime of the neutron, and to haveimportant influence on the nature of weak-
interaction decays in general. At the same timectmeputed strength of the electron’s attraction
to the proton and antineutrino helps to explain wWie/resulting tri-atomic system only has a
magnetic moment on the order of a nuclear Bohr magn(Sect. VII.C). An analoguous
situation can be found in the study of the Comgfieact, for which it is found that collisions of
photons with inner-shell electrons can only be saswwely described by taking the mass of the
scattered system to be that of the entire atonmhichwit is bound.

The above model for the structure of the neutrdarsfa basis for obtaining a quantitative
description of the nuclear binding process. A sdgaoton can be bound to th&vecomplex by

the same mechanism as the first, making the deutestable system ofgv composition. The
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lowest state is found to be a closed-shell sinbletyever, in disagreement with experiment. The
situation is corrected, however, by including-unction potential which only affects the protons
of the system (Sect. VII.E). It is completely siamito the corresponding spin-spin interaction in
the XBPS Hamiltonian, except that the glpuantities are set equal to unity rather thaméart
normal proton values. This term greatly favorsttipget state of the deuteron, making it the
ground state of the system)(T' his effect arises primarily from the fact that tteeresponding
interaction for the closed-shell §tate is quite repulsive, whereas the tripletuidsally a zero
expectation value because of the nearly perfeatadation of the Coulomb and exchange
integrals for such &function potential. The binding energy of tHepde v state in the best
treatment as yet carried out is somewhat larger tihe experimentally known value for the
deuteron, but there is at least evidence thatskerdial nature of the Hamiltonian which governs
the nuclear binding process is properly describethb above set of interactions.

It should be emphasized that this result is obthimgh the aid of the same two
parameters, the damping constant A and the gatue forv, which are deduced from the
previous computations in the XBPS model for the¢hphanton systems and tHe' @ neutron
structure. The essential feature of this developnsethe hypothesis th#tte electron and
antineutrino form a central potential itheir preferred Ostate which is capable of strongly
attracting a given number of protonEhe proton-proto-function spin-dependent potential is
closely related to the Breit-Pauli interactionspantioned above, but is clearly distinguished
from its electromagnetic counterpart by virtuelt# thagnitude of its coupling constant. An
equivalent antiproton-antiproton interaction musbde assumed, but a corresponding proton-
antiproton version does not appear to exist sine®uld destroy the otherwise perfect symmetry
which exists between théeand gp systems.

The above description of the deuteron binding ms@an then be extended at least
qualitatively to the structure of heavier nucldindich ®*He and the hypotheticali system have
been explicitly treated in this work (Sect. VII.H).key feature of this model is the identification
of a neutron as a proton which is relatively tighibund to an '@ unit inside the nucleus. There
is thus a clear relationship between this propasdithe main topic considered in the present
study, namely the questioning of 'the creation-aifation hypothesis, particularly in the form
first suggested by Fermi according to which thetete and antineutrino are assumed to not be

physically present inside the bound nucleus. Tipoe&ntial form of the damped Breit-Pauli
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interactions allows for two regions of similar pati@l for protons relative to the tightly bound
but meta-stable'@ system, which in turn allows for the existencea @air of (mutually
orthogonal) proton orbitals of similar energiesnele the conventional interpretation of nuclei as
combinations of protons and neutrons is consistéhtthe present model. The overall spin of
the nucleus is determined exclusively by the pratomstituents in this view, €. the ordinary
proton and that of the neutronitgv system. The latter conclusion rests primarily fos t

finding of a singlet structure for théwecomplex, which characteristic explains in a qgitaple
way why the electron and antineutrino do not appeaiffect the magnitude of the nuclear spin
despite the fact that they each possess s = Iifisthiees.

An important consequence of the above identificaisathat it gives a perfectly
straightforward explanation for the observed adhegef both types of nucleons to the
(generalized) Pauli principle (Sect. VII.H). Indlview no separate postulate is required to
explain the relevant experimental data, sincehall ts ever involved is the exchange of
indistinguishable protons. While such an intergreteis easily reconciled with the general
procedures employed in isospin theory, it doesiotil question the latter’'s underlying precept,
as introduced in 1932 by Heisenberg, namely tr@aptbton and neutron are simply two
different states of the same system which are cteriaed by the same spatial and spin wave
functions. Specifically, it holds open the possipithat the governing Hamiltonian is completely
independent of the hypothetical isospin coordinaléss position clearly does not diminish the
practical utility of this theory, as applied foreva half-century in several important fields of
physics, but it does raise questions as to whélieeisospin quantities should be regarded as true
constants of motion in the description of physiogtractions.

Once the above interpretation has been madepdassible to understand the Aufbau
principle for nuclei in a straightforward mannenté&mms of protons and neutrons, consistent with
the shell model of nuclear structure (Sect. VIl.Ghe increased binding energies of successive
protons is thereby associated with an overall emtibn of the nuclear system which occurs
because of the increase in the number of protactrele and proton-antineutrino attractive
interactions resulting therefrom. The well-knowruroe effect observed for nuclei appears to be
closely tied up with the fact that the electrond antineutrinos must avoid each other to a high
degree (in order to have a small Darwin term) oleotto maximize their Breit-Pauli attraction

for one another. In this view the proportional e&se in volume with atomic number is directly
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related to the corresponding increase in the nurbe® bosonic complexes needed to form the
required number of neutrons to bind the nucleogstteer.

In addition to the above explanation for the origirthe strong and weak interactions of
nuclear systems, the XBPS model allows for a rerpretation of virtual processes in quantum
electrodynamics and related theories (Sect. IXAEgordingly, when one speaks of virtual
photons affecting the properties of a given systame, can describe the interactions in terms of
the original atom or molecule combined with onenarre ée andvv phantons. In the lowest-
order representation only the massless photorvavad, but an excited configuration in which
the electron and positron are separated makestalegion to the overall wave function in
higher order. An analogy is made to Cl treatmehtdextronic structure, in which it is routine to
mix in configurations of relatively high energy, iwh one can refer to as virtual states, in order
to obtain a more accurate description of the playsgstem.

The ubiquitous presence of real photons in thearsg; as assumed in the XBPS model,
thus provides a straightforward explanation forfde that perfect agreement with experimental
data for an apparently isolated system cannot beraad without making some provision for
interactions external to it, i.girtual processes. In this view the results of quan
electrodynamics can be obtained, at least in griecby including real’® binaries explicitly in
the theoretical treatment, in which case variatiomethods would be applicable. Since the
internal structure of the photon has little to dthvthe electromagnetic interactions responsible
for such effects, it is reasonable to exclude siethils in the theoretical treatment employed.
Instead, low-order perturbation theory based onimatements between the E = 0 andEe’e
states which are derived on the basis of certanraptions about the nature of the photon field
can be employed with high accuracy, as prescribéld standard quantum-electrodynamics
approach.

The same type of argumentation applies to virtim$in nuclear interactions, even
though a first-order perturbation theory treatmsninrealistic in this instance. To make the
analogy more concrete, it is necessary to ascrdedinite elemental composition to the pions
(Sect. IX.A). Since it is known thaif decays into ftandv, and (I itself into €, v and v, the
particle balance hypothesis suggests that the etgigns have a tetra-atomic composition, i.e.
they consist of a single electron and three neadriithe (virtual) pion cloud in nuclear structure

theory can thus come about as the result of araictien of a proton with three phantons,
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namely one photon and two photrinos (Sect. IX.F).eXcited configuration in which the above
particles are redistributed to form a neutrofe(p) and a positive pion (@ vv) thus makes a
significant contribution to the overall wave furmstiof the system in a Cl expansion of which the
leading term is the proton-phantons complex.

The form of the exponential damping factor in tHBPS Hamiltonian offers a clear
mechanism by which such configuration mixing caouscsince it allows the proton to interact
strongly with the lighter particles through thersgame-orbit and Darwin terms, for which only
the large g/mvalues of the electron and antineutrino serveoapling constants. Because its
orbital is effectively un-damped in such interantipthe proton is relatively free to maximize
this effect through contraction of its charge dmttion, being hampered in this respect by only
the accompanying kinetic energy enhancement. Tésept calculations indicate that the binding
energy of the bare proton to a single species is on the order of 1.0 MeV or more. Os thi
basis it can be argued that the actual mass dfateeproton is larger by several electronic mass
units than that measured for the proton in its r@tenvironment. Further calculations indicate
that the binding energy of a second proton to sucle unit is significantly less than the first,
which helps to explain why nuclei form themselvesuad electron-antineutrino pairs instead of
such patrticle-antiparticle binary systems.

The finding that the bare proton is strongly botmt¢he ¢e (andvv but not gp)
phantons in the XBPS calculations suggests a sieygilanation for the existence of the “pion
cloud”, as indicated by elastic electron scattegrgeriments in the GeV range, which show a
definite extension of the proton’s charge distnitmit Consistent with this interpretation is the
fact that higher-energy inelastic scattering resocaacontinua of protons in the 2-4 GeV range
exhibit point-charge characteristics. Accordinghe de Broglie relation the interparticle
distances involved in the elastic scattering preeggorrespond to a range in which the proton
can interact strongly with neighboring photons phdtrinos, whereas those associated with the
inelastic scattering processes are too small tdym® similar bonding effects, with the result that
the properties of the bare (Dirac) proton are olestunder these conditions. Ultimately, it is
simply the large mass of the proton and its consetiyismall g/rg ratio which in this view is
responsible for its perception as other than atpdiarge particle in low-energy scattering

experiments.
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The proton-antiproton (annihilation) interactiomdaze understood on this basis as well
(Sect. IX.G). Just as in positronium decay, itdsuaned in the present model that (at least) two
(massless) photons take up the energy given affisnprocess. Because the magnitude of the
energy expended is so much greater in this cases\res, the €and & components of the
interacting photons are set free. One positroncardelectron form the basis for charged pion
formation combining with a photrino andyaand v respectively to formt™ andrt. Another
(€,€) pair can also combine with a photrino to givesatnal pion. In this interpretation the
proton and antiproton do not lose their existencie process, but instead form a massless
prophoton at rest in the original center-of-massrdmate system. The fact that the & form is
apparently always reached in the process is cemsigiith the observation noted above, namely
that only in this state can a system of zero regstravel with less than the speed of light.
Intuitively, such a result seems essential in otddrave the required transition from the initially
stationary p and p systems to occur with any finite probability. Trere argument also
explains why all the energy of a photon is giverirufhe photoelectric effect and other
absorption processes, even though the energy amentam conservation laws do not in
themselves require this result (see Sect. Ill.@th& same time, the greater activity of pions as
compared to muons in the prophoton formation predsslf is attributed to the unsaturated
structure of the latter, which can be thought ofi@avy electrons withv adjuncts. At scattering
energies below 100 MeV, this distinction betweeronsiand pions is no longer critical, which
explains why the muons are stable with respectao formation under such conditions, as is
observed in the study of cosmic rays.

In addition to providing a theory of elementarytpdes which is governed by a strict
elemental balance of protons, electrons, neut@malstheir antiparticles, the XBPS model also
gives insight into other processes which have &wtse interest of physicists over the past
several decades. The longitudinal polarizationleéteons and neutrinos in beta decay is noted to
follow a simple rule (Sect. VIII.C), whereby theelition of each of their momenta is invariably
found to be (predominantly) parallel to that ofritagnetic moment. In the case of neutrinos this
conclusion is based on the signs of their respecinarge-to-rest-mass ratios needed to obtain
the observed binding energies of the neutron anantiparticle. Heavier systems such as the
proton and muon do not follow the above rule, big behavior is easily understood on the basis

of the conservation of energy and linear momentawns! The latter would always have to be
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violated in such cases in order to allow conforneanih the above correlation found between
the respective directions of the magnetic momemtisraomenta of lighter particles.

With these observations in mind, it can be noted the concept of a neutron or muon as a
“molecule” composed of certain elements, rathen thsa single fundamental particle itself,
opens up a new possibility for explaining the olasdrpolarization effects in the decay of these
systems. Each of the constituent particles in suglcaying system can be expected to be
subject to its own distinct field (due to dampee@iBPauli interactions in the present model), and
this circumstance could lead to correlations betwtee momenta and spins of such species
similar to those observed. If the decay partichessamply created at the time of the
decomposition of a single particle, no comparablimption is warranted in the absence of
external fields, which is the basis of the argunaggdinst parity conservation in such
experiments. Thus the creation-and-annihilationottlygsis for material particles can be seen as a
key underlying assumption in the long-acceptedmegation of the longitudinal polarization
phenomenon accompanying these decay processes.

Once the creation-and-annihilation hypothesis &énge be unessential in explaining other
classes of observations in modern physics, howévemossibility arises that it also might not
be essential in this area either. This observatidarn suggestthat parity might well be
conserved in all physical processes after laktead the above correlation found between
momentum and magnetic moment directions is sebp tmnsistent with the expected effects of
the short-range interactions of the Breit-Pauli Hemmian, which would tend to force the spins
of each of the decay particles into alignment \ilida respective partial fields acting on them. If
the field gradients are always positive at the tioceof the particles immediately after the decay
process begins, the latter would not only rotatthab their magnetic moments (or their
equivalent in the case of the short-range neutriteractions) become parallel to their respective
fields, they would also be accelerated in thatdfiom as well (Stern-Gerlach effect). Such an
inertial effect for the incipient fields arising at the timEbeta decay would thus explain the
longitudinal polarization phenomenon without remgrthat the Hamiltonian employed not
commute with the parity operation. In additionzain be noted that most (if not all) experimental
attempts to provide evidence for parity violatiam®ther contexts are inconclusive because they
employ external perturbations which themselvesatacommute with this operation. Typical

examples are use of an electric field to inducgald moment in an atom or of a radiation field
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to demonstrate optical rotation. Since each ofdHiedds isungeradejt is impossible to know if
the effect observed stems from some inherent prppéthe free-space Hamiltonian or from the
effects of the applied perturbation itself.

Recognition of the above uncertainties in the parin-conservation argument suggests
(Sect. IX.B) that one should re-examine the thecasbarguments which led Yang and Lee to
propose the idea in the first place. Their solutmthet-© puzzle involves a clear assumption
about the parity of the pion, namely that it isatgge. One usually attempts to justify this choice
on the basis of experiments in which low-energyatieg pions are scattered from deuterons, but
it is well-known that nalefinitiveconclusion based on experiment alone can be reached
regarding the parity of any of the participants$his reaction. Instead, one ultimately uses the
fact that a choice of negative parity for the proould allow an assignment of positive parity to
both the proton and neutron, which at best is amye plausible by an argument based on
isospin theory. Nor can it be argued tbaly by assuming a negative pion parity can any of the
experiments be satisfactorily interpreted whichtameight to provide evidence for parity
violations in nature. In fact, the situation istguine opposite, namely if the parity of the pisn i
positive, there are no difficulties whatsoever imderstanding why a given system might decay
into both an even and odd number of them, as israbd for both charged and neutral kaons
(and other systems). With this background in minig, interesting to note that the calculations
of the XBPS model indicate that the parity of epn is positive, while it is that of the neutron
in the relevant o scattering experiments which is negative. Thidifig ultimately rests on the
fact that the phanton ground state is computecte B symmetry in the present model, and the
same result is obtained for the analogows@mplex which is thought to be a constituent ef th
neutron. Finally, it is important to note that drfy really is conserved in all natural processes,
as these considerations strongly suggest, thea thalso no reason to doubt that both the
charge-conjugation and the time-reversal operadoaperfectly conservative, since previous
claims to the contrary have been based on the sgraes of experimental evidence as discussed
above.

Another puzzling characteristic of the behavionetitrinos may also be connected with
the existence of massless phanton systems (SecD)/hamely the unexpectedly low cross
sections observed for the reactions of solar negrarriving at the earth’s surface. Under

laboratory conditions the reaction producing thetrieos is assumed to involve a masslegs
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system according to the present model. The antimeus used to form a neutron, while the
neutrino is released with high energy. Becausaeflf-10’ °K temperature in the sun's core, a
different distribution of photrino translationaasts is expected there than on the earth, in close
analogy to what one knows for the blackbody radratipectra of photons under the same two
sets of conditions. If a significant number of digatedv v species are present in equilibrium
with their bound counterparts in the solar envireninit seems at least conceivable that a rather
large fraction of the key fusion processes knowadour there would be induced by free
antineutrinos. In such reactions no neutrinos waal@mitted thereby destroying the simple
relationship which has been used in predictingotiiteome of the solar neutrino measurements
made at the earth's surface. The key unknown dyamtihis proposal is clearly the height of the
energy barrier for photrino dissociation, but tlkpexted higher reactivity of free antineutrinos
vis-a-visboundv v species could also be a significant factor in caulyithe fraction of neutrino-
producing fusion processes occurring on the swoagpared to what is observed at ordinary
temperatures. This example provides a clear ilitisin of how the phanton hypothesis differs
from the creation-annihilation concept. The presaatiel assumes a well-defined structure for
thevv system normally required to cause the fusion r@aswf interest to be balanced, but this
leaves open the possibility that such a compositegbe may behave differently under one set of
experimental conditions than another. By contitastemain consistent with the creation-
annihilation hypothesis, it must be assumed thaethvironment can have no effect of this
nature, because in this view the neutrino and aatimo are thought to be non-existent prior to

the reaction's occurrence.

The present study has also led to a reassessmesttaiin theoretical aspects connected with
guantum mechanical theory in general, one of whechbeen alluded to in the preceding
paragraph. To begin with, it is argued that theptiog between particles and antiparticles
implicit in the multi-component Dirac formalism psobably not essential (Sect. X.A). Instead, it
can be assumed from linear algebra that a unitangtormation exists which leads to a diagonal
form for the corresponding Hamiltonian representatvithout affecting the constant energy
matrix for a time-independent process. In the fiansed representation the desired results can
always be obtainetthrough the solution of ordinary (one-component)r8dinger equations.

The example of the free-particle Dirac equation deestrates that only one such diagonal term in
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the transformed Hamiltonian may actually be neddeabtain all physically meaningful
information regarding the original system of instrd=specially since the XBPS Hamiltonian has
a domain including all possible spin orientatiohthe system being treated, there is no reason in
principle that it should not be capable of a cortgtiescription of its states.

One can consider such a Hamiltonian as a repregentd all physical interactions from
the point of view of an observer who is at reghatorigin of the coordinate system employed.
This interpretation necessitates the introductiba separate spatial coordinate vector for each
particle under consideratidiut only asingle time variableSuch a Hamiltonian depends only on
the coordinates and conjugate momenta in the obsennertial system and otherwise contains
only relativistic scalars such as the charges astimasses of the particles being considered,
while the energy operator E is that originally aduced by Schrddinger. Solution of the
corresponding differential equation does not léad single result, however, but rather an
infinite number of eigenvalues and eigenfunctioapresenting all possible degrees of
translational motion as well as the complete séttefnal states of a given system. Observers in
inertial systems moving relative to one anothempdynassociate a different energy and charge
distribution with the same physical event.

In this view, classical relativistic relationshiggch as time and mass dilation and Lorentz-
Fitzgerald contraction must be used to preditich energy and wavefunction each observer will
decide agrees best with his own perception of éineesexperimenthis leaves open the
possibility that the principle of relativity can bempletely satisfied (see Sect. X.C) in such a
theoretical formulation by employirtge same form for the (H-E) operator in each irarti
system, without requiring that it be Lorentz-inwant itself.By employing the relativistic free-
particle kinetic energy operator for each partiolehe XBPS Hamiltonian, one guarantees
Lorentz invariance in the limit of large interpalé separations, while the use of the Breit-Pauli
interactions at least potentially accounts forltbeentz invariance of classical electromagnetic
interactions as well. Whether any Hamiltonian carfdund which contains suitably damped
short-range interactions of the type required tmioba consistent representation of the strong
and weak interactions while still having H-E remiinariant under an arbitrary Lorentz
transformation is exceedingly doubtful, howevenmnarily because of the fact that only the first
derivative of the time coordinate appears in thergynoperator itself.
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The above argument indicates, however, that thésigistance may not preclude a
satisfactory representation of high-energy phene@nasnong as the principle of relativity is
fulfilled in the proposed manner. Ultimately, orengustify this view with the aid of the Bohr
correspondence principle. In other words, the quannhechanical Hamiltonian only needs to
satisfy the Lorentz invariance condition in thessiaal limit in which Planck’s constant
effectively vanishes. Neither the strong nor thekvmteraction can be properly formulated
within the framework of classical physics, howeaerd thus the inability to describe them in a
covariant form in no way contradicts the observatimat all phenomena in the classical limit are
uniquely represented through the application aiasle Lorentz transformations. Once one
leaves the classical domain, however, it is ondacthathe principleof relativity itselfmust
remain in force, but as the above argument shdwesgaantum mechanical formulation in terms
of the Schrodinger or related differential equagiatiows this condition to be satisfied without

requiring Lorentz invariance of the associated HpErator.

The fact that the XBPS Hamiltonian cannot be sepdranto two parts which depend
exclusively on internal and center-of-mass coondi®a respectively, means that its
eigenfunctions cannot be factorized in the usual. iastead, a coupling of the two types of
motion is effected through the mixing of free-pa#i eigenfunctions of the same |k| but
different angular momentum quantum number 1. Hekde retained as a good quantum
number, as must be the case in view of the commatat the corresponding operator with the
total Hamiltonian, but the internal portion of eaghvefunction may change with the degree of
translational motion. In this way the two eigenftioies selected by observers in two different
inertial systems moving relative to one another camespond to different translational states
of the same internal statgithout having identical propertiessomething which is clearly
required by the time dilation and Lorentz contmctiphenomena of the theory of special
relativity (Sect. X.B). The Breit-Pauli interacti®rare partially responsible for the coupling of
the internal and center-of-mass motion and thengxdé such effects is seen to increase in a
straightforwvard manner with the magnitude of thansgtational energy. The covariant
formulation of the Dirac equation implies that gpaetion of the center-of-mass motion is
always possible, but this has the consequenceirtexnal properties such as the electron-
proton separation in hydrogenic systems are incigrgrof the magnitude of their translational
energy, which is inconsistent with the Lorentz caction phenomenon. Ultimately, it can be
argued that the insistence on such a covariant forrthe Dirac theory not only is responsible
for the high accuracy of its predictions in thddief atomic and molecular physics, but also for
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its well-known inability to account for higher-eggrinteractions such as occur in the study of
nuclei and elementary particles.

By assuming that photons and other phantons arsepirein large quantities
everywhere in the universe, it is possible to retiar the early view of fields in physical
theory as arising exclusively from the interactiasfsparticles. A picture of physical
reality emerges which is similar to that espousgdNbwton three centuries ago, as well
as to the atomic theory of Democritus of much eauirigin. The conclusion that particle
dynamics could not explain such properties of lightrefraction at an interface of two
media of different density can be shown to havéetesn an improperly non-relativistic
description of the motion of photons (Sect. X.Finfoying the de Broglie and Bohr
frequency relations leads to a different conclusilmowever, namely that the wavelength
of light must decrease upon entering the mediurhigiier density while the frequency
remains the same. Consequently, it must be expdictedhe velocity of light decreases
upon entering the denser medium, as actually obdergven though its momentum
increases at the same time.

The conclusion that photons have an intrinsic aagmomentum is also shown to depend
on the assumption that they are created at the timemission accompanying atomic
transitions. The present calculations indicate thatlowest massless state of the photon is a
singlet and that the experimental finding of a zem spin for energetic photons simply
verifies the fact that in electric-dipole transitgoone unit of angular momentum is transferred
from the atomic system to the photon with whicimiéracts.

More generally, it is pointed out that tiveavelike properties of photons and other
material objects can only be observed whestraam of such particleis allowed to interact
with the measuring device, even though no more timensuch particle may be in the apparatus
at any one time. In this view there is simply arweetion between the temporal and spatial
distributions of a collection of particles of thense type having the same translational energy
and momentum, as given by the de Broglie and Badguiency relations. It is this systematic
character of the motion of particles under the saamalitions which produces the experimental
results generally interpreted as being consisteith wvavelike behavior. The Born
interpretation of the absolute square of the wawection as a probability distribution is
compatible with such a view, especially when thfeat$ of the system’s translation are taken
explicitly into account. The main question whichsheaised doubts about such a purely
statistical interpretation has revolved aroundftheing that probability itself is not additive in
the theory, but rather only the wave functions Where used to compute the pertinent
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distribution function. In the Young interferencepeximent with coherent radiation, it has been
consistently argued that photons at the source haveeans of “knowing” whether one or both
slits of the apparatus are open. The key observagidhat the intensity distribution observed
for the case when both slits are open is not singlitained by adding the corresponding
distribution which results when one of the slitojgen and the other closed to that resulting for
the complementary arrangement. It has often beguredrthat this result is only understandable
if a given particle can pass through both openingsthe way to the screen, itbat it possess
delocalized character generally only associated wavelike substances.

By rejecting the assumption that space can bedfewaterial particles and replacing it
instead with the concept of ubiquitous photons wwvhere in the universe, a mechanism
presents itself, however, which does allow parnticdethe source of the Young apparatus to be
aware of the condition at the slits allowing passéag the screen beyond (Sect. X.G). As a
consequence, the need to redefine the original mgaf particle and wave in order to explain
the Young interference phenomenon is eliminatedusTaven the paradox of wave-particle
duality is seen to be intimately tied up with thgabthesis that material elements can be created
and destroyed in physical transformations. By tejgcthis position and holding instead that
indestructible elements do exist in nature, itogrd that there really is no proof that massless
particles cannot exist in sufficient density thrbagt the universe and thus produce the results
of the Young interference experiment which are oles

Finally, a mechanism is suggested whereby the itiefinof the quantum mechanical
wave function can be extended to enable it to aontere information about a given system
than could be deduced on the basis of expectaatres of dynamical variables. The possible
relevance of this subject to the understandindnefinstein-Podolsky-Rosen paradox has been
discussed (Sect. X.H), particularly from the pahwiew of whether the results of experiments
involving individual particles might not in fact bgenerally predictable. In cases where no
physical means exists to distinguish one partiotenfanother, however, it is clear that even
such additional theoretical information would nat bufficient to allow an assignment of
different outcomes of experiments to specific mermloé the ensemble.

In summary, the present model asserts that a ¢ensitheory of elementary particle
interactions can be built upon the premise thatraltter ultimately is composed of electrons,
protons, neutrinos and their antiparticles. Sucimadel is characterized by very simple
conservation laws, the most basic of which requihes the same elements are present before,
during and after every physical process. Each efaihove elements is assumed to be perfectly
stable and to possess a point charge distribufibare is no unambiguous experimental finding
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which stands in contradiction to this view. A modesed on the existence of only point
particles as the constituents of all matter isutienate concretization of the theory of the Greek
philosopher Democritus which holds that the onlygatal realities are “Atoms and Voids”, and

most importantly in the present context, that therier are absolutely indestructible. A point

particle has no volume and thus can never be divid® still more elemental parts. To the

elemental balance principle is added the energgali and angular momentum conservation
laws. Parity is assumed to commute with the comedmg Hamiltonian, similarly as the

charge conjugation and time reversal operations.

On this basis, it is suggested that there may bgeed to assume that particles exist which
are not composed of the above elements. The pressigl also does not make use of a number
of theoretical quantities invented in the quantw®,auch as isospin, hypercharge and the muon
guantum number. Such a development in no way piteslihe utility and relevance of these
properties. Rather, it questions whether they esgentialto the goal of understanding all
processes involving elementary particles. In alsimiein, while the quark model in its various
forms has been quite successful in predicting thistence of hitherto unknown elementary
particles, as well as elucidating the symmetryti@ships which exist among such systems as a
whole, it can still be argued that such explanatioray not bainique.Furthermore, there is a
fundamental relationship connected with treatingiglas as basis functions for an irreducible
representation of a group which does seem to bkinljcon the basis of experimental
observations. The classical applications of grdugoty in quantum mechanics, such as the
description of angular momentum, allow for equindlareducible representations for which
different basis sets are employed (for example| aeal complex i eigenfunctions). One
knows, for example, that the choice of such angufmmentum basis functions can be
systematically varied by changing the directioranfapplied magnetic field for atomic Zeeman
effect experiments. To demonstrate the analogdasaeship in elementary particle physics, it
is necessary to find differedinear combinationsof degenerate particles, as it were, for a
particular irreducible representation. When theiaal basis functions are of opposite charge,
as is the case for pions and kaons, for examplewbuld mean isolating a particle with non-
integral electric charge, something which has ndesn accomplished in any experiment to
date. While it is easy for a theoretician to camstrarguments which rationalize the failure to
discover such hybrid charged patrticles in natureJso can be argued that the real reason for
this development is that the true elements whictureahas provided us are completely
immutable, regardless of any external force whigghinbe applied to them.

In the absence of the positive identification oftjgtes with fractional electric charges,
one can at least ask the question as to whethleeayt which only requires the existence of
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known stable particles as the sole building blooksature may not ultimately be sufficient to
explain all measureable phenomena. The present Intbds envisions the universe as
consisting exclusively of point particles joinedyéther by forces which, with the exception of
gravity, are not greatly different than those eiwvied in the Dirac equation. In particular, the
same Hamiltonian is used to represent the elecyogta and weak interactions, and additional
proton-proton interactions have been investigatedgested to a large extent by the success of
the nuclear shell model, which give promise of modttely incorporating a quantitative
description of the strong interaction in the présandel as well. The fact that the creation and
annihilation of material particles can never berabguously verified by purely experimental
means should serve as a strong impulse towarduttieef development of such an alternative
theoretical model, one that avoids making the atemssumption and instead requires a strict
elemental balance in all naturally occurring preess

By assuming that photons and other phantons arsepirein large quantities
everywhere in the universe, it is possible to metiar the early view of fields in physical
theory as arising exclusively from the interactiasfsparticles. A picture of physical
reality emerges which is similar to that espousgdNbwton three centuries ago, as well
as to the atomic theory of Democritus of much eauirigin. The conclusion that particle
dynamics could not explain such properties of lightrefraction at an interface of two
media of different density can be shown to havéetesn an improperly non-relativistic
description of the motion of photons (Sect. X.Finfoying the de Broglie and Bohr
frequency relations leads to a different conclusimowever, namely that the wavelength
of light must decrease upon entering the mediurhigiier density while the frequency
remains the same. Consequently, it must be expéaettdhe velocity of light decreases
upon entering the denser medium, as actually obdergven though its momentum
increases at the same time.

The conclusion that photons have an intrinsic aagmomentum is also shown to depend
on the assumption that they are created at the timhemission accompanying atomic
transitions. The present calculations indicate thatlowest massless state of the photon is a
singlet and that the experimental finding of a zeme spin for energetic photons simply
verifies the fact that in electric-dipole transitgoone unit of angular momentum is transferred
from the atomic system to the photon with whicimiéracts.

More generally, it is pointed out that tiveavelike properties of photons and other
material objects can only be observed whestraam of such particles allowed to interact
with the measuring device, even though no more timensuch particle may be in the apparatus
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at any one time. In this view there is simply areetion between the temporal and spatial
distributions of a collection of particles of thense type having the same translational energy
and momentum, as given by the de Broglie and Bdguency relations. It is this systematic
character of the motion of particles under the saamalitions which produces the experimental
results generally interpreted as being consisteith wvavelike behavior. The Born
interpretation of the absolute square of the wawection as a probability distribution is
compatible with such a view, especially when thfeat$ of the system’s translation are taken
explicitly into account. The main question whichsheaised doubts about such a purely
statistical interpretation has revolved aroundftheéing that probability itself is not additive in
the theory, but rather only the wave functions Where used to compute the pertinent
distribution function. In the Young interferencepeximent with coherent radiation, it has been
consistently argued that photons at the source haveeans of “knowing” whether one or both
slits of the apparatus are open. The key observagidthat the intensity distribution observed
for the case when both slits are open is not singlitained by adding the corresponding
distribution which results when one of the slitogen and the other closed to that resulting for
the complementary arrangement. It has often beguredrthat this result is only understandable
if a given particle can pass through both openingsthe way to the screen, itbat it possess
delocalized character generally only associated wavelike substances.

By rejecting the assumption that space can bedfewaterial particles and replacing it
instead with the concept of ubiquitous photons wwvhere in the universe, a mechanism
presents itself, however, which does allow particdethe source of the Young apparatus to be
aware of the condition at the slits allowing passég the screen beyond (Sect. X.G). As a
consequence, the need to redefine the original mgsuf particle and wave in order to explain
the Young interference phenomenon is eliminatedusTaven the paradox of wave-particle
duality is seen to be intimately tied up with thgabthesis that material elements can be created
and destroyed in physical transformations. By tejgcthis position and holding instead that
indestructible elements do exist in nature, itogrd that there really is no proof that massless
particles cannot exist in sufficient density thrbagt the universe and thus produce the results
of the Young interference experiment which are oles

Finally, a mechanism is suggested whereby the itiefinof the quantum mechanical
wave function can be extended to enable it to aontere information about a given system
than could be deduced on the basis of expectaatues of dynamical variables. The possible
relevance of this subject to the understandindnefEinstein-Podolsky-Rosen paradox has been
discussed (Sect. X.H), particularly from the pahview of whether the results of experiments
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involving individual particles might not in fact bgenerally predictable. In cases where no
physical means exists to distinguish one partiotenfanother, however, it is clear that even
such additional theoretical information would nat bufficient to allow an assignment of
different outcomes of experiments to specific memmloé the ensemble.

In summary, the present model asserts that a ¢ensitheory of elementary particle
interactions can be built upon the premise thatraltter ultimately is composed of electrons,
protons, neutrinos and their antiparticles. Sucimadel is characterized by very simple
conservation laws, the most basic of which requihas the same elements are present before,
during and after every physical process. Each efaihove elements is assumed to be perfectly
stable and to possess a point charge distribufibere is no unambiguous experimental finding
which stands in contradiction to this view. A modesed on the existence of only point
particles as the constituents of all matter isutienate concretization of the theory of the Greek
philosopher Democritus which holds that the onlygtal realities are “Atoms and Voids”, and
most importantly in the present context, that therier are absolutely indestructible. A point
particle has no volume and thus can never be divid® still more elemental parts. To the
elemental balance principle is added the energgali and angular momentum conservation
laws. Parity is assumed to commute with the comedimg Hamiltonian, similarly as the
charge conjugation and time reversal operations.

On this basis, it is suggested that there may bgeed to assume that particles exist which
are not composed of the above elements. The pressigl also does not make use of a number
of theoretical quantities invented in the quantw®,auch as isospin, hypercharge and the muon
guantum number. Such a development in no way ptesluhe utility and relevance of these
properties. Rather, it questions whether they esgentialto the goal of understanding all
processes involving elementary particles. In alsimiein, while the quark model in its various
forms has been quite successful in predicting thistence of hitherto unknown elementary
particles, as well as elucidating the symmetryti@teships which exist among such systems as a
whole, it can still be argued that such explanatioray not bainique.Furthermore, there is a
fundamental relationship connected with treatingiglas as basis functions for an irreducible
representation of a group which does seem to bkinijcon the basis of experimental
observations. The classical applications of growgoty in quantum mechanics, such as the
description of angular momentum, allow for equindlareducible representations for which
different basis sets are employed (for example| aeal complex i eigenfunctions). One
knows, for example, that the choice of such angufmmmentum basis functions can be
systematically varied by changing the directioranfapplied magnetic field for atomic Zeeman
effect experiments. To demonstrate the analogdasaeship in elementary particle physics, it
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is necessary to find differedinear combinationsof degenerate particles, as it were, for a
particular irreducible representation. When thejiaal basis functions are of opposite charge,
as is the case for pions and kaons, for exampkewbuld mean isolating a particle with non-
integral electric charge, something which has ndesn accomplished in any experiment to
date. While it is easy for a theoretician to camstrarguments which rationalize the failure to
discover such hybrid charged patrticles in natur@/so can be argued that the real reason for
this development is that the true elements whictureahas provided us are completely
immutable, regardless of any external force whigghinbe applied to them.

In the absence of the positive identification oftigées with fractional electric charges,
one can at least ask the question as to whethieeayt which only requires the existence of
known stable particles as the sole building blooksature may not ultimately be sufficient to
explain all measureable phenomena. The present Intbds envisions the universe as
consisting exclusively of point particles joinedyéther by forces which, with the exception of
gravity, are not greatly different than those eiovied in the Dirac equation. In particular, the
same Hamiltonian is used to represent the elecgosta and weak interactions, and additional
proton-proton interactions have been investigatedgested to a large extent by the success of
the nuclear shell model, which give promise of moidttely incorporating a quantitative
description of the strong interaction in the présandel as well. The fact that the creation and
annihilation of material particles can never berabguously verified by purely experimental
means should serve as a strong impulse towarduttigef development of such an alternative
theoretical model, one that avoids making the alemssimption and instead requires a strict
elemental balance in all naturally occurring preess

By assuming that photons and other phantons arsepirein large quantities
everywhere in the universe, it is possible to metiar the early view of fields in physical
theory as arising exclusively from the interactiasfsparticles. A picture of physical
reality emerges which is similar to that espousgdNbwton three centuries ago, as well
as to the atomic theory of Democritus of much eanirigin. The conclusion that particle
dynamics could not explain such properties of lightrefraction at an interface of two
media of different density can be shown to havéetesn an improperly non-relativistic
description of the motion of photons (Sect. X.Fin@oying the de Broglie and Bohr
frequency relations leads to a different conclusimowever, namely that the wavelength
of light must decrease upon entering the mediurhigiier density while the frequency
remains the same. Consequently, it must be expéleggdhe velocity of light decreases
upon entering the denser medium, as actually obdergven though its momentum
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increases at the same time.

The conclusion that photons have an intrinsic argmomentum is also shown to depend
on the assumption that they are created at the timhemission accompanying atomic
transitions. The present calculations indicate thatlowest massless state of the photon is a
singlet and that the experimental finding of a zeme spin for energetic photons simply
verifies the fact that in electric-dipole transitgoone unit of angular momentum is transferred
from the atomic system to the photon with whicimiéeracts.

More generally, it is pointed out that tleavelike properties of photons and other
material objects can only be observed whestraam of such particles allowed to interact
with the measuring device, even though no more tmensuch particle may be in the apparatus
at any one time. In this view there is simply areetion between the temporal and spatial
distributions of a collection of particles of thanse type having the same translational energy
and momentum, as given by the de Broglie and Badguiency relations. It is this systematic
character of the motion of particles under the saamalitions which produces the experimental
results generally interpreted as being consisteith wvavelike behavior. The Born
interpretation of the absolute square of the wawection as a probability distribution is
compatible with such a view, especially when tHea$ of the system’s translation are taken
explicitly into account. The main question whichsheaised doubts about such a purely
statistical interpretation has revolved aroundftheing that probability itself is not additive in
the theory, but rather only the wave functions Where used to compute the pertinent
distribution function. In the Young interferencepeximent with coherent radiation, it has been
consistently argued that photons at the source haveeans of “knowing” whether one or both
slits of the apparatus are open. The key observagidhat the intensity distribution observed
for the case when both slits are open is not singiitained by adding the corresponding
distribution which results when one of the slitojgen and the other closed to that resulting for
the complementary arrangement. It has often beguredrthat this result is only understandable
if a given particle can pass through both openingsthe way to the screen, itbat it possess
delocalized character generally only associated wavelike substances.

By rejecting the assumption that space can bedfewaterial particles and replacing it
instead with the concept of ubiquitous photons wwvhere in the universe, a mechanism
presents itself, however, which does allow parsicdethe source of the Young apparatus to be
aware of the condition at the slits allowing passéag the screen beyond (Sect. X.G). As a
consequence, the need to redefine the original mgaf particle and wave in order to explain
the Young interference phenomenon is eliminatedusTaven the paradox of wave-particle
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duality is seen to be intimately tied up with thgabthesis that material elements can be created
and destroyed in physical transformations. By tejgcthis position and holding instead that
indestructible elements do exist in nature, itosrd that there really is no proof that massless
particles cannot exist in sufficient density thrbagt the universe and thus produce the results
of the Young interference experiment which are olesé

Finally, a mechanism is suggested whereby the itiefinof the quantum mechanical
wave function can be extended to enable it to aontere information about a given system
than could be deduced on the basis of expectaatues of dynamical variables. The possible
relevance of this subject to the understandindnefEinstein-Podolsky-Rosen paradox has been
discussed (Sect. X.H), particularly from the pahview of whether the results of experiments
involving individual particles might not in fact bgenerally predictable. In cases where no
physical means exists to distinguish one partiotenfanother, however, it is clear that even
such additional theoretical information would nat bufficient to allow an assignment of
different outcomes of experiments to specific mermloé the ensemble.

In summary, the present model asserts that a ¢ensitheory of elementary particle
interactions can be built upon the premise thatraltter ultimately is composed of electrons,
protons, neutrinos and their antiparticles. Sucimadel is characterized by very simple
conservation laws, the most basic of which requihes the same elements are present before,
during and after every physical process. Each efatove elements is assumed to be perfectly
stable and to possess a point charge distribuTibere is no unambiguous experimental finding
which stands in contradiction to this view. A modesed on the existence of only point
particles as the constituents of all matter isutienate concretization of the theory of the Greek
philosopher Democritus which holds that the onlygtal realities are “Atoms and Voids”, and
most importantly in the present context, that therier are absolutely indestructible. A point
particle has no volume and thus can never be divid® still more elemental parts. To the
elemental balance principle is added the energgali and angular momentum conservation
laws. Parity is assumed to commute with the comedmg Hamiltonian, similarly as the
charge conjugation and time reversal operations.

On this basis, it is suggested that there may beeed to assume that particles exist which
are not composed of the above elements. The pressigl also does not make use of a number
of theoretical quantities invented in the quantw®,auch as isospin, hypercharge and the muon
guantum number. Such a development in no way pesluhe utility and relevance of these
properties. Rather, it questions whether they esgentialto the goal of understanding all
processes involving elementary particles. In alsimiein, while the quark model in its various
forms has been quite successful in predicting thistence of hitherto unknown elementary
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particles, as well as elucidating the symmetryti@ships which exist among such systems as a
whole, it can still be argued that such explanatioray not bainique.Furthermore, there is a
fundamental relationship connected with treatingigas as basis functions for an irreducible
representation of a group which does seem to bkinijcon the basis of experimental
observations. The classical applications of growgoty in quantum mechanics, such as the
description of angular momentum, allow for equinalareducible representations for which
different basis sets are employed (for example| aeal complex i eigenfunctions). One
knows, for example, that the choice of such angufemrmentum basis functions can be
systematically varied by changing the directioranfapplied magnetic field for atomic Zeeman
effect experiments. To demonstrate the analogdasaeship in elementary particle physics, it
is necessary to find differedinear combinationsof degenerate particles, as it were, for a
particular irreducible representation. When theiaal basis functions are of opposite charge,
as is the case for pions and kaons, for examplkewbuld mean isolating a particle with non-
integral electric charge, something which has ndaesn accomplished in any experiment to
date. While it is easy for a theoretician to camstrarguments which rationalize the failure to
discover such hybrid charged patrticles in natur@/so can be argued that the real reason for
this development is that the true elements whictureahas provided us are completely
immutable, regardless of any external force whicghtnbe applied to them.

In the absence of the positive identification oftgées with fractional electric charges,
one can at least ask the question as to whethieeayt which only requires the existence of
known stable particles as the sole building blooksature may not ultimately be sufficient to
explain all measureable phenomena. The present Intbds envisions the universe as
consisting exclusively of point particles joinedjédher by forces which, with the exception of
gravity, are not greatly different than those eiwvied in the Dirac equation. In particular, the
same Hamiltonian is used to represent the elecgosta and weak interactions, and additional
proton-proton interactions have been investigatedgested to a large extent by the success of
the nuclear shell model, which give promise of maidttely incorporating a quantitative
description of the strong interaction in the presandel as well. The fact that the creation and
annihilation of material particles can never berbiuously verified by purely experimental
means should serve as a strong impulse towarduttigef development of such an alternative
theoretical model, one that avoids making the alemssimption and instead requires a strict
elemental balance in all naturally occurring preess
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