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Abstract. To correctly interpret nuclear measurements, we strictly adhere to the foun-
dational laws of Physics. We avoid paradoxical postulates, fantasy forces, fantasy parti-
cles, or curve-�tting parametrization. We show that an electron's and a proton's internal
structures can be described through analogous approaches, the main di�erence being the
topology of their Zitterbewegung. Our methodology enables the calculation of proton's
radius and gyromagnetic ratio. The match between the calculated and experimentally
measured proton parameters is remarkable, and cannot be coincidence. These results
lead to the conclusion that the proton is an elementary particle. The electron and pro-
ton di�er only in their mass and Zitterbewegung topology.

We compare our proton model against experiments designed to explore the pro-
ton's internal structure, such as deep inelastic electron-proton scattering experiments.
We show that their raw experimental data is compatible with proton's Zitterbewegung
structure, but contradicts the quark model assumptions. Speci�cally, quark proponents'
presentation of contradicting experimental data as an experimental proof involves incom-
patible data mixing and untenable assumptions: we explain these mistakes, which evaded
scienti�c scrutiny up to now. Historically, measurements of the extended proton struc-
ture drove speculation about its sub-particles; 20th century particle physicists were forced
to model elementary charges as in�nitesimally small point-particles. By recognizing the
proton's realistic Zitterbewegung structure, we can �nally establish the compatibility
between its elementary particle status and its measured physical dimensions.

To understand the precise meaning of proton-neutron di�erence, we survey relevant
experiments. We also develop novel measurement methods; our experiments �ll in a few
missing gaps in the observation of nuclear phenomena. Numerous experiments converge
to the same result: the neutron comprises two waves, carrying a positive and a negative
elementary charge. A neutron can be split into a proton and a short-lived �nuclear
electron�, whose free-particle mass is 1.554 MeV. Conversely, a proton and a nuclear
electron may combine into a neutron, with 0.26 MeV binding energy emission via gamma
radiation.

At the end of this short journey, the reader is rewarded by understanding what
comprises the matter we touch. As nuclear energy represents the highest known energy
density, the rational development of nuclear technologies is critical for future progress.
The correct knowledge of nuclear structures and interactions eventually becomes in-
dispensable for nuclear technology development: the last three chapters introduce new
technology perspectives, with experimental validation.
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Foreword

The development of quantum mechanics began with the discovery of the electron by
J.J. Thompson in 1897 and culminated with the 1933 award of the Nobel Prize for physics
to Erwin Schrödinger and Paul Dirac, essentially for developing the Dirac equation, a
relativistic generalization of Schrödinger's equation for the electron. That provided a
secure foundation for working out the rich experimental and theoretical implications of
electron theory which continues to this day.

Birth of the Dirac equation is one of the most spectacular stories in scienti�c history.
To mention some highlights: First, upon generalizing Schrödinger's equation with special
relativity, the electron spin seemed to appear gratuitously without any additional assump-
tion. That led many to conclude that �spin is a relativistic phenomenon.� Instead, we now
know from reformulation with geometric algebra that the i in Schrödinger's Hamiltonian
should be recognized as a space-like bivector, representing constant spin. Hence geome-
try, not relativity is the origin of spin. Second, the Dirac wave function had double the
degrees of freedom needed to describe a spinning electron, with a charge of opposite sign
for each component. At �rst that seemed ideal for a single wave function describing both
electron and proton, the only known charged particles at the time. But that hope was
soon dashed by proof that both components must have the same mass. Then, like a bolt
from the gods, Carl Anderson discovered the positron in 1932. That promoted the Dirac
equation to the status of a complete theory of the electron, just in time to be recognized
for the Nobel prize in 1933.

Since its inception in 1933, the original version of the Dirac equation has survived,
unscathed, in every e�ort to modify it in any signi�cant way. However, as harbinger of
new physics to come, Dirac mentioned in his Nobel address the existence of puzzling high
frequency solutions to the equation of motion, called �zitterbewegung� by Schrödinger.

Ironically, zitterbewegung had little impact on the development of quantum mechanics
in subsequent decades. Some authors even claimed it can be eliminated completely by a
change of variables. However, there was little consensus on the choice of variables and
their physical signi�cance. To address that issue, a systematic study of local observables
using geometric algebra in Dirac theory was initiated, and an interim report was given in:

D. Hestenes, �The Zitterbewegung Interpretation of Quantum Mechanics�, Foundations
of Physics 20, 1213-1232 (1990)1

The essential features of the zitterbewegung interpretation are that the electron is
modeled as a classical point particle with mass m and charge e, moving on a circular orbit
at the speed of light c, around a center of mass x(t). Electron energy is speci�ed by the
Einstein-Planck relation mc2 = ℏω, with equal kinetic and magnetic energy components
speci�ed by scalar and vector potentials in Maxwell's equation. These features have
already been incorporated in models of the electron using the Dirac equation.

This small book follows that lead with a new proposal to model the proton with
variables constrained in strict analogy to structure of the Dirac electron. The electron's
circular orbit had already been generalized to a toroidal one, and that seemed to use up

1Unfortunately, the published version is marred by numerous typos.
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FOREWORD 5

all the degrees of freedom in a Dirac wave function. But this book notes that the torus
can be partitioned into orthogonal toroidal and poloidal directions which adds one more
degree of freedom. That seems to be the limit for modeling protons and electrons with
Maxwell-Dirac electrodynamics.

With the preceding brief sketch of theoretical underpinnings, the balance of this book
is devoted to experimental research and data analysis to probe the zitterbewegung struc-
ture in the proton and the neutron, in particular to evaluate evidence for a 1.5 MeV lepton
in neutron beta decay.

David Hestenes

Emeritus Professor of Physics, Arizona State University



CHAPTER 1

Particle mass as electromagnetic �eld energy

Andras Kovacs[1]

[1] ExaFuse. E-mail: andras.kovacs@broadbit.com

1.1. Introduction

�According to our present conceptions the elementary particles of matter
are, in their essence, nothing else than condensations of the electromagnetic
�eld� Einstein in 1920

�You know, it would be su�cient to understand the electron� also Ein-
stein

Understanding the electron is the basis for developing an understanding of other particles'
inner structures. The above quotations show that the idea of equating particle mass with
electromagnetic �eld energy was formulated already 100 years ago. However, the details
of how to account for the electron's mass, spin, and scattering cross section remained
ambiguous until recently.

Our work builds on the electron model described in the freely available reference
[1]. While adhering to the foundational laws of physics, such as Maxwell's equation and
Einstein's general relativity, this work gives tangible answers to fundamental questions,
such as: what is the electron made of?, what generates the electron's spin?, what is the
meaning of the experimentally measured Compton radius?, and what is the meaning of the
experimentally measured classical electron radius? Moreover, it establishes a foundation
for deducing the laws of quantum mechanics without making postulates.

Figure 1.1.1. An illustration of the electron's particle aspect. The elec-
tron's charge moves at the speed of light within a torus whose major radius
is the reduced Compton radius, and whose minor radius is classical electron
radius. This circular Zitterbewegung motion generates the electron's spin.

Adapting the gaugeless electrodynamics approach from reference [1], we summarize in
this chapter all the relevant electron and positron related formulas. Studying the reference
[1] is thus optional for those readers who wish to understand gaugeless electrodynamics
in more detail.

The electron's Zitterbewegung current circulates in a toroidally shaped volume, as
illustrated in �gure 1.1.1. The electron charge is carried by a longitudinal electromagnetic
wave, that moves at the speed of light within a torus whose 386.16 fm major radius is
the reduced Compton radius, and whose 2.82 fm minor radius is classical electron radius.
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1.2. GAUGELESS ELECTRODYNAMICS 7

Neither radius value is constant however; they are inversely proportional to the electron
energy. In this sense one cannot use high-energy scattering to measure �how large� the
electron is, because with growing kinetic energy the outcome will show ever shrinking
electron size.

The circular Zitterbewegung current within the torus of �gure 1.1.1 generates the
electron's spin.

The poloidal radius of this electron geometry directly shows up in electron-light in-
teraction. At low frequency, electrons scatter light via the Thomson scattering process
wherein the scattering cross section is similar to the 2.82 fm classical electron radius. At
high frequency, electrons scatter light via the Compton scattering process wherein the
scattering cross section is set by the 2.82 fm classical electron radius of the Klein-Nishina
formula. The toroidal Compton radius calculation is described in the following section.

There are two equivalent ways of calculating the electron mass. The trivial approach
is to integrate the energy density of electric and magnetic �elds over all of space. The
second approach is to integrate the electromagnetic Lagrangian density within the toroidal
volume. In the following we focus on this second approach because it turns out to be very
relevant for nuclear interactions as well. At the end of the chapter, we will show that
these two approaches yield the same electron mass.

1.2. Gaugeless electrodynamics

1.2.1. The electromagnetic Lagrangian density. Transversal electromagnetic
waves are trivial solutions of Maxwell's equation. Such transversal electromagnetic waves
may travel millions of kilometers across vacuum. Upon entering the curved space-time
region in the vicinity of a nucleus, the trivial electromagnetic wave may generate an
electron-positron particle pair. The electromagnetic four-potential can thus be seen as
the �eld, a �Materia Prima�, from which the physical entities that we call �electrons� and
�positrons� are generated. It is therefore reasonable to universally apply this approach to
all charged elementary particles.

Leaving behind the experimentally paradoxical hypothesis of electromagnetic gauges
[2, 3], we do not assume the presence of any electromagnetic gauge, and arrive at the
simplest form of Maxwell's equation [1]:

(1.2.1) ∂2A
□
= 0

where the A
□
notation refers to the electromagnetic four-potential A

□
= A + γtV , and

γt is the Cli�ord basis vector along the time direction. The electric charges and currents
then correspond to a scalar �eld component of the electromagnetic �eld. As required by
Maxwell's equation, this charged surface is moving at light speed, and is characterized by
a vector potential A, an electric potential V, a mechanical momentum mc = eA, and an
angular speed ω = eV .

Prior to reference [1], gaugeless electrodynamics has been already introduced and
explored by other authors [4, 5, 6]. Most of these preceding works introduce the elec-
tromagnetic scalar �eld as an additional entity besides charges and currents, rather than
the entity that actually produces the apparent charges and currents. A notable exception
is the work of Giuliano Bettini that recognizes the electromagnetic sources as the partial
derivatives of the scalar �eld.

Before exploring how gaugeless electrodynamics applies to a proton, which will be
discussed in chapter 3, we �rstly review how it applies to a positron.

To calculate a particle's properties, we must start from the electromagnetic Lagrangian
density, which can be derived from the ∂2A

□
= 0 equation [1]:
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L =
1

2µ0

∂A
□
∂̃A

□
=

1

2µ0

GG̃ =
1

2µ0

∥G∥2 = 1

2µ0

(S + F ) (S − F ) =
1

2µ0

(
S2 − F 2

)
=

=
1

2µ0

(
−E

2

c2
+B2 + S2 − 2

c
IE ·B

)
(1.2.2)

where I is the Cli�ord pseudo-scalar, G is the generalized electromagnetic �eld, S is the
electromagnetic scalar �eld, and F is the usual scalar-free electromagnetic �eld:

(1.2.3) F =
1

c
Eγt + IBγt =

1

c
(E + IcB) γt

The ˜ operator denotes Cli�ord reversion, which reverses the order of base vectors.
Essentially, equation 1.2.2 expresses that the electromagnetic Lagrangian density is

the square of the generalized electromagnetic �eld strength.
As can be seen in the above expression, the electromagnetic Lagrangian density com-

prises two parts:

L = L⊥ + L∥

where L⊥ = 1
2µ0

(
−E2

c2
+B2

)
is the Lorentz-invariant Lagrangian density of a transversal

electromagnetic wave, and L∥ =
1

2µ0

(
S2 − 2

c
IE ·B

)
is the Lorentz-invariant Lagrangian

density of a longitudinal electromagnetic wave. The transversal electromagnetic wave is
well known, and has been the focus of electromagnetism studies over the past 150 years.
The longitudinal electromagnetic wave is what nuclear scientists refer to as a light-speed
moving �neutrino�; its electromagnetic nature shall be derived in chapter 5.

When a particle's momentum changes, it emits or absorbs a transversal electromag-
netic wave. When a particle's internal structure changes changes, e.g. in µ+ → e+ decays,
it emits a longitudinal electromagnetic wave. This fact highlights the key importance of
L∥ for understanding a particle's internal structure.

The L∥ =
1

2µ0

(
S2 − 2

c
IE ·B

)
Lagrangian density can be also written as L∥ = J

□
·A

□
.

This equivalence is derived in the �rst appendix. The L⊥ = 1
2µ0

(
−E2

c2
+B2

)
and L∥ =

J
□
·A

□
terms are well-known in the scienti�c literature, and are referred to as the ��eld

term� and �interaction term� of the electromagnetic Lagrangian density1.
In the following paragraphs, we show that the elementary charge is characterized by

a simple Lagrangian L∥ that de�nes the action S :

(1.2.4) L∥ =

ˆ
J

□
·A

□
dv dt = eA · c− eV

S =

ˆ
L∥dt

where the eA term describes the Zitterbewegung momentum of the elementary charge,
eV term describes its electric energy, and J

□
is the averaged internal four-current density

of the particle. The dv and dt terms represent the in�nitesimal volume and time elements
of the space-time integral.

1In the following, we also use the L∥ = J
□
· A

□
formulation. The signi�cance of knowing the

L∥ = 1
2µ0

(
S2 − 2

cIE ·B
)
formulation is that it reveals the connection with longitudinal electromagnetic

waves.
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The stationary action condition δS = 0 is can be written as:

S =

ˆ
(eA · c− eV ) dt = e

ˆ
A · dl− e

ˆ
V dt = 0

δS = 0

The stationary action condition is satis�ed when the elementary charge's electromag-
netic four potential A

□
= A+ γtV is a nilpotent vector: A2

□
= 0. This A2

□
= 0 condition

leads to the well-known magnetic and electric Aharonov-Bohm relations between the elec-
tromagnetic phase φ and the electromagnetic four potential:

(1.2.5) φ =
e

ℏ

ˆ
A · dl

(1.2.6) φ =
e

ℏ

ˆ
T

V dt

Considering circular Zitterbewegung, we shall now show that identifying φ with the
Zitterbewegung phase leads to the Aharonov-Bohm relations. As A and c are parallel
vectors for a freely moving charge, it's possible to substitute the dot product with the
product of their norm:

L∥ = eAc− eV = eA
dl

dt
− eV

If the radius of the charge's Zitterbewegung trajectory is r, the di�erential of the
displacement dl can be substituted by the rdφ product:

dl = rdφ

L∥ = eAr
dφ

dt
− eV

Consequently, the following simple conditions guarantee that the action S is always zero:

eAr = ℏ = 1

dφ

dt
= eV = eA =

1

r

r−1 =
dφ

dt
= ω = m

In natural units, the electron's or positron's mass-energy is equal to its Zitterbewegung
angular speed, to the inverse of its Zitterbewegung radius, and to the absolute value of
its Zitterbewegung momentum eA.

The eV = eA condition is equivalent to the A2
□
= 0 condition on the electromagnetic

four potential, and it is easy to see that the above listed three conditions directly lead to
the Aharonov-Bohm relations.

One may also understand the r−1 = m relation as a consequence of Lorentz transfor-
mation. When a particle having rest mass m0 is observed from a reference frame boosted
by a Lorentz boost factor γL, its mass becomes γLm0 from the perspective of the boosted
reference frame. Keeping in mind that circular Zittebewegung comprises electromagnetic
waves that are perpendicular to the axial direction of particle motion, the transversal
relativistic Doppler shift will change these electromagnetic wavelengths by γ−1

L factor. In
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the axial direction, the particle size changes also by γ−1
L factor because of Lorentz con-

traction. Therefore, from the perspective of the boosted reference frame, the particle size
changes by γ−1

L factor, leading to the r−1 = m relation.
The principles introduced in this section may be considered as a powerful tool for

modeling the structure and properties of elementary charged particles. To illustrate them
in practice, we apply them to the positron in the following paragraphs.

1.2.2. The calculation of electron's and positron's mass value. One may com-
pute the electron's or positron's mass from the Lagrangian density, which is measured in
J/m3 units. To see this, we evaluate the positron's electromagnetic �eld energy starting
from L∥:

L∥ = J ·A = JA =
Ipositron
πr2cl

· ℏ
erZBW

≈ 1.352 604 · 1027 J ·m−3

where rcl=2.82 fm is the minor toroidal radius, rZBW=386.16 fm is the major toroidal
radius, and Ipositron = e c

2πrZBW
is the Zitterbewegung current. It is interesting to note

that the ratio of the two toroidal radii shown in �gure 1.1.1 is exactly the �ne structure
constant: rcl/rZBW = α.

By integrating over the toroidal volume shown in �gure 1.1.1, where the scalar �eld S
is non-zero, it is possible to compute the positron's energy:

Wpositron =

˚
V

JAdv =
Ipositron
πr2cl

· ℏ
erZBW

· 2π2rZBW r
2
cl = ϕIpositron =

ℏc
rZBW

≈ 511 keV

The ϕ term appearing in the above expression is the magnetic �ux of the electron's or
positron's internal charge circulation; this term shall be in the focus of chapter 2.

1.2.3. The electron's and positron's quantum mechanical wave-function. In
the electron's or positron's rest frame, equation 1.2.6 de�nes the time-wise evolution of
its Zitterbewegung phase: φ = e

ℏ

´
T
V dt.

Consider a positron moving at speed v. In relation to light-speed, its speed is charac-

terized by β = v
c
, γL = (1− β2)

− 1
2 and rapidity w de�ned as γL = coshw. It follows that

cosh2w − sinh2w = 1, tanhw = β, and sinhw = γLβ.
A relativistic boost rotates the time and space axes into each other according to the

following hyperbolic rotation matrix:(
ct′

x′

)
=

(
coshw − sinhw
− sinhw coshw

)(
ct
x

)
Therefore, the time-wise Zitterbewegung phase evolution of the rest frame acquires a

spatial oscillation component in the boosted reference frame. Speci�cally, the Zitterbe-
wegung frequency of the rest frame is ω

2π
= m0c2

h
, and the corresponding wavenumber in

the boosted frame is:

k

2π
=

ω

2π

sinhw

c
Evaluating the right side of the above equation, we obtain:

k

2π
=
m0c

2

h

γLv

c2

Rearranging the above equation, we �nally obtain:

ℏk = (γLm0) v = mv = pkinetic
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We recognize the above result as the basic postulate of quantum mechanics. However,
it is no longer a postulate in our case: the appearing quantum mechanical wave is simply
the Lorentz transformed component of the positron's Zitterbewegung oscillation.

Historically, quantum mechanics has been established over a set of experimentally
motivated postulates. An intense philosophical debate ensued over the past 100 years
regarding the physical interpretation of these postulates. If gaugeless electrodynamics had
been known 100 years ago, quantum mechanics would have been immediately recognized
as its natural consequence. With these results, we can not only give a tangible answer to
the �what is the positron made of?� question, but also give a speci�c answer to the �what
is the physical meaning of the positron wave-function?� question.

Using the Aharonov-Bohm relations, the total energy conservation equation Et =
Ekinetic+Epotential directly leads to the Schrödinger equation

2, and also satis�es the conti-
nuity requirement of the quantum mechanical phase. The quantum mechanical Aharonov-
Bohm e�ect, which has been considered paradoxical up to now, also directly follows
from our elementary particle model. These results transform quantum mechanics from
a postulates-based science into a proofs-based science that is ultimately derived from
Maxwell's equation.

Our positron model demonstrates that the electron and positron only di�er in the sign
of their electric charge. There is no need to assign a negative energy value to the positron's
electromagnetic �eld energy, which would be a gross violation of Maxwell's equation and
yet appears in many present-day quantum mechanics textbooks.

1.3. The equivalence between the two �eld energy calculation methods

1.3.1. Magnetic �eld energy calculation. Upon electron-positron annihilation,
it follows from angular momentum conservation that the emerging electromagnetic wave
carries these particles' angular momenta. It is experimentally known that such annihila-
tion events produce two circularly polarized electromagnetic wave quanta, each carrying
ℏ angular momentum. Thus setting the positron's angular momentum to ℏ, which is also
in line with the above-discussed stationary action for non-rotating reference frame, we
obtain the norm of the vector potential experienced by the elementary charge:

eArZBW = ℏ

A =
ℏ

erZBW

Once we know the vector potential, it is possible to determine the magnetic �ux
produced by the rotating elementary charge by applying the circulation of the vector
potential A:

(1.3.1) ϕ =

˛
λ

Adλ =

ˆ 2π

0

ℏ
erZBW

rZBWdϑ = 2π
ℏ
e
=
h

e
≈ 4.135 667 · 10−15 V · s

i.e. the magnetic �ux crossing the Zitterbewegung loop is quantized. Now it is possible
to calculate the magnetic energy stored in the positron current loop:

Wm =
1

2
ϕIpositron =

1

2
· 2πℏ

e
· ec

2πrZBW

=
ℏc

2rZBW

≈ 255.5 keV

2A detailed explanation of Schrödinger equation derivation from the Aharonov-Bohm equations can
be found in reference [1].
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which is equal to half the electron or positron rest mass. Electromagnetic induction
requires that electric and magnetic �eld energies must be equal: this is the We = Wm

requirement of an electromagnetic wave. Consequently, the other half of �eld energy is
electric, and thus the total electron or positron rest mass is 511 keV.

The above result establishes the equivalence between the two �eld energy counting
methods presented in this chapter.

We note that most scientists assume the electron's and positron's intrinsic angular
momentum to be ℏ

2
, even though that assumption contradicts the above-discussed angular

momentum conservation in electron-positron annihilation events. Experimentally, the
electron's angular momentum is measured under the externally applied magnetic �eld,
and the apparent ℏ

2
angular momentum value is just one component of the spin-precessing

angular momentum vector: this component is parallel to the externally applied magnetic
�eld. This Larmor spin-precession phenomenon of the electron's angular momentum
vector is thoroughly discussed in reference [7], and we shall discuss the proton's Larmor
spin-precession in chapter 4

1.3.2. The Compton scattering radius measurement as a proxy for electric

�eld energy measurement. The Compton scattering cross-section measurement, which
is evaluated via the Klein-Nishina formula, directly measures the radius of the volume
element traced out by an elementary charge. This volume element is a torus in the
electron's rest frame, and becomes a spiral from the perspective of a boosted reference
frame.

The radius of this volume element, within which the elementary charge circulates,
determines the particle's electric �eld energy because a charged particle's electric �eld lines
terminate in this volume element. In other words, the electric potential that is experienced
by the elementary charge is the summation of surrounding electric �eld energy. Keeping
in mind theWe = Wm requirement of an electromagnetic wave, we may think of Compton
scattering cross section measurement as particle mass measurement.

In the electron's rest frame, Compton scattering measurement yields the rcl=2.82 fm
classical electron radius. When the same scattering process is observed from a boosted
reference frame, where the relativistic electron mass is γLm0, the Compton scattering
measurement shall yield the correspondingly smaller rcl/γL scattering radius value. This
relationship re�ects the above-discussed phenomenon of the particle mass increasing due
to the shrinking particle size; the shrinking of particle dimensions by γL factor implies a
corresponding increase of electromagnetic �eld intensities around the elementary charge.

It follows that Compton scattering radius measurement is essentially a particle mass
measurement. We shall see the usefulness of this technique in chapters 3 and 7.

With this understanding of particle mass as electromagnetic �eld energy, we are ready
to take a closer look at magnetic �ux quantization.
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Appendix 1: The formulations of longitudinal Lagrangian density

We start from the L∥ =
1

2µ0

(
S2 − 2

c
IE ·B

)
Lagrangian density term, which directly

follows from the gaugeless Maxwell equation. We take its partial derivative with respect
to various components of the electromagnetic four-potential A

□
.

For the partial derivative along the time-wise γt Cli�ord basis vector we �nd

−γt
∂L∥

∂At

= −γt
∂

∂x

∂L∥

∂
(
∂At

∂x

) − γt ∂
∂y

∂L∥

∂
(

∂At

∂y

) − γt ∂
∂z

∂L∥

∂
(
∂At

∂z

) − γt ∂
∂t

∂L∥

∂
(
∂At

∂t

) =

=
γt
µ0

(
I ∂Bx

∂x
+ I ∂By

∂y
+ I ∂Bz

∂z
+

1

c

∂S

∂t

)
=
γt
µ0

(
I∇ ·B +

1

c

∂S

∂t

)
=

=
γt
µ0c

∂S

∂t
= γtJt = −γtcρ.

Integrating the above equation yields

(1.3.2) L∥|t =
ˆ
∂L∥

∂At

dAt =

ˆ
1

µ0c

∂S

∂t
dAt =

1

µ0c

∂S

∂t
At = −

1

µ0

µ0cρAt = −cρAt = JtAt.

Analogously, for the component along γx we �nd

γx
∂L∥

∂Ax

= γx
∂

∂x

∂L∥

∂
(
∂Ax

∂x

) + γx
∂

∂y

∂L∥

∂
(

∂Ax

∂y

) + γx
∂

∂z

∂L∥

∂
(
∂Ax

∂z

) + γx
∂

∂t

∂L∥

∂
(
∂Ax

∂t

) =

=
γx
µ0

(
∂S

∂x
+
I
c

∂Ez

∂y
− I
c

∂Ey

∂z
+
I
c

∂Bx

∂t

)
=
γx
µ0

∂S

∂x
= γxJx

Integrating the above equation yields

L∥|x =

ˆ (
∂L∥

∂Ax

)
dAx =

ˆ
1

µ0

∂S

∂x
dAx =

1

µ0

∂S

∂x
Ax = JxAx

The same procedure is clearly valid also for the components in γy and γz. Finally, by
summing up all components we get the L∥ term:

L∥ =
∑

j=x,y,z,t

ˆ (
∂L∥

∂Aj

)
dAj = JexAx + JeyAy + JezAz − cρAt = J

□
·A

□

which is the usual �interaction� term that is added in traditional Lagrangian theory for
classical electromagnetism in order to obtain the complete set of Maxwell's equations.
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CHAPTER 2

Magnetic �ux quantization and magnetic moment calculation

Andras Kovacs[1]

[1] ExaFuse. E-mail: andras.kovacs@broadbit.com

2.1. Magnetic �ux quantization of the electron spin

In this chapter, we study the electron's magnetic �ux and magnetic moment. The ob-
tained insights shall be then applied in the proton model development. The fundamental
importance of magnetic �ux quantization was suggested more than 50 years ago [2], and
has been gaining attention recently [1].

Equation 1.3.1 of chapter 1 demonstrates that the magnetic �ux of the electron or
positron spin is ΦM = h/e, where h is the Planck constant and e is the elementary charge.
I.e. the electron or positron Zitterbewegung is associated with h/e magnetic �ux quantum.

Since the Zitterbewegung of electron charge is at the speed of light, the circulating
charge is characterized by a momentum p and energy Ee of purely electromagnetic nature:

(2.1.1) (Eeγt,p)2 = eA2
where A2 is the four-vector potential seen by the electron's charge, and (Eeγt,p)2 is the
energy-momentum four-vector. A2 has the following components:

(2.1.2) A2 = V γt +A⊥ +A∥

where A∥ is the vector potential along the Zitterbewegung circle, A⊥ is the axial vector
potential perpendicular to the Zitterbewegung circle, V is the electric potential, γt is the
basis vector along the time axis, and γ2t = −1.

In the electron's rest frame, A⊥ = 0 because there is no current along the Zitterbe-
wegung axis.

While A∥ depends on the reference frame from which we observe the electron, in the

previous chapter we derived the A∥ =
ℏ

erZBW
relation which ensures the invariance of spin

magnetic �ux in any reference frame:

(2.1.3) ΦM =

˛
λ

A∥dλ =

ˆ 2π

0

ℏ
erZBW

rZBWdϑ = 2π
ℏ
e
=
h

e

2.2. Magnetic �ux quantization of electron orbitals

Let rorb be the mean radius of the electron orbital. The wavefunction's continuity
requires that:

(2.2.1) k (2πrorb) = n2π

where n is positive integer number. It follows from equation 2.1.1 that the kinetic mo-
mentum de�nes the vector potential component along the Zitterbewegung axis:

(2.2.2) pkinetic = eA⊥
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Recaling the derivation of pkinetic = ℏk from chapter 1, it is now possible to determine
the magnetic �ux of an electron orbital by applying the circulation of the vector potential
A⊥:

(2.2.3) ϕorb =

˛
A⊥dλ =

ˆ 2π

0

ℏk
e
rorbdϑ = k (2πrorb)

ℏ
e
= n

h

e

Therefore, the magnetic �ux of electron orbitals is also quantized by elementary mag-
netic �ux ΦM = h/e. This result further illustrates the fundamental nature of magnetic
�ux quantization.

2.3. Magnetic �ux quantization of relativistic orbitals

When an inner-shell electron is bound to a heavy nucleus, such as Pb or Th, its mag-
netic moment deviates >10% from the free electron value [3]. Nevertheless, as we will
show in the following paragraphs, its orbital magnetic �ux quantum remains h/e. In this
scenario, the inner-shell electron circulates at a relativistic speed, and the Thomas preces-
sion e�ect of its non-inertial reference frame must be taken into account. Since Thomas
precession involves a rotation of the whole wavefunction, it does not alter the circulating
wavenumber. Therefore, k remains the same before and after accounting for Thomas
precession, and we can write klab = k. We discussed in section 2.2 the wavefunction con-
tinuity requirement, given by equation 2.2.1. This condition must be always ful�lled in
the laboratory frame, otherwise there would be a wavefunction discontinuity. We must
therefore write equation 2.2.1 for the laboratory frame, and using klab = k we obtain:

(2.3.1) k (2πrorb) = n2π

As before, we use the ℏk = pkinetic and pkinetic = eA⊥ formulas of section 2.2.1, to
obtain ℏk = eA⊥. This ℏk = eA⊥ formula was derived via a relativistic transformation,
so we can directly apply it in the relativistic electron case.

The relativistic orbit's magnetic �ux can now be calculated from equation 2.2.3, by
using the ℏk = eA⊥ relation together with the wavefunction continuity requirement given
by equation 2.3.1. We thus arrive at equation 2.2.3 also in the relativistic electron case;
it continues to yield ϕorb = nh

e
magnetic �ux value.

2.4. A precise magnetic moment calculation

The magnetic moment is traditionally given by the µB = eℏ
2me

formula, where the
only non-constant parameter is the electron mass. This magnetic moment formula can
be directly calculated from the electron structure, by calculating the area enclosed by the
electron current. Neglecting the electron's charge radius, the electron magnetic moment
is equal to the product between the current Ie and the enclosed area Ae

(2.4.1) µB = IeAe =
eωe

2π
πr2e =

ec

2
re =

ec2

2ωe

=
eℏ
2me

where µB is being referred to as the Bohr magneton.
Measurements indicate that there is a small deviation between the experimental mag-

netic moment and the above formula. According to equation 2.4.1, the measurement of
the electron's magnetic moment can be interpreted as a measurement of its mass. The
presence of the small anomalous part means that the formula is not exactly correct, and
the implicit assumptions going into this formula must be checked. It has the implicit
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assumption that the dipole magnetic �eld is created by the electric charge, upon exactly
one full rotation. Let us check whether this assumption is valid.

Re 2!Re

Figure 2.4.1. The spherical volume element within the reach of electro-
magnetic signals during one full Zitterbewegung circulation

Starting from the fundamentals, the ∂2A
□
= 0 Maxwell equation describes how elec-

tric and magnetic �elds induce each other. As discussed in chapter 1, the electromagnetic
energy density has symmetric contributions from the electric and magnetic �elds. The
electron mass is accounted by the electric and magnetic �eld energies, that induce each
other.

But let us consider the circular Zitterbewegung of an electron, as illustrated in �gure
2.4.1. During one Zitterbewegung cycle at circulation radius Re, the induction is in�u-
enced by electromagnetic signals propagating at the speed of light from within a sphere
of 2πRe radius. The total electric �eld energy of the electron is:

(2.4.2) We =
1

2
mec

2

However, the electric �eld energy outside of a sphere of 2πRe radius is:

(2.4.3)

W2πR =
e2

32π2ϵ0

ˆ ∞

2πRe

1

r4
· 4πr2dr = e2

8πϵ0

ˆ ∞

2πRe

1

r2
dr = − e2

8πϵ0

1

r

∣∣∣∣∞
2πRe

=
e2

8πϵ02πRe

The above equation means that only a part of the total electric �eld could exert
its magnetic-�eld-inducing e�ect during a Zitterbewegung rotation by 2π phase. The
unaccounted ratio of electric �eld energy is:

(2.4.4)
W2πR

We

=
e2

4πϵ02πRemec2
=

rcl
2πRe

where we used the rcl =
1

4πε0
e2

mec2
de�nition of the classical electron radius.
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It follows from the above result that the ratio of single loop account electric �eld
energy is 1− W2πR

We
= 1− rcl

2πRe
.

In order to calculate the correct magnetic dipole �eld strength, we must account the
induction of the total electric �eld energy. Therefore, the anomalous magnetic moment is
just the inverse of the single loop accounted electric �eld energy ratio:

(2.4.5) g =

(
1− rcl

2πRe

)−1

≈ 1 +
α

2π

The approximation part in the above formula corresponds to the Schwinger factor. It

can be observed from the above result that the correct g =
(
1− rcl

2πRe

)−1

formula is just

slightly di�erent from the Schwinger factor when rcl
Re

is small, but becomes signi�cantly
di�erent when rcl and Re are similar in size.

2.5. Conclusions

We showed that the magnetic �ux quantization in h/e units is a universal property of
the electron's spin circulation, atomic orbitals, and even relativistic orbitals. Essentially,
the A∥ and A⊥vector potential components de�ne two orthogonal circulations, and each
circulation carries ΦM = h/e magnetic �ux. Therefore, we shall formulate our proton
model with the use of h/e magnetic �ux quantization, recognizing that it is a fundamental
property of elementary particles and orbitals.

We derived the electron's anomalous magnetic moment from causality considerations.
The presented derivation is much simpler than the calculation proposed by Schwinger.
This calculation will be also used in a later chapter, in the neutron context.

Acknowledgements: The author thanks Giorgio Vassallo for some essential suggestions.
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CHAPTER 3

A toroidal proton model that matches experimental data

Andras Kovacs[1]

[1] ExaFuse. E-mail: andras.kovacs@broadbit.com

Abstract. Otto Stern's 1933 measurement of the unexpectedly large proton magnetic
moment indicated to most physicists that the proton is not a point particle. At that time,
many physicists modeled elementary particles as point particles, and therefore Stern's
discovery initiated the speculation that the proton might be a composite particle. This
speculation eventually led to the quark-based proton model, which we review in section
3.1. Surprisingly, we �nd that all major experiments contradict the quark-based proton
model. This motivates us to develop a more realistic proton model. We require our model
to naturally match experimental data and to respect all foundational Physics laws.

To make sense of the unexpectedly large proton magnetic moment data, one must
�rstly understand the theory of magnetic moment calculations, which we covered in
chapters 1-2. In order to compare a proton model against experimental data, one must
clarify how large the proton is; this is issue is explored in section 3.2.

We identify a simple proton structure that explains the origin of its principal pa-
rameters. Our model uses only relativistic and electromagnetic concepts, highlighting
the primary role of the electromagnetic potentials and of the magnetic �ux quantum
ΦM = h/e. Unlike prior proton models, our methodology does not violate Maxwell's
equation or Noether's theorem.

Considering that the proton has an anapole (toroidal) magnetic moment, we propose
that the proton comprises an elementary charge that moves at the speed of light along
a path that encloses a toroidal volume. Two distinct ΦM = h/e magnetic �ux quanta
stabilize the proton's charge trajectory: these are poloidal and toroidal Zitterbewegung
loops.

We calculate the radii of the toroidal and poloidal current loops, and the proton
equivalent of the classical electron radius. We compare our calculations against experi-
mental data, and �nd a surprisingly precise match.

3.1. Motivation

3.1.1. A brief history of the proton model. Before the 1970s, most scientists
viewed the proton as an elementary particle. Starting from the 1970s, scientists working
with high energy particle colliders proposed that protons and neutrons are not elemen-
tary particles, but comprise smaller sub-particles. According to their model, a proton
and a neutron both comprise three quark sub-particles. The existence of quarks has been
suggested initially in the 1960s, based on the theoretical e�orts by Gell-Mann to model
baryons and mesons [3], which were observed in a great variety during high energy nu-
clear experiments. The momentum distribution of particles emerging from a high-energy
collision is characterized by the F2 structure function

1. Feynman's proposition was that
the F2 structure function probes the internal momentum distribution of sub-particles; for

1A detailed explanation of the F1(x) and F2(x) structure functions can be found for example in [16].
In these functions, the variable x measures the fraction of the nucleon's longitudinal momentum carried
by the struck particle, evaluated in the Breit frame. The F1(x) function at a given x is interpreted as
1
2 of the likelihood of scattering from a particle which, in the Breit frame, has longitudinal momentum

fraction x of the proton. In case of scattering from spin- 12 particles, F2(x) = 2xF1(x).
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3.1. MOTIVATION 21

a particle comprising N sub-particles, its F2 structure function must peak at x = 1
N
.

Gell-Mann's original quark theory thus required the F2 momentum distribution to peak
at x = 1

3
. However, as will be shown in section 3.1.3, this is not the case because the

experimentally observed F2 data peaks at x = 1
9
. Since the 1970s, this deviation from

the required peak at x = 1
3
was explained away via the hypothesis that the three quarks

originally thought to form the proton are the so-called �valence quarks�, which are swim-
ming in the background of �sea quarks� [4]. These so-called sea quarks are a collection of
quark-antiquark pairs, radiated by the three valence quarks. However, the calculations of
1970s still showed that the valence quarks together with the sea quarks only accounted
for 54% of the proton's momentum [2]. A further hypothesis was added to supplement
the momentum shortfall of the quarks; chargeless particles called gluons were introduced
into the proton model [5]. Since gluons have no electric charge, the thinking was that
they are there, but the electrons probing the proton in deep inelastic scattering cannot
see them. These hypothesized gluons were assigned the missing proton momentum, and
the resulting proton model became the quark-gluon model that it is today. Despite the
absence of any direct quark observation, the quark-gluon model gained popularity during
the 1970s, and remained embraced by most theoretical physicists ever since.

According to the 1970s model of �valence quarks� swimming in the background of �sea
quarks and gluons�, there seemed to be an angular momentum de�cit with respect to the
measured angular momentum of the proton, and therefore the presence of �virtual strange
quarks� was also postulated during the 1990s [7].

In the context of quark theory, the ful�llment of F2(x) = 2xF1(x) relation around
x = 1

3
implies that an individual quark's spin is detectable2. Since the proton's magnetic

moment measurements yield a constant value of µp = 2.793µN , quark proponents postu-
lated that the three valence quarks are always spin correlated and that the sea quarks'
spin contribution always sums up to zero. The µp ≈ 3µN relation has been interpreted
as the almost parallel orientation of the three valence quark spins. It was pointed out
to pioneering quark proponents that their requirement might be in contradiction with
the Pauli exclusion principle. This issue lead Oscar Greenberg to postulate in 1964 that
quarks also have �color charge�; the purpose of this color charge hypothesis was to remove
the perceived contradiction with respect to the Pauli exclusion principle.

3.1.2. Experimental counter-evidence to the quark model. Although the quark-
based model was inspired by the great variety of mesons, the proposed quark masses do
not add up the masses of observed mesons. According to quark proponents, this is ex-
plained by a negative binding energy between quarks: any particle's valence quarks masses
are only a small percentage of the total particle mass, with the bulk of the particle mass
coming from virtual particles which represent the binding force: i.e. virtual quarks and
gluons. Moreover, the valence quark : virtual quark : gluon mass ratio is allowed to vary
from particle to particle in order to match the observed masses. Now what is the physi-
cal meaning of negative binding energy? By de�nition, negative binding energy means a
metastable bound state. This model implies that individual quarks should be easily ob-
servable upon the break-up of their metastable binding. However, quark proponents also
postulated that these metastable bonds between quarks can never be dissociated. There
is a fundamental contradiction between the hypothesis of metastable quark binding and
the hypothesis of unbreakable quark bonds.

2The F2(x) = 2xF1(x) equation is referred to as the Callan-Gross relation. Scattering experiments
have indeed observed this Callan-Gross relation, at least within the x = [0.25, 0.75] range.
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Proton-antiproton reactions provide rather direct counter-evidence. Figure 3.1.1 shows
traces of a proton-antiproton reaction event, highlighting the produced pion tracks. Ac-
cording to the quark model, a proton-antiproton pair comprises six quarks. After a partial
annihilation of quark-antiquark pairs, there can be up to four remaining quarks, which
may be organized into two pions. However, �gure 3.1.1 shows at least eight pions emerging
from the annihilation event, which contradicts the quark model. A quark model propo-
nent may try to explain this phenomenon by assuming that the kinetic energy of the
incoming antiproton was converted into the production of numerous pion-antipion pairs
just prior to its annihilation. However, such an explanation is refuted by reference [5],
whose authors exposed a nuclear emulsion to antiprotons, and then analyzed the resulting
tracks in the emulsion. Their discussion of �gure 2 in reference [5] clearly states that the
antiproton �rst came to a rest in the emulsion, and then produced at least �ve pions upon
annihilation with a proton. Such large number of pions emerging from proton-antiproton
reactions is impossible under the quark-antiquark annihilation model.

Figure 3.1.1. Proton-antiproton annihilation event. Left: bubble cham-
ber photograph. Right: diagram of the photo, identifying the particles
created by the annihilation event. Source: Lawrence Berkeley National
Laboratory Science Photo Library - photograph K003/4377.

According to the quark model, the proton and neutron both comprise three quarks,
only di�ering in one quark type. However, we shall establish in the following chapters
that the neutron comprises a positive and a negative elementary charge, which again
invalidates the quark-gluon model.

3.1.3. A re-interpretation of high-energy particle collision data. Considering
the above outlined problems with the quark-based proton model, one may wonder about
the origin of the F2 momentum-distribution data recorded in high-energy collisions.

The production of particle-antiparticle pairs is a well established phenomenon of high-
energy collisions. Therefore, an incoming energetic electron may produce muon-antimuon
pairs upon scattering. Heavier pairs, such as a pion-antipion pair, soon decay into longer-
lived muons and antimuons. Also, an incoming electron may be energized into a muon
upon scattering. It is thus pertinent to consider a relationship between the F2 data and
the short-lived particles produced in scattering events.
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Figure 3.1.2. Combined SLAC and JLAB data of F2 momentum distri-
bution measurements from electron-proton scattering, reproduced from
[22].

Figure 3.1.3. Combined SLAC and JLAB data of F2 momentum distri-
bution measurements from electron-deuteron scattering, reproduced from
[22]. This scattering data shows the same F2 momentum distribution as in
the electron-proton case.

Reference [22] presents a thorough analysis of high energy scattering data from mea-
surements performed at the Stanford Linear Accelerator Center (SLAC), Thomas Je�erson
National Accelerator Facility (JLAB), and Hadron Electron Ring Accelerator (HERA).
As shown in �gures 3.1.2 and 3.1.3, the combined SLAC and JLAB data of F2 momen-
tum distribution measurements shows clearly, without any curve �ttings, that their F2

values peak in the vicinity of x = 1
9
. The JLAB F2 values at x = 0.45 and x = 0.25

(circled) show that JLAB data integrates well with the original SLAC F2 data. Is the use
of single-variable F2(x) distribution justi�ed, i.e. are the energy and momentum exchange
su�ciently high for convergence? The use of F2(x) rather than F2(x,Q

2) is justi�ed be-
cause the SLAC data was shown to satisfy Bjorken scaling, i.e. for x>0.2, the F2 values
are essentially the same for a given x regardless of the Q amount of energy transferred
between the scattering particles. In this x>0.2 region, Q2 values range from 0.6 to about
30 GeV2. Regarding the x<0.2 region, the JLAB Q2 values shown in Figure 3.1.4 are
nearly the same as the SLAC Q2 values listed in Appendix A.1 of [22], which makes the
two results directly comparable.

One may wonder why this F2 peak at x = 1
9
doesn't show up in any other litera-

ture? By 1973, mainstream theorists have essentially embraced the quark-gluon model as
adequately describing the structure of the proton. Most attempts to explain the SLAC
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Figure 3.1.4. F2 structure function values for the proton (F2 - p) and the
deuteron (F2 - d) as a function of x and Q2 from the JLAB E99-118 deep
inelastic scattering experiments [23].

scattering results any other way had ended, and the bulk of the theoretical e�ort focused
on enhancing the quark model. Di�erent versions of the quark-gluon plasma model pre-
dict either constant or rising F2 values as x→ 0. In the 1990s, when HERA experiments
began producing data in this x<0.1 range, it was assumed that HERA �lled the low-x
gap left by SLAC, even though its data was generated from scatterings with Q2 values
tens to hundreds of times higher than the SLAC data. Many theorists could not resist
the temptation of mixing non-comparable data in this low-x region of the F2 curve, and
mistakenly proclaimed experimental support for their quark-gluon model. Reference [21]
is a typical example of such erroneous data analysis. Around 2000, the JLAB experiment
began producing scatterings with comparable Q2 values to the SLAC experiment. By that
time, the erroneous blending of high-Q2 HERA data with low-Q2 SLAC data was already
a consensus procedure for obtaining the proton's F2 curve, and mainstream theorists had
no interest in pointing out their colleagues' mistakes or discussing the implications of the
JLAB experiment.

Upon dividing the proton's mass by 9, we obtain approximately the muon mass. This
match with the F2 peak location at x = 1

9
suggests that it may correspond to electron

scattering from a muon or antimuon that was produced in some preceding scattering event.
Our interpretation implies that one should also �nd a peak corresponding to electron-
electron scattering in the very low-x region because an incoming electron may also collide
with a previously scattered other electron. Upon the analysis of HERA experiments,
reference [22] indeed identi�es yet another F2 momentum distribution peak near x =
1

1836
, which corresponds to the electron mass.
Since there is no F2 peak at x = 1

3
, the ful�llment of Callan-Gross relation around

x = 1
3
simply means that the energetic electron is mainly scattering from the proton,

which is a spin-1
2
particle.

In summary, the F2 momentum distribution data shows signatures of electron-muon
and electron-electron scattering. Consequently, the quark model is contradicted by all
experimental data. The absence of a reasonable proton model motivates us to explore the
proton's internal structure.
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Antiprotons are generated in su�ciently energetic collisions between light and heavy
nuclei. Would a violent collision create complex structures involving many sub-particles?
That would be very unlikely; violent collisions do not decrease entropy by creating elab-
orate structures. Occam's razor principle favors that the emerging proton-antiprotion
could be just a pair of elementary vortices. We thus investigate whether a relatively
simple proton model exists, which would match its experimentally observed properties.

3.2. How large is the proton?

3.2.1. The �classical proton radius�. Any particle's Compton scattering cross-
section is given by the Klein-Nishina formula, where one parameter is the charge radius.
Upon �tting the electron's experimental Compton scattering cross-section to the Klein-
Nishina formula, in the 0.5 MeV photon energy range, one obtains 2.82 fm classical electron
radius. This classical electron radius is also given by the rcl =

1
4πε0

e2

mec2
formula.

Is the same method applicable for determining the analogous �classical proton radius�,
given by the rcl =

1
4πε0

e2

mpc2
formula? Figure 3.2.1 shows the proton's scattering cross-

section in the 1 GeV photon energy range, which corresponds to the proton mass. There
are numerous peaks in the scattering data of �gure 3.2.1; these correspond to photo-
production of new particles. Experimental measurements determined that the largest
peak around 300 MeV corresponds to the photo-production of neutral pions, while the
peak around 700 MeV corresponds to the photo-production of a pion and an η meson. In
contrast to the electron case, the scattering cross-section is now a sum of particle photo-
production and Compton scattering processes. Nevertheless, we can make an estimation
of the �classical proton radius�.

Figure 3.2.1. The proton's interaction cross-section with high frequency
radiation, reproduced from [20]. The horizontal scale shows the incoming
photon energy, the left and right panels show the cross-section at 90° and
130° scattering angles, respectively. The red and and blue dashed lines show
the Compton scattering cross-section for the indicated charge radius values.

The dashed lines on �gure 3.2.1 show the Compton scattering cross-section at 5 ·
10−18 m and at 1.5 · 10−18 m �classical proton radius� values. With 5 · 10−18 m radius,
the Compton scattering cross-section becomes larger than the experimental values in the
<200 MeV and >1000 MeV regions. Therefore, the true radius is smaller than 5 ·10−18 m.
In contrast, with 1.5·10−18 m radius value the Compton scattering cross-section converges
to the experimental values both in the <200 MeV and >1000 MeV regions. Therefore,
light scattering measurements indicate that the �classical proton radius� is approximately
1.5 · 10−18 m.
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3.2.2. The proton's apparent Zitterbewegung radius. Numerous experiments
aim to precisely measure the proton's so-called �charge radius�, which is de�ned as the
mean radius value of its charge distribution. High-energy electron-proton scattering ex-
periments are one class of such measurements.

As shown in table 1, one of the earliest scattering analysis based proton charge radius
extraction was published in 1963: it comprises a systematic review of scattering exper-
iments performed up to that date, and its authors calculated a 0.805 · 10−15 m charge
radius value. By the early 2000s, the consensus mean proton radius value increased to
0.875 · 10−15 m, but reference [19] re-analyzes the involved measurements and claims to
have found a systemic error which caused over-estimations.

Recent measurements converge around the 0.84 ·10−15 m mean radius value, and claim
very small error margins of only (5− 8) · 10−18 m.

This 0.84 · 10−15 m mean radius value is several orders of magnitude larger than the
above identi�ed rcp < 5 · 10−18 m parameter. To understand the physical meaning of the
0.84 ·10−15 m radius value, we use electron analogy. When an electron interacts with high
frequency light, its scattering cross section is given by the Klein-Nishina formula, and
such scattering data reveals the electron's 2.82 fm spherical charge radius. The electron's
much larger Zitterbewegung radius was shown to be 386 fm in chapter 1. In the scienti�c
literature, this electron Zitterbewegung radius is also referred to as the electron's �reduced
Compton radius�. By analogy, we associate the proton's 0.84 · 10−15 m radius value as an
approximation of the major radius of the torus enclosed by the proton charge trajectory.

Publication Mean proton Reference
year radius value

1963 0.805± 0.011 fm [13]
2016 0.840± 0.016 fm [10]
2020 0.831± 0.019 fm [27]
2021 0.847± 0.008 fm [7]
2022 0.840± 0.005 fm [19]

Table 1. Electron-proton scattering analysis based mean proton radius measurements.

Besides the electron-proton scattering analysis, there are also spectroscopic methods
for the proton's charge radius calculation [11]; all spectroscopic estimate the impact of
non-zero proton radius on the electrostatic potential of the electron's wavefunction. Table
2 shows the results of recent proton radius measurements, based on spectroscopic methods.

Publication Involved Charge Reference
year particles radius

2017 e−, p+ 0.8335± 0.0095 fm [2]
2019 e−, p+ 0.833± 0.01 fm [3]
2020 e−, p+ 0.8483± 0.0038 fm [11]

Table 2. Spectroscopic analysis based mean proton radius measurements.

Tables 1 and 2 show remarkably similar values. Omitting the 1963 data, the remaining
recent measurements average out to rmean = 0.839± 0.007 fm.

3.2.3. Charge density measurements. With the advancement of electron-proton
scattering measurements, it has become possible to directly map out the proton's radial
charge distribution. Such radial charge distribution data is measured for example at
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JLAB [6], and is visualized in �gure 3.2.2. This distribution's average RMS (Root Mean
Square) value is 0.8 fm, which implies only 4% deviation from the data of tables 1 and 2.
Figure 3.2.2 conveys the important information that the proton charge is located mainly
within 0.2-1.4 fm from its center. Any realistic proton model must yield a similar radial
distribution range.

Figure 3.2.2. The proton's radial charge distribution, according to JLAB
measurements [6]. Left: the proton's radial charge density. Right: the
cumulative proton charge contained within a given radius. In both charts,
the black vertical line indicates the radius which contains 50% of the total
charge.

3.2.4. The proton's electric polarizability radius. Electric polarizability mea-
surements represent yet another proton size measurement method. Recent measurements
by this method are reported in references [18, 8]: their authors obtain 1.2−1.3 fm proton
size. This size is signi�cantly larger than the above-mentioned proton size measurements,
and the origin of such discrepancy has not been understood in preceding works.

As can be seen in �gure 3.2.2, nearly all of the proton charge is contained within this
1.2 − 1.3 fm radius. It is therefore reasonable to consider whether electric polarizability
measurements indicate the true outer limit of the proton charge distribution.

3.3. Methodology

In this work, we explore an electromagnetic proton structure which is in accordance
with Maxwell's equation. The preceding chapters outlined our methodology.

As shown in table 3, our methodology is in accordance with all fundamental physical
laws. In comparison, the quark-based methodology has multiple drawbacks: i) the quark
model violates foundational laws, such as Maxwell's equation or Noether's theorem, ii)
as explained in section 3.1, the quark model lacks any experimental evidence, and iii)
the quark model is contradicted by the commercial Nuclear Magnetic Resonance (NMR)
technology. The implications of proton NMR data will be discussed in chapter 4.

At �rst it seems natural to use the exact same model for describing both the electron
and proton, scaling the given particle's dimensions by the appropriate particle mass. The
advantages of a simple ring-shaped proton model were indeed pointed out by David L.
Bergman in his paper �The Real Proton� [1]. This approach, while works well for muons,
introduces unacceptably large errors if naively used for proton modeling. Let us refer
to such a circular Zitterbewegung proton model as the �scaled positron model�. The

3The quark-based model assigns over 98% of the proton mass to virtual particles.



3.4. PROTON GEOMETRIC STRUCTURE 28

Quark-based proton model This work

Violates Maxwell's equation? Yes (point-like charges) No
Neglects in�nite quantities? Yes (renormalization) No
Violates Noether's theorem? Yes (virtual particles)3 No

Relation to NMR measurements? Contradicts p+ NMR data Explains p+ NMR
Radius calculations can be veri�ed? No (too lengthy/complex) Yes

Table 3. A comparison between the quark-based proton model and our
present work.

magnetic moment of this scaled positron model is the so-called �nuclear magneton� value
µN , given by the µN = eℏ

2mp
formula.

It follows from the r−1 = m relation of section 1.2 that Zitterbewegung radius of a
scaled positron is:

rscaled = re
me

mp

where me is the electron mass and mp is the proton mass.
Using the above equation with the re=386.16 fm electron Zitterbewegung radius, which

is the reduced Compton radius, we obtain rscaled=0.2103 fm. This value will be used for
comparison against the real proton Zitterbewegung radius.

While the magnetic moment of a scaled positron model is equal to the nuclear mag-
neton value µN , the experimental proton magnetic moment value is approximately 2.79
times larger. Secondly, as discussed in section 3.2.2, the proton's experimental Zitterbewe-
gung radius value is 0.839±0.007 fm, while the �scaled positron� model yields a 0.2103 fm
Zitterbewegung radius from the e+ : p+ mass ratio. The following sections present a
simple proton model that overcomes these large discrepancies while fully maintaining the
previously introduced conceptual framework.

3.4. Proton geometric structure

3.4.1. Zitterbewegung topology. We develop a proton model according to the
above considerations, employing gaugeless electrodynamics. While the natural choice
for a proton model is a simple �scaled positron� model, it leads to some unacceptable
discrepancies with the experimental data, that we have already pointed out.

Measurements of the proton's anapole magnetic moment have been claimed since 1997
[26]. In such experiments, electron-proton coupling interactions are used for mapping out
the proton's various magnetic modes. Since the anapole magnetic moment is generated
by a toroidal charge current, these experiments suggest that the proton's charge circulates
over a toroidal surface.

We therefore consider a model where the stationary proton charge follows a toroidal
Zitterbewegung trajectory, similar to a toroidal coil winding. The toroidal volume enclosed
by the proton charge trajectory has a minor (poloidal) proton radius rpp and a major
(toroidal) proton radius rpt, which remain to be determined.

A toroidally shaped Zitterbewegung comprises two Zitterbewegung loops, correspond-
ing to the poloidal and toroidal directions. Such a topology is illustrated in �gure 3.4.1.
According to chapter 2 results, these loops must correspond to two distinct h/e mag-
netic �ux quanta, representing the poloidal and toroidal directions. This scenario is
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geometrically analogous to the two distinct h/e magnetic �ux quanta of a bound electron,
corresponding to its circular Zitterbewegung and orbital current4.

Figure 3.4.1. An illustration of this model's toroidal proton geometry.
The brown curve is the Zitterbewegung trajectory, the blue arrow represents
the poloidal proton radius (rpp), and the purple arrow represents the toroidal
proton radius (rpt). The X, Y, Z units are multiples of rpp.

3.4.2. Poloidal and toroidal magnetic �ux loops. At the Compton radius scale,
the magnetic �ux quantum h/e induces a centripetal magnetic force that constrains the
positive elementary charge to follow a circular Zitterbewegung path. This h/e magnetic
�ux quantization was derived in chapter 2. There are two Zitterbewegung loops: a poloidal
and a toroidal one. As both loops are generated by the same elementary charge, each
loop must have h/e magnetic �ux.

In the following, we apply the above introduced methodology to a toroidal proton
model. Firstly, we calculate the �classical proton radius�, and then we calculate its poloidal
and toroidal radii. Section 3.5.3 takes the proton mass and magnetic moment as input
parameters and directly applies the h/e magnetic �ux quantization condition.

3.5. The calculation of proton parameters

3.5.1. The �classical proton radius� calculation. We calculate the �classical pro-
ton radius� analogously to the electron case:

rcp =
1

4πε0

e2

mpc2
≃ 1.534698267 · 10−18 m

This calculated rcp value is remarkably similar to the experimental value discussed in
section 3.2.1.

As in the electron case, electromagnetic induction implies that the proton mass com-
prises equal amounts of electric and magnetic �eld energy:

We = Wm =
mp

2
4These considerations mark the main di�erence between the present work and the preceding proton

model of reference [25].
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3.5.2. The proton's poloidal and toroidal Zitterbewegung speed. Referring to
�gure 3.4.1, the proton's total magnetic �eld energy is shared between two Zitterbewegung
loops, and therefore each loop's magnetic �eld now carries less than half of the particle
mass. Therefore, the rpp and rpt proton radius values must be larger than the above
calculated rscaled=0.2103 fm radius.

To transform the circular Zitterbewegung model of the positron into a toroidal ge-
ometry, the naive approach is to view the positron from rotating reference frame. Such
reference frame transformation must take into account the relativistic Thomas preces-
sion e�ect which arises in a rotating reference frame. This e�ect reduces the apparent
lab-frame speed of a circularly orbiting object in proportion to its Lorentz boost factor:

βlab =
β′

γlab
where cβ′ is the true rotation speed of the instantaneous rest frame, cβlab is the apparent

rotation speed in the lab frame, and γlab =
√

1− β2
lab

−1
. When βlab =

1√
2
, we get β′ = 1:

this limiting value corresponds to the true rotation speed being the speed of light. This
result means that in the βlab <

1√
2
regime the toroidal charge distribution is in fact

a rotating scaled positron because we can make a rotational change of reference frame
which transforms the charge current back to the positron's ring shaped Zitterbewegung.
Therefore, the βlab <

1√
2
regime corresponds to a rotating lepton model: such a rotating

lepton would eventually transition into a non-rotating ground state.
On the other hand, the limiting βlab =

1√
2
value stays invariant under any rotational

reference frame transformation, and therefore it implies a truly toroidal Zitterbewegung
current, which retains the same geometry in any reference frame. Since the proton must
retain its basic properties in all reference frames, this βlab =

1√
2
value de�nes its toroidal

Zitterbewegung speed: vt =
c√
2
. The corresponding β′ = 1 value is indeed the property

of light-speed Zitterbewegung.
It follows from Maxwell's equation that electromagnetic waves propagate at the speed

of light, implying that the spherical charge's Zitterbewegung speed is always the speed of
light [15]. In the toroidal geometry, the Zitterbewegung speed vector comprises toroidal
and poloidal components, which are perpendicular to each other:

v2t + v2p = c2

Since we already know the toroidal Zitterbewegung speed, we obtain: vp = vt =
c√
2
.

3.5.3. Proton size calculation from magnetic mass considerations. How is
the proton's Wm =469.136 MeV magnetic �eld energy divided between its toroidal and
poloidal current loops? The proton's magnetic moment measurement is in fact its toroidal
magnetic moment measurement. For an elementary particle, its measured magnetic mo-
ment is given by the µ = eℏ

2m
formula, where the only non-constant factor is the particle

mass. Since the proton mass is derived from electromagnetic induction, its excess toroidal
magnetic moment is inversely proportional to its toroidal magnetic mass. Therefore the
proton's toroidal magnetic energy is:

Wmt = Wm/

(
µp

µN

)
=

469.136

2.79285
MeV = 167.978 MeV

The remaining poloidal magnetic �eld energy is:

Wmp = Wm −Wmt = 301.158 MeV
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Under the toroidal proton geometry there are two Zitterbewegung loops: a toroidal
loop and a poloidal loop. Since both current loops are generated by the elementary charge
e, the h/e magnetic �ux quantization holds for each current loop. Thus we can calculate the
magnetic energy values by applying the ϕt = h/e and ϕp = h/e magnetic �ux quantization
conditions:

Wmt =
1

2
ϕtIt =

1

2
· 2πℏ

e
· evt
2πrpt

=
ℏvt
2rpt

Wmp =
1

2
ϕpIp =

1

2
· 2πℏ

e
· evp
2πrpp

=
ℏvp
2rpp

We derived in section 3.5.2 the vp = vt = c√
2
values of the poloidal and toroidal

Zitterbewegung speed. We may thus evaluate the toroidal and poloidal Zitterbewegung
radii from the above equations:

rpt =
ℏvt

2Wmt

= 0.831 fm

rpp =
ℏvp

2Wmp

= 0.463 fm

The obtained 0.831 fm toroidal radius value is compatible with the experimentally
measured rmean = 0.839± 0.007 fm proton charge radius value.

To further validate the consistency of our model, we check that the µp = Itπr
2
pt

magnetic moment formula is ful�lled for the toroidal current loop. The above-discussed
scaled positron model corresponds to the nuclear magneton:

µN = Iπr2scaled =
ec

2πrscaled
πr2scaled =

ec

2
rscaled

where rscaled=0.2103 fm is the scaled positron's Zitterbewegung radius. We now evaluate
the proton's magnetic moment according to the current loop formula:

µp = Itπr
2
pt =

e
(
c/
√
2
)

2πrpt
πr2pt =

ec

2
√
2
rpt

µp/µN =
(
crpt/

√
2
)
/ (crscaled) =

1√
2

0.831

0.2103
= 2.794

which precisely matches with the experimental µp/µN ratio. Comparing the above mag-
netic moment equation with the magnetic energy based rpt calculation, one arrives at

the same µp/µN = rpt/
(√

2rscaled
)
formulation in either case: i.e. these are two ways of

expressing the same physics.

3.5.4. The outer radius of the proton charge distribution. The toroidal pro-
ton geometry implies that the circulating proton charge is radially distributed between
rpt − rpp − rcp and rpt + rpp + rcp distance from its center, i.e. its charge reaches up to
rmax=1.3 fm radial distance. This 1.3 fm radius precisely matches the electric polarizabil-
ity measurements based radius value, that was introduced in section 3.2.4. Indeed, it is
logical to interpret the electric polarizability based radius as the proton charge's furthest
distance from its center because one can polarize a charge distribution only within that
range where it is physically present.

This rmax value is also matching the experimental data shown in �gure 3.2.2, which
demonstrates that the proton charge is distributed mainly within 1.2-1.4 fm radial dis-
tance. As discussed in section 3.2.3, this distribution's RMS distance is 0.8 fm, which is
close to the calculated rpt distance.
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3.6. Proton-neutron interaction

3.6.1. The proposed electromagnetic model based interpretation of the

proton-neutron reaction. In this section, we take a look at the simplest nuclear in-
teraction: the p+ + n → 2H+ reaction. It has been experimentally measured that a
proton-neutron reaction is accompanied by the emission of a single-frequency electromag-
netic wave at f = 5.378 · 1020 Hz frequency. This electromagnetic wave carries away
2.224 MeV energy; this energy exactly corresponds to the mass di�erence between a 2H
nucleus and the p + n nuclei. A measurement of the proton-neutron interaction's single-
frequency electromagnetic emission is shown in �gure 3.6.1.

It follows from our proton model that the neutron comprises a proton and a negative
elementary charge.

In chemistry, it is well-known that the p+ +H → H+
2 chemical reaction involves the

quantum mechanical state change of a single electron, and this electron radiates away a
small fraction of the three particle masses. Analogously, the quantum mechanical state
change of a nuclear negative charge radiates away a small fraction of the three particle
masses. The toroidal proton geometry is thus stable not only for the 938.272 MeV free
particle mass value, but also for a range of lower masses.

Any quantum mechanical state change emits a single-frequency electromagnetic wave,
that radiates away △E = hf energy, where f is the wave frequency and h is the Planck
constant. This △E = hf relation is exactly ful�lled during the p+ + n → 2H+ reaction.
The proton-neutron interaction may be thought of as a quantum mechanical state change
of a single nuclear electron particle.

Figure 3.6.1. The simplest nuclear reaction: a proton approaches a neu-
tron, causing radiation emission at 2.224 MeV photon frequency. The
gamma spectrum measurement is reproduced from reference [24]; the 144Ce
and 48V peaks are present for calibration purpose.

The proton and neutron do not have any electric quadrupole moments. The resulting
2H+ nucleus has however an electric quadrupole moment of +2.86 mb. This positive
quadrupole moment value indicates a negative charge distribution between the two pro-
tons, i.e. the negative nuclear charge may be an electron-like particle.

3.6.2. The quark model based interpretation of the proton-neutron reac-

tion. The quark-based proton model describes the p+ + n → 2H+ reaction as an in-
teraction among six valence quarks and an unde�ned number of virtual quarks. This
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interaction is supposedly mediated by a �spill-over� of the same attractive force that acts
between any two quarks.

The mass defect of the p+ + n → 2H+ reaction is three times smaller than the mass
defect of the 2H+ + n →3 H+ reaction. In the quark model context, this indicates a
larger spill-over of the attractive force for the 2H+ + n → 3H+ reaction. As there is no
Coulomb repulsion in either of these nuclear reactions, the quark model predicts a larger
reaction probability for the 2H+ + n →3 H+ reaction. This prediction is contradicted
by experiment; the 2H+ + n → 3H+ reaction rate is around 1000 times smaller than
the p+ + n → 2H+ reaction rate. This contradiction signals yet another fundamental
incompatibility between the quark model and experiments.

According to Maxwell's equation, a single-frequency wave emission implies that all
involved quarks must oscillate at the same frequency during the reaction. It means that
the proton's and neutron's hypothetical quarks must remain in a coherent state, i.e. in
the same quantum mechanical state. But if these hypothetical quarks remain in the
same quantum mechanical state, achieving a charge polarization that corresponds to the
+2.86 mb electric quadrupole moment is impossible. This contradiction again signals a
fundamental incompatibility between the quark model and experiments.

3.7. Conclusions

We have presented a proton model that describes the physical origin of numerous
proton parameters, such as its mass, spin, charge radius, dipole magnetic moment, and
anapole magnetic moment. The proton's elementary charge has a Zitterbewegung cur-
rent over a toroidal surface. We calculated the proton's classical charge radius, poloidal
radius, and toroidal radius, using only the proton mass and magnetic moment as input
values. Despite our model's simplicity, our calculations are in very good agreement with
experimental values.

A consistent application of Maxwell's equation lead to the discovery of the proposed
proton model. The strong similarities with the electron model suggest a universal ap-
plicability of fundamental physical laws. Both the electron and the proton comprise an
electromagnetic wave, whose formulation can be derived by solving Maxwell's equation.
These solutions must not neglect the e�ects of general relativity, as demonstrated in our
present work. Our proton mass calculation demonstrates that Maxwell's equation remains
valid at least down to 10−18 m.

Based on our results, the proton may regain its elementary particle status. The main
di�erence between an electron and a proton is the topology of their Zitterbewegung: a cir-
cular Zitterbewegung current in the electron case and a toroidal Zitterbewegung current
in the proton case. While in the electron case a longitudinal electromagnetic wave circu-
lates within the entire toroidal electron volume illustrated in �gure 1.1.1, in the proton
case a longitudinal electromagnetic wave circulates along the toroidal surface illustrated in
�gure 3.4.1. Along this toroidal proton structure, the longitudinal electromagnetic wave
is found within a thickness of 2rcp ≈ 3 · 10−18 m. It remains to be understood why only
these two topologies lead to a stable particle in free space.

Acknowledgements: The author thanks William Stubbs for insightful discussions of
high-energy electron-proton scattering data, and thanks Giorgio Vassallo for suggesting
the proton's toroidal shape.

Appendix 1: Physical constants in Natural Units

Conversion constants for natural units.
1.9732898 · 10−7 m ≃ 1eV −1 length
6.5821220 · 10−16 s ≃ 1eV −1 time
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2.99792458 · 108 ms−1 = 1 speed
1.5192669 · 1015 Hz ≃ 1eV frequency
8.1193997 · 10−13 N ≃ 1eV 2 force
1.8755460 · 10−18 C = 1 charge

Relevant physical constants in natural units:
h = 2π Planck's constant

(
6.62607015 · 10−34JHz−1

)
ℏ = h/2π = 1 reduced Planck's constant
ε0 = 1

4π
vacuum permittivity

µ0 = 4π vacuum magnetic permeability
c = 1 light speed in vacuum

(
2.99792458 · 108ms−1

)
α−1 ≃ 137.036 inverse of the �ne structure constant
e = ±

√
α ≃ 0.085424546

(
1.602176634 · 10−19C

)
elementary charge

µN ≃ 4.552225759 · 10−11 eV −1
(
5.0507837461 · 10−27JT−1

)
nuclear magneton

µp ≃ 1.271367397 · 10−10 eV −1
(
1.41060679736 · 10−26JT−1

)
proton magnetic moment

µp

µN
≃ 2.79284734463 CODATA proton magnetic moment to nuclear magneton ratio

mp ≃ 0.93827208816 · 109 eV proton mass
λp ≃ 6.696549362 · 10−9 eV −1

(
1.32140985539 · 10−15m

)
proton Compton wavelength

Ae ≃ 5.981875085 · 106eV norm of the vector potential of the electron charge
Ve = Ae electric potential at surface of the electron's charge
ΦM = h

e
= 2πα−1/2 ≃ 73.55246020 elementary charge's magnetic �ux

me = ωe ≃ 0.51099895 · 106eV electron rest mass
ωe = me electron's charge angular speed
Te = 2π

ωe
electron Zitterbewegung period

re = ω−1
e ≃ 1.956951198 · 10−6eV −1

(
0.3861592676 · 10−12m

)
electron Zitterbewegung radius

rce = αre classical electron radius
Rp,exp ≃ 4.264 · 10−9 eV −1

(
0.8414 · 10−15m

)
�proton charge radius� CODATA value

Appendix 2: Proton model parameters

rpp ≃ 0.463 · 10−15m proton torus minor (poloidal) radius
rpt ≃ 0.831 · 10−15m proton torus major (toroidal) radius
rcp ≃ 1.534698267 · 10−18m classical proton radius
η =

rpt
rpp

≃ 1.8 proton torus aspect ratio

vpt =
c√
2
the toroidal component of the charge speed c

µp ≃ 2.793µN toroidal proton magnetic moment

Lp = rpt ×
(

µN
µp

mp

)
vpt = ℏ the proton's toroidal angular momentum, calculated from its toroidal magnetic

energy
ℏ cos (ϑ) = ±1/2ℏ (ϑ ∈ {π/3, 2π/3}) measured proton spin, see chapter 4
Φpt = Φpp = h/e ≃ 73.55246020 proton model magnetic �ux quanta in natural units
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CHAPTER 4

Proton spin and gyromagnetic factor

Andras Kovacs[1]

[1] ExaFuse. E-mail: andras.kovacs@broadbit.com

Abstract. We explain the origin of proton spin, and calculate the proton's gyromag-
netic factor. We compare our calculations against experimental data, and �nd a surpris-
ingly precise match with the experimentally measured gyromagnetic factor value. Our
theory also matches the operating principle of NMR devices.

In contrast, upon reviewing the quark model based interpretation of proton spin, we
�nd that the quark model contradicts both the operating principle of NMR devices and
the Pauli exclusion principle.

4.1. The proposed electromagnetic model based interpretation of proton spin

Let us recall that a scaled positron, whose total energy equals the proton mass, would
have rscaledmpc = ℏ angular momentum. The rscaled=0.2103 fm distance denotes the
scaled positron's Zitterbewegung radius.

Our proton model implies that the proton's spin angular momentum is the same as
its toroidal angular momentum. We denote this toroidal angular momentum as Lp. It
follows from chapter 3 results that the toroidal angular momentum is expressed by the

Lp = rpt ×
(

µN

µp

)
mpvpt formula, re�ecting the fact that only a fraction of the proton

mass is generated by the toroidal Zitterbewegung. Here, rptdenotes the proton's toroidal
radius, mp is its mass, and vpt is the toroidal speed component of the proton charge.

Recalling from chapter 3 that rpt =0.831 fm, vpt = c/
√
2, and µN/µp = 1/2.793, we

obtain:

Lp = rpt ×
(
µN

µp

)
mpvpt = ℏ

We thus found that, analogously to the electron case, the absolute value Lp of the
proton's spin angular momentum Lp is equal to the reduced Planck constant:

Lp = ℏ
In the presence of an external magnetic �eld BE, we can write the vector Lp as the

sum of two vectors. One vector is parallel to BE, and the second one is orthogonal to it:

Lp = Lp∥ +Lp⊥

Lp∥ = Lp cos (θ)

Lp⊥ = Lp sin (θ)

where θ is the angle between the vectors µp and BE. The proton is therefore subjected
to a torque τ :

36
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τ =
∣∣µp ×BE

∣∣ = µpBE sin (θ)

Consequently, the proton's toroidal structure will be in a Larmor precession, with
angular frequency ωpP :

(4.1.1) τ =

∣∣∣∣dLp

dt

∣∣∣∣ = Lp sin (θ)
dϕ

dt
= Lp sin (θ)ωpp.

µpBE = ℏωpp

What we call �proton spin� sp is the measured component of its angular momentum
vector Lp along the external magnetic �eld BE :

sp = ℏ cos (θ)

Figure 4.1.1 illustrates the precessing proton structure under an external magnetic
�eld BE.

ωpp
Lp

Be

Figure 4.1.1. The Larmor precessing proton in external magnetic �eld
BE. The proton's toroidal angular momentum vector Lp precesses with
angular frequency ωpp.

The measurable angular momentum transitions are also universally quantized to ℏ
value. This implies the following for the quantization of the angle θ :

△Lp∥ = ±ℏ =⇒ θ ∈
{
π

3
,
2π

3

}
, cos (θ) = ±1

2

sp = ±
ℏ
2
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The two spin values are characterized by two di�erent energy levels, EL and EH ;

θ =
π

3
=⇒ EL = −ℏωpp

θ =
2π

3
=⇒ EH = ℏωpp

△E = EH − EL = 2ℏωpp

This energy gap △E is equal to ℏωNMRp, where ωNMRp is the proton's Nuclear Mag-
netic Resonance (NMR) angular frequency. Therefore:

(4.1.2) ωNMRp = 2ωpp = 2µpBE =
e

mp

µp

µN

BE

This linear relationship between the applied BE magnetic �eld and the resulting △E
energy gap is the basis of NMR technology. It is widely recognized by the operators of
NMR equipment that the proton spin is in a Larmor precession when being placed under
magnetic �eld.

The value of ωNMRp can be written as a function of the gyromagnetic factor gp:

(4.1.3) ωNMRp =
e

2mp

gpBE

The proton's gyromagnetic-factor gp is therefore

gp = 2
µp

µN

= 5.585696018

Our calculation precisely matches the CODATA value of the proton's experimentally
measured gyromagnetic factor, which is 5.5856946893.

We note that all of the above applies completely analogously to the electron, whose
angular momentum value is also ℏ. The exact same Larmor precession arises when the
electron is placed under an external magnetic �eld BE, and thus the measured value
of its angular momentum becomes se = ±ℏ

2
. This phenomenon is the basis of Electron

Spin Resonance (ESR) technology: the measured energy gap △E is then equal to ℏωESR,
where ωESR = 2µBBE and µB is the Bohr magneton.

4.2. The quark model based interpretation of proton spin

When Otto Stern measured the proton's µp = 2.793µN magnetic moment in 1933,
most physicists assumed that this measured value is the absolute value of the proton's
internal magnetic moment vector. The quark model based magnetic moment calculations
were developed under this assumption. With the recent advent of NMR technology,
the operators of NMR equipment have recognized that under applied magnetic �eld the
proton is subjected to Larmor precession. However, quark proponents never revised their
calculations, which do not consider quarks being in Larmor precession. Any Larmor
precession implies that the absolute value of individual quarks' angular momentum vector
must be larger than the ℏ

2
value assumed in those calculations. Therefore, the quark model

based spin interpretation is fundamentally contradicted by the NMR technology.
The Callan-Gross relation, which was mentioned in section 3.1, implies that a hy-

pothetical quark's spin is individually measurable in high-energy scattering experiments.
Yet proton spin measurements always yield µp = 2.793µN . One may wonder why the
hypothetical quarks' magnetic moments always add up to the same value of 2.793µN . To
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explain this constant value, the quark model based proton spin interpretation also re-
quires that the three valence quarks remain in isotropic spin entanglement, which means
that their individual spin orientations are always correlated, regardless of the spin mea-
surement direction. Such spin-correlation is required to maintain a constant value of the
measured proton magnetic moment. As mentioned in section 3.1, the color charge hy-
pothesis was then introduced in order to remove a perceived contradiction between the
three-quark spin correlation and the Pauli exclusion principle. However, Paul O'Hara
recently proved that Greenberg's postulate does not automatically remove the contra-
diction with the Pauli exclusion principle: reference [1] proves that the isotropic spin
entanglement of three particles is a mathematical impossibility if their spins are individ-
ually measurable. This mathematical contradiction holds regardless of the presence or
absence of color charges. Therefore, the quark model based interpretation of the proton
spin requires that the hypothetical quark spins are individually measurable in the case of
high-energy scattering, but not individually measurable with low-energy techniques. Un-
surprisingly, there is still zero experimental evidence of the postulated color charges, even
though more than 50 years passed since Greenberg published his hypothesis. In the case of
multi-lepton con�gurations, a stable quantum mechanical state requires that the involved
lepton spins are precisely aligned in parallel or anti-parallel directions. The electron pair
of an atomic orbital is anti-parallel spin correlated, while the leptons of a positronium
can be either parallel or anti-parallel spin correlated. The µp < 3µN value implies that
the three hypothetical quarks are �almost parallel� spin correlated; i.e. the postulate of
quantum mechanical stability without precise spin alignment has been introduced.

In summary, the quark model based proton spin interpretation involves a fundamental
contradiction with NMR technology, and also involves a long chain of ad-hoc postulates.

Acknowledgements: The author thanks Paul O'Hara for insightful discussions of the
Pauli exclusion principle, and thanks Giorgio Vassallo for some essential suggestions.

References. [1] A. Kovacs and G. Vassallo �Rethinking Electron Statistics Rules�,
Symmetry (2024)
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Neutrinos and Occam's razor
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In order to understand nuclear interactions, one must make sense of neutrinos which
are emitted e.g. in nuclear beta decay, nuclear electron capture, or muon decay. Despite
90 years of neutrino physics, neutrinos are still being discussed in mutually contradictory
terms:

• Neutrinos have been initially modeled as chargeless particles representing the
m→ 0 solution of the Dirac equation, and with ℏ

2
spin value assignment. But it

remained unclear what the meaning of a massless particle is.
• A di�erent neutrino particle has been proposed for each lepton type, but it was
unclear what their di�erence would be if they are all massless. Proponents of
�several neutrino types� therefore proposed, without experimental evidence, that
neutrinos have a small rest-mass. This hypothesis is in contradiction with the
historically embraced m→ 0 models.
• Direct measurements of the neutrino mass converge to zero as the accuracy of
measurements gradually improves. This historical �exponential decay to zero� is
illustrated in �gure 5.0.1. After 70 years of gradually improving mass measure-
ments, there is no sign of any non-zero neutrino mass value. From all measure-
ments, the current limit on neutrino mass is <0.12 eV.
• Neutrinos have been considered to be leptons, and this concept historically orig-
inates from the Dirac equation based neutrino models. However, we will demon-
strate in the following paragraphs that assigning a non-zero lepton number to
neutrinos is contradicted by experiments.
• Neutrinos are claimed to be not interacting electromagnetically. We show ex-
perimental refutation of this claim in chapter 8. We note that the claim of
electromagnetic non-interaction originates from deep underground inverse beta
decay experiments, which claim to detect solar neutrinos traveling through 2.5 km
of rock. However, such experiments do not account for geo-neutrinos produced
via the thorium decay chain; the omni-present thorium decay chain was simply
assumed to be irrelevant. Addressing this assumption, we also show in chapter
8 that the neutrino-nucleus interaction might be much stronger than previously
assumed.

These contradictory concepts show that neutrino physics is in the need of serious revision.
As we show in the following paragraphs, it is nevertheless possible to describe neutrinos
in surprisingly simple terms. Resolving this 90 year deadlock of neutrino physics is a key
that unlocks a new interpretation of nuclear interactions.
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Figure 5.0.1. The historic evolution of neutrino mass limit from tritium
decay measurements.

We start by considering the decay of a muon into an electron. Upon muon decay, the
energy corresponding to muon-electron mass di�erence is departing as neutrino radiation.
A muon is a lepton which always decays into an electron. The muon has the magnetic
moment of a scaled electron, i.e. eℏ

2mµ
magnetic moment value. Even its anomalous

magnetic moment is close to the electron's g =
(
1− α

2π

)−1
factor. Therefore, for all

practical purposes, we can consider the muon to be a scaled electron. We can thus apply
the electron's circular Zitterbewegung structure to the muon as well.

We derived in section 1.2 the electron's longitudinal Lagrangian density L∥, which is
measured in J/m3 units, and is known as the �interaction term� of the electromagnetic
Lagrangian density:

L∥ = J ·A = JA =
Ielectron
πr2c,e

· ℏ
erZBW

where I and rZBW are the Zitterbewegung current and radius, rc,e is the electron's classical
charge radius. We also showed that this Lagrangian density ful�lls the J

□
· A

□
= 0

condition for stationary action, where the vectorial expression involves all four space-time
coordinates.

We now apply the same circular Zitterbewegung structure to both electron and muon.
Recall from section 1.2.2 that it is possible to compute the electron's or positron's mass
from their longitudinal Lagrangian density L∥. By integration over the toroidal volume
where the scalar �eld S is non-zero, we obtain exactly the particle mass:

Welectron =

˚
V

JAdV =
Ielectron
πr2c,e

· ℏ
erZBW,e

· 2π2rZBW,er
2
c,e = ϕIelectron ≈ 511 keV

Wmuon =

˚
V

JAdV =
Imuon

πr2c,µ
· ℏ
erZBW,µ

· 2π2rZBW,µr
2
c,µ = ϕImuon ≈ 105658.4 keV

where ϕ = h/e is the magnetic �ux quantum and I is the Zitterbewegung current.
It is evident from the above expression that the µ− → e− decay involves a change in

L∥ = J ·A. It is shown in the �rst appendix of chapter 1 that J
□
·A

□
is equivalent to

the electromagnetic 1
2µ0

(
S2 − 2

c
IE ·B

)
expression. Since neutrino emission is associated
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with a change in J ·A, neutrino dynamics should be described by the 1
2µ0

(
S2 − 2

c
IE ·B

)
expression.

Let us �nd such a wave solution to Maxwell's equation that its Lagrangian density
is given by the 1

2µ0

(
S2 − 2

c
IE ·B

)
expression, where the electric and magnetic �elds are

parallel. The gaugeless Maxwell equation is simply ∂2A
□
= 0, and we �rstly look for

its longitudinal wave solutions. One trivial solution transforms electric and scalar �eld
energies into each other, with the electric �eld pointing along the direction of propagation.
For a longitudinal wave traveling along the z direction, the trivial longitudinal solution
is:

Ez = E0 sin (ωt− kz) , S = S0 sin (ωt− kz)
where S0 = E0 in Natural units, and the wave is propagating at the speed of light along
the z direction.

An other trivial solution transforms magnetic and scalar �eld energies into each other,
with the magnetic �eld pointing along the direction of propagation. For a longitudinal
wave traveling along the z direction, the trivial longitudinal solution is:

Bz = B0 cos (ωt− kz) , S = IS0 cos (ωt− kz)
where I is the Cli�ord pseudo-scalar, S0 = B0 in Natural units, and the wave is propa-
gating at the speed of light into the z direction.

Recall from chapter 1 that the complete electromagnetic Lagrangian density is:

L =
1

2µ0

(
−E

2

c2
+B2 + S2 − 2

c
IE ·B

)
The above trivial longitudinal solutions correspond to either −E2

c2
+ S2 = 0 with no

magnetic �eld or B2+S2 = 0 with no electric �eld. It follows from the Lagrangian formula
that a purely scalar electromagnetic �eld does not exist; the detailed explanation can be
found in the appendix of this chapter.

Since electromagnetic wave solutions can be superposed, we can combine the trivial
longitudinal wave solutions. Adding the above-written electric and magnetic wave ex-
pressions, we get a longitudinal wave where the out-of-phase electric and magnetic �eld
energies rotate into each other with scalar �eld mediation.

Let us now consider adding the trivial electric and magnetic longitudinal waves with
the same sin (ωt− kz) phase. The amplitude of the scalar wave part becomes S2

0 (1 + I)
2 =

S2
0 ·2I. Multiplying the in-phase electric and magnetic �elds gives a combined wave ampli-

tude of E0B0 = S2
0 . Clearly, we have found the longitudinal wave solution that corresponds

to S2− 2
c
IE ·B = 0, with parallel oriented electric and magnetic �elds. In natural units,

the neutrino wave solution is:

(5.0.1) ν :

{
Ez = E0 sin (ωt− kz) , Bz = ±B0 sin (ωt− kz)

S = S0 sin (ωt− kz)± IS0 sin (ωt− kz)

}
where I is the Cli�ord pseudo-scalar, S0 = E0 = B0 in Natural units, and the wave is
propagating at the speed of light into the z direction. In this simple plane wave case,
the electric and magnetic �elds have no x, y components. The reason why this neutrino
solution has not been recognized in the past is its non-zero scalar �eld component.

The transversal part of the electromagnetic Lagrangian density isL⊥ = 1
2µ0

(
−E2

c2
+B2

)
.

The well-known transversal light wave is the simplest such wave solution to Lagrangian
density given by L⊥. In natural units, the linearly polarized transversal light wave is:
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(5.0.2) γ :

{
Ex = E0 sin (ωt− kz) ,
By = ±B0 sin (ωt− kz)

}
It is thus a natural choice to associate neutrinos with the longitudinal electromag-

netic wave, given by expression 5.0.1. The L⊥ = 1
2µ0

(
−E2

c2
+B2

)
and the L∥ =

1
2µ0

(
S2 − 2

c
IE ·B

)
components of electromagnetic Lagrangian density each have a trivial

wave solution: these are the transversal and longitudinal electromagnetic waves.
Recall from chapter 1 that a stationary electron is characterized by a vector potential

that is parallel to the Zitterbewegung circle; the vector potential is said to be in the
A∥ direction. As the particle gains kinetic energy, its vector potential gains a component
along the Zitterbewegung axis, and we denote this component with the A⊥ symbol. If the
electron moves close to the speed of light, its vector potential comprises almost purely A⊥
component. A transversal electromagnetic wave is emitted in those reactions that involve
a change of particle kinetic speed, such as a transition between two orbitals. A longitudinal
electromagnetic wave is emitted in those reactions that do involve a change of particle
structure. In other words, the electromagnetic wave is described by the L⊥ Lagrangian
density when its producing particle undergoes a change of A⊥, and the electromagnetic
wave is described by the L∥ Lagrangian density when its producing particle undergoes a
change of A∥.

Our neutrino model matches the experimentally observed light-speed propagation of
neutrinos, is compatible with the zero-converging neutrino mass measurements, and im-
plies the 0 lepton number assignment to neutrinos. As will be shown in section 7.4.4, such
lepton number assignment is the experimentally correct one.

The harmonic neutrino waves di�er from each other only in their frequency and hand-
edness, with the handedness being selected by the ± sign of expression 5.0.1. Analogously
to the well-known case of transversal electromagnetic waves, the appropriate method of
a given wave's detection depends on its frequency. While high-frequency neutrinos are
being detected by scintillation sensors, low-frequency neutrinos should be detected by
di�erent equipment.

Nuclear reactions and heavy particle decays are energetic events, and the neutrinos
emitted in such reactions have very high frequency. High-frequency transversal waves
interact mainly via Compton-scattering and particle-antiparticle pair creation when being
in the proximity of a nucleus. It is logical to anticipate the same interaction types for
high-frequency longitudinal waves, but at a much lower interaction cross-section.

The Compton-scattering of electrons generates scintillation events, and high frequency
neutrinos are indeed detected mainly by scintillation detectors.

Regarding particle-antiparticle pair production in the proximity of a nucleus, an inter-
esting muon-related experiment is reported in reference [1]. Its authors measure correlated
production of positrons and neutrons when their proton-containing detector is exposed to
neutrino radiation originating from muon decay. The overall process can be interpreted
as the following chain of reactions:

µ− → e− + ν, ν → e− + e+, e− + p+ → n

The last step of neutron production is possible because the produced electrons are
highly energetic. Upon muon decay, neutrino radiation carries away 105 MeV energy.
If our hypothesis of neutrino induced e− + e+ pair production is correct, the produced
electrons and positrons shall have up to 52 MeV kinetic energy each. This hypothesis
is compatible with the positron energy distribution shown in �gure 29 of [1], where the
detected positron energy indeed goes up to 50 MeV. While a skeptic might say that a
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conclusive experiment should subtract the background positron energy distribution from
the experiment-related positron energy distribution, it is clearly very improbable to see
40-50 MeV positrons in the background. This experiment thus demonstrates neutrino
induced e− + e+ pair production.

In summary, both theory and experiments point to neutrinos being just longitudinal
electromagnetic waves.

References. [1] C. Athanassopoulos et al �Evidence for neutrino oscillations from
muon decay at rest�, Physical Review C, Volume 54.5 (1996)
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Appendix 1: Examining whether a purely scalar wave exists

We note that the current density �eld is identi�ed with the space-time derivatives of
the electromagnetic scalar �eld:

(5.0.3)
1

µ0

∂S =
1

µ0

(
γx
∂S

∂x
+ γy

∂S

∂y
+ γz

∂S

∂z
+ γt

1

c

∂S

∂t

)
= J

□

It is important to note that equation 5.0.3 applies microscopically. While a macro-
scopic current of electrons in a wire primarily comprises the �ow of individual electron
particles, the role of equation 5.0.3 becomes apparent only after su�ciently zooming in.
The law of electric charge conservation can now be formulated as:

(5.0.4)
1

µ0

∂ · (∂S) = ∂ · J
□
=
∂Jx
∂x

+
∂Jy
∂y

+
∂Jz
∂z

+
∂ρ

∂t
= 0

The wave equation of the scalar �eld S can be deduced from the charge-current conser-
vation law:

(5.0.5) ∂ · (∂S) = ∂2S =
∂2S

∂x2
+
∂2S

∂y2
+
∂2S

∂z2
− 1

c2
∂2S

∂t2
= ∇2S − 1

c2
∂2S

∂t2
= 0

This scalar wave equation implies that scalar �elds travel at the speed of light. Such
a speed-of-light scalar �eld circulation does exist: it is the Zitterbewegung phenomenon,
which we examined in preceding chapters.

Can we write a corresponding scalar wave solution in the simple S = S0 cos (ωt− kz)
form? Keeping in mind that S ≡

(
−1

c
∂tAt +∇ ·A

)
, the corresponding vector potential

�eld expression is:

Az =
ca

ω
sin (ωt− kz) γz, At =

ca

ω
sin (ωt− kz) γt, Ax = 0, Ay = 0

where a is the amplitude parameter.
With the above formulation, the scalar �eld becomes the sought harmonic wave: S =

−2a cos (ωt− kz), i.e. the wave amplitude is S0 = 2a.
At the same time, the electric �eld expression becomes:

E =

(
−1

c
∂tA+∇At

)
= −a cos (ωt− kz) γz − a cos (ωt− kz) γz = −2a cos (ωt− kz) γz

Since the electric �eld becomes non-zero, a purely scalar longitudinal wave does not
exist; longitudinal waves always have electric and/or magnetic �eld components as well.
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Abstract. The nuclear electron concept does not violate Noether's theorem, does not
require the emission of heavy particles that were never observed in any β-decay, and does
not require fractional elementary charges. Each of these advantages is a major argument
in favor of the nuclear electron concept.

We show how the energy spectrum of β-decay products reveals radial oscillation
signatures, and calculate the most probable kinetic energy of an emitted electron. The
demonstrated match between our simple calculation and experiments suggest two sepa-
rate particles within a neutron, each having its own wavefunction.

However, in the context of a nuclear electron, it remained unclear up to now how to
reconcile the Heisenberg uncertainty principle with an fm-scale nuclear radius. The fm-
scale neutron size suggests treating it as a single particle, where its positive and negative
elementary charges combine into a single composite particle.

While we normally associate each elementary charge with a distinct particle, multiple
charges may combine into a single particle at the nuclear scale. The neutron comprises
two elementary charges: it appears mainly as a single-particle, and rarely a two-particle
system. We refer to its negative elementary charge as a �nuclear electron�, with the
understanding that this negative charge can be treated as a separate particle only in a
tiny fraction of time. The nuclear capture or emission of a negative elementary charge
involves the capture or decay of a nuclear electron particle. Using a precise measurement
method, we determine that the nuclear electron input mass is 1554 keV.

6.1. The neutron's single particle aspect

We showed in chapter 3 that the proton is an elementary particle. It follows that
the neutron is a composite of a proton and a negative elementary charge. Identifying the
neutron's negative charge with a hypothetical nuclear electron, our �rst goal is to evaluate
its size. We start from magnetic moment considerations. The neutron's magnetic moment
is the sum of the proton's and nuclear electron's contributions. To arrive at the neutron's
−1.91µN magnetic moment, the nuclear electron's contribution must be −4.7µN :

µn = µ+ + µ− = (2.79− 4.7)µN = −1.91µN

where µN = µB/1836.2 is the nuclear magneton, and µB is the Bohr magneton.
With respect to the electron's −µB magnetic moment, a shrinking magnetic moment

value is in direct proportion with the shrinking Zitterbewegung radius. Considering that
the electron's Zitterbewegung radius is the reduced Compton radius (rCompton=386.16 fm),
the Zitterbewegung radius of the proton-bound nuclear electron can be estimated as fol-
lows:

r− = rCompton
4.7µN

µB

= 386.16
4.7

1836.2
fm = 0.99 fm
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This result is similar to the experimental �proton charge radius� value, and shows that
the nuclear electron is captured by the proton's magnetic �eld; i.e. its Zitterbewegung
trajectory is de�ned by the proton's magnetic �eld. With the advancement of electron-
proton scattering measurements, it has become possible to directly map out the neutron's
radial charge distribution. Such radial charge distribution data is measured for example
at JLAB [1], and is visualized in �gure 6.1.1. This experimental data con�rms the above-
calculated result that the neutron's negative charge extends only slightly further than its
positive charge distribution.

Figure 6.1.1. The radial density of the neutron's positive (red) and neg-
ative (blue) charges, from JLAB measurements [1].

As a �rst approximation, we established that the neutron has a single Zitterbewegung
structure, and thus behaves as a single particle. As a more precise approximation, we
can model the neutron being in a single particle state most of the time, and in a proton
+ nuclear electron state a tiny fraction of time. Despite the small probability of �nding
a proton + nuclear electron state, it is essential for understanding neutron decay. To
explore this decay dynamics let us consider how a bound heavy electron decays.

6.2. The decay of an electron-like particle

The best known electron-like particle is the muon. As discussed in chapter 5, the
decay of a stationary muon emits neutrino radiation that matches the muon-electron
mass di�erence: Eν = mµc

2 − mec
2. Suppose that we watch this muon decay event

from a highly accelerated frame, with γL = 10 Lorentz boost factor value. We derived
the r−1

ZBW = m relation in section 1.2; the boost-induced compression of Zitterbewegung
radius compression can be interpreted as a relativistic transversal Doppler e�ect. In
a highly boosted frame, the particle's electromagnetic vector potential has mainly just
A⊥ component, and the path of its charge converges to a linear movement along its
Zitterbewegung axis. This boost e�ect is illustrated in �gure 6.2.1. Based on themµ/me ≈
207mass ratio, a stationary muon's Zitterbewegung radius is 386.16

207
fm=1.87 fm. A γL = 10

boosted muon's Zitterbewegung radius is 10 times lower, i.e. just 0.187 fm.
From the perspective of our γL = 10 reference frame, the decaying muon has 9mµc

2

kinetic energy. The emission of Eν = mµc
2 −mec

2 neutrino energy is independent of the
observer's reference frame. In this highly boosted reference frame, the resulting electron
carries on the enormous kinetic energy of 9mµc

2=951 MeV. Such a highly energetic elec-
tron travels close to the speed of light, on a nearly straight trajectory. In this boosted
reference frame, the muon decay is not a dramatic event: the emerging particle retains a
similar relativistic mass, and keeps traveling close to the speed of light on a nearly straight
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Figure 6.2.1. The electron Zitterbewegung trajectories at various kinetic
energies. v/c=0 (dark blue), 0.43, 0.86, and 0.98 (red).

trajectory. In other words, the decay event produces mainly an energetic electron, and
only a minor part of the particle energy is converted into neutrino radiation.

The point of the above example is to illustrate that a fast-moving electron-like particle
decays into a fast-moving electron. On the other hand, a stationary electron-like particle
decays with the emission of neutrino radiation. Taking the example of 3H decay products,
whose energy distribution is shown in �gure 6.2.2, we see decay into an energetic electron
at one end of the spectrum, and decay into a stationary electron plus neutrino radiation at
the other end of the spectrum. This data tells us that the 3H nucleus comprises a negative
charge that oscillates for ∼12 years between stationary and near light-speed kinetic states.

Figure 6.2.2. The energy distribution of 3H decay products.

Taking the energy values of �gure 6.2.2 at face value, the decaying negatively charged
particle would be only very slightly heavier than an ordinary electron. However, we must
consider also the e�ect of nuclear binding energy. We therefore look into the dynamics of
bound-state oscillations.

6.3. The radial oscillation of a bound electron

A proton-bound electron occupies a quantum mechanical atomic orbital. Electron
orbitals involve a rotation around the nucleus, which was explored in sections 2.2-2.3,
and also involve radial oscillation. Up to now, these orbital wavefunctions have been
calculated by using the Dirac equations on a point-particle model. Figure 6.3.1 shows
the radial probability distribution of some proton-bound electron orbitals. Although
the electron probability density is the highest near the nucleus, there is only a small
overall probability of �nding the electron close to the nucleus because of the tiny volume
element in close nuclear proximity. Since the mean orbital radii are much larger than the
electron's Zitterbewegung radius, or its charge radius, the point particle approximation
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gives accurate results for the electron probability distribution. On the other hand, the
point particle approximation is not useful for determining what happens at femtometer-
range radial distances.

Figure 6.3.1. The radial probability distribution of some proton-bound
electron orbitals. As indicated, the electron's electromagnetic vector poten-
tial rotates between the A⊥ and A∥ orientations as it oscillates between
the r → 0 and r > 1000 pm ranges.

Having determined the experimentally matching electron and proton structures, we
may investigate the electron's radial oscillation all the way down to the nuclear scale.

Let us start by considering a classical model of radial electron oscillation state around
a positively charged nucleus. At the oscillation turn-around point, the electron kinetic
speed is zero, and its potential energy is the largest. We may say that the electron's rest
mass is the highest at this location; i.e. its charge is at the largest A∥ vector potential
component here. The electron's kinetic speed is largest at the midpoint, where the nucleus
is located, and its potential energy is the lowest there. I.e. the electron has largest A⊥
vector potential component at the midpoint.

The electron's total energy remains invariant during such oscillation, and let us recall
from chapter 1 the E2

e = (eAc)2 relation, which relates the electron energy to the vector
potential experienced by the electron charge. Essentially, we may characterize this radial
oscillation as follows: part of the electron's vector potential is rotating between the ∥ and
⊥ directions.

This radial electron oscillation model remains similar in the quantum mechanical case,
but its oscillation wavenumber must form a standing wave between two re�ection points.
The back and forth re�ection of the standing electron wave requires the electron momen-
tum being non-zero at the re�ection points. Beyond the re�ection points, the quantum
mechanical wavefunction decays exponentially, as illustrated by the wavefunction tails in
�gure 6.3.1. The conservation of total energy means that the electron's spherical charge
continues to experience the same vector potential value at every location; thus the or-
bital wavefunction is characterized by a single oscillation frequency and single energy
eigenvalue. As in the classical case, the quantum mechanical radial oscillation can be
characterized as electron's vector potential being rotated between the ∥ and ⊥ direc-
tions. Such an equivalence between the classical and quantum mechanical perspectives is
illustrated by the virial theorem remaining valid in the quantum mechanical regime.
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A radial oscillation involves electron acceleration, and thus radiates energy in the
classical oscillator case. There is no energy radiation in the quantum mechanical case
because the electron oscillates at frequencies that form standing waves, and the ground
state frequency is at the limit of the Heisenberg uncertainty principle. In other words,
the ground state oscillation is in balance with the electromagnetic vacuum noise. We note
that a detailed analysis of this process can be found in �The Lamb shift as a spectrometer
of electron-noise interaction� chapter of reference [2].

One may ask what A value the electron charge experiences at the mid-point: wouldn't
it just annihilate against the positive charge? At its closest approach, the electron charge
surrounds the proton. At that point, the electrostatic potential at the electron's charge
surface is zero because the electron and proton potentials counter-balance each other;
this means that the electron's vector potential is nearly fully rotated into just the A⊥
component and its speed converges to c. Therefore, if the electron could randomly decay
into a lighter particle, the energy distribution of its decay products would be qualitatively
the same as shown in �gure 6.2.2:

• If the hypothetical electron decay happened near the nucleus, its decay energy
would transform almost entirely into the kinetic energy of a lower mass particle.
Such decay has low probability because the electron moves quickly through this
location.
• If the hypothetical electron decay happened near the oscillation's classical turn-
around points, its decay energy would transform almost entirely into neutrino
radiation. Such decay has high probability because the electron moves slowly in
this region.

Based on the above reasoning, the experimental energy distribution of β-decay products
can be interpreted as a radial oscillation signature. In other words, it seems indeed
reasonable neutron model that it is in a single particle state most of the time, and in
a proton + nuclear electron state a tiny fraction of time. In the following section, we
validate this model more quantitatively.

6.4. Calculation of β-decay peak energy from momentum conservation

In a β-decaying nucleus, a nuclear electron decays into an ordinary electron. Assuming
a random decay time, the decay event happens mainly around the oscillation turn-around
points where the low-speed nuclear electron spends more time. We established in section
6.3 that the decay energy is mainly carried away by neutrino radiation in this turn-
around region, and mainly carried away by an energetic electron in the nuclear mid-point
region. The decay event rarely happens near the nuclear mid-point because the nuclear
electron speed is the highest in that region. Such a probability distribution of decay event
locations leads to a corresponding distribution of decay product energies: this anticipated
distribution indeed matches with the experimental distribution shown in �gure 6.2.2.
However, one may notice in �gure 6.2.2 that the probability is not maximized at zero
electron energy; it peaks at a small but non-zero value. To understand the reason, let us
consider the nuclear electron decay event from momentum conservation point of view.

The nuclear electron has its highest decay probability in the turn-around region, where
its kinetic energy is almost zero. Let Eν denote the most probable value of emitted
neutrino radiation. As neutrino radiation does not have a rest mass, it carries pνc = Eν

momentum. By conservation of momentum, the emitted electron gains pνc momentum
into opposite direction at the decay event. The corresponding peak electron energy and
kinetic energy values are:
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Figure 6.4.1. The energy distribution of light isotopes' decay products,
from low to high decay energy. The vertical lines indicate the peak electron
energy values calculated from equation 6.4.2.

(6.4.1) Ee =

√
(pνc)

2 + (mec2)
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√
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2 + (mec2)
2 −mec

2

On the other hand, we may also relate Eν and Te to the total energy of the β-decay.
Let us denote the total β-decay energy as Eβ. Since the emerging neutrino energy and
electron kinetic energy add up to Eβ, we get a simple relationship between the energy
peaks: Eβ = Eν+Te. We can therefore write the electron kinetic energy in terms of Eβ:

(6.4.2) Te =

√
(Eβ − Te)2 + (mec2)

2 −mec
2

The above equation is a second-order equation which can be solved for Te. Figure 6.4.1
shows the experimental neutrino and electron energy spectrum for various light nuclei.
As can be seen, the experimental electron energy peak location nicely matches the values
calculated from equation 6.4.2. Our results clarify why the neutrino energy spectrum is
an almost monotonously growing curve at low decay energy, and why it peaks near the
middle of the spectrum at high decay energy.

As far as the authors know, the above calculation is the simplest quantitative evalua-
tion of peak electron energy in β-decays.
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6.5. The exponential tail of a nuclear electron wavefunction

The basic nuclear bond is formed between a proton and a nuclear electron. In larger
nuclei, the nuclear electron wavefunction is distributed over multiple protons. Eventually,
we might understand how to calculate the nuclear electron wavefunction. However, we can
already identify one common feature of nuclear electron wavefunctions, which universally
holds for any bound state wavefunction: its radial distribution has an exponentially
decaying tail. This exponential tail is given by the ψ (r) ∼ e−

r
a relation, where r is the

radial distance, and a is a wavefunction parameter. For ordinary atomic orbitals, the
a parameter is proportional to the orbital's main quantum number, as can be seen in
�gure 6.3.1. This ψ (r) ∼ e−

r
a relation is universal because the exponential tail arises as

a consequence of momentum conservation at the turn-around point of radial oscillation.

Figure 6.5.1. The energy distribution of 228Ra β-decay products.

To demonstrate the nuclear electron's ψ (r) ∼ e−
r
a wavefunction tail, let us take the

228Ra isotope example. Upon the β-decay of 228Ra, the emerging electron has just about
1 keV kinetic energy, and the corresponding neutrino radiation is also only a few keV.
If the β-decay event happened near the nucleus, the emerging electron would require a
high kinetic energy in order to escape from the potential well of a highly charged nucleus.
Speci�cally, the remaining Z=89 nuclear charge implies that ∼1 MeV kinetic energy is
required at ∼130 fm radial distance, and ∼10 MeV kinetic energy is required at ∼13 fm
radial distance. However, energy distribution of 228Ra β-decay products, which is shown
in �gure 6.5.1, is analogous to �gure 6.2.2: the decay energy goes mainly into neutrino
radiation, which means that the nuclear electron has been close to stationary at its most
probable β-decay. The unavoidable conclusion is that the β-decay of 228Ra happens very
far out from the nucleus, at picometer-scale radial distance. Essentially, the nuclear
electron's ψ (r) ∼ e−

r
a wavefunction tail represents a tunneling region, where the mass

di�erence between a nuclear electron and an ordinary electron is converted into a potential
energy gain. In other words, the 228Ra isotope has a very far-reaching nuclear halo prior
to its nuclear decay, which comprises the exponentially decaying part of nuclear electrons'
wavefunction. In a small fraction of time, β-decaying nuclei are much larger than their
proton-�lled radius. Figure 6.5.2 illustrates nuclear electrons' wavefunction tail around
228Ra.

We experimentally demonstrate the existence of the above-described large nuclear
halo. In the thorium decay chain, high-energy gamma peaks originate from β-decay
products. We investigate gamma peaks in the 1.1 MeV region, and look for chemically
induced di�erences in such nuclear radiation emissions.

We prepared two di�erent thorium-containing solutions. A copper-based solution com-
prises 4 g thorium-nitrate, 10 g water, and 14 g copper-perchlorate hexahydrate. The
radiation spectra of this solution are indicated by red color in �gures 6.5.3-6.5.4. A
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Figure 6.5.2. An illustration of 228Ra's giant nuclear halo: the exponential
tail of a nuclear electron wavefunction, represented by blue color, extends
far beyond the fm-scale nuclear core.

Figure 6.5.3. The gamma spectra of the two thorium solutions in K-line
emission region. Red: solution with concentrated copper-perchlorate, blue:
solution with concentrated potassium-carbonate.

potassium-based solution comprises 4 g thorium-nitrate, 16 g water, and 10 g potassium-
carbonate. The radiation spectra of this solution are indicated by blue color in �gures
6.5.3-6.5.4. We made high-precision gamma spectra measurements on these liquid sam-
ples, using Baltic Scienti�c Instruments' high purity germanium (HPGe) based detector,
which resides in a lead shielded chamber. Figure 6.5.3 shows the normalization of the two
measured spectra to the same K-line emission intensity, which means that we are looking
at the same overall radioactive decay rate in both solutions.

Figure 6.5.4 shows gamma peaks in the 1.1 MeV region, which correspond to nuclear
de-excitation of β-decay products. The gamma noise �oor is the same for both solutions,
as anticipated for the normalized decay rate. In contrast, only the 1111 keV gamma peak
has the same strength for both solutions; two peaks are stronger in the solution with con-
centrated copper-perchlorate, and one peak is stronger in the solution with concentrated
potassium-carbonate. These varying peak heights prove that the chemical environment
does impact the nuclear processes in β-decaying heavy isotopes. The involved isotopes
therefore demonstrate a large nuclear halo that comprises the exponential tail of nuclear
electron wavefunctions.
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Figure 6.5.4. The gamma spectra of the two thorium solutions in the
1.1 MeV region. Red: solution with concentrated copper-perchlorate, blue:
solution with concentrated potassium-carbonate.

The key importance of nuclear electron binding is demonstrated by the

fact that any deviation from nuclear stability causes either electron emission

or absorption. These electron absorbing and emitting nuclei are in the orange and blue
colored regions of �gure 6.5.5. The emission of other particle types happens only under
highly energized conditions, where the whole nuclear structure becomes destabilized.
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Figure 6.5.5. Stable isotopes comprise stable nuclear electron bonds. A
deviation from stability (black isotopes) causes either electron emission
(blue region) or electron capture (orange region). Other decay types hap-
pen only at the fringes, where the whole nuclear structure becomes desta-
bilized.
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6.6. A precise measurement of the nuclear electron mass

In the following, we use the e−n symbol to refer to the nuclear electron particle. As
before, we emphasize that it behaves as a distinct particle only a tiny fraction of time. The
e−n particle's nuclear capture involves a change of its wavefunction's quantum mechanical
state. Quantum mechanical state changes must be accompanied by single frequency
electromagnetic radiation. Therefore, the binding energy of the e−n capture process should
be emitted as gamma radiation. On this basis, we seek experimental data of gamma
emission from electron capture capable nuclei.

Suppose that an isotope with mass numberM and charge Z is capable of e−n capture via
the (M,Z)+e−n → (M,Z − 1) reaction. Let Eb represent the binding energy of e

−
n capture.

In the case of an ordinary electron capture, let Eec represent the (M,Z)+e− → (M,Z − 1)
reaction energy. Because of the same input isotope and same reaction end product, the
di�erence between Eb and Eec must correspond to the mass di�erence of the incoming
particles. We may therefore determine the e−n mass from the following equation:

(6.6.1) menc
2 −mec

2 = Eb − Eec

where men is the free nuclear electron mass, and me is the ordinary electron mass.

Figure 6.6.1. The gamma peak corresponding to a nuclear electron cap-
ture by 58Ni. Measurement data from [3].

6.6.1. Nuclear electron capture by 58Ni. The authors of [3] applied hot hydrogen
treatment to a nickel metal. They observed unexpected gamma emission from hydrated
nickel, and could not explain the source of the obtained gamma peak1. As shown in �gure
6.6.1, this gamma peak is at 661.5 keV. At the same time, the authors of [3] also report
observing the emission of neutrons, at low intensity. Since air always contains water
vapor, a presence of e−n particles spontaneously generates neutrons via the p+ + e−n → n
reaction. We therefore interpret the origin of the gamma peak shown in �gure 6.6.1 as e−n
capture by certain nuclei.

The 58Ni isotope of nickel is capable of e−n capture via the 58Ni+ e−n → 58Co reaction.
According to �gure 6.6.1, the binding energy of the e−n capture is Eb=661.5 keV. In the
case of an ordinary electron, the 58Ni + e− → 58Co reaction is endothermic by Eec=-
381.6 keV. Because of the same reaction end product, the di�erence between Eb and

1One co-author of this book (Giorgio Vassallo) has been personally observing this experiment, and
testi�es the authenticity of the gamma peak shown in �gure 6.6.1.
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Eec must correspond to the mass di�erence of the incoming particles. We may therefore
determine the e−n mass from the following equation 6.6.1: it yields 1554 keV for the e−n
mass.

While some e−n leptons produce the 661.5 keV peak via the 58Ni + e−n → 58Co reac-
tion, most will simply decay. The decay of e−n leptons produces energetic electrons, and
the intensity of their braking radiation must be proportional to the concentration of e−n
leptons. This anticipated braking radiation signature is indeed observable in �gure 6.6.1:
the radiation count of �t0 + 1 week� measurement is higher at all frequencies than the
radiation count of �t0 + 1 month� measurement, and this di�erence correlates with the
661.5 keV gamma peak height.

Figure 6.6.2. The gamma peak corresponding to a nuclear electron cap-
ture by a proton. The measurement methods are described in section 6.8.

6.6.2. Nuclear electron capture by 1H. We found a second unexpected gamma
emission peak during experiments on water vapor under high voltage spark discharges.
The measurements were done under air atmosphere, and a shielded chamber was employed
to minimize the background noise. The experimental details are given in section 6.8. This
experiment is in fact a laboratory analogue of a natural lightning discharge. The physical
processes during lightning discharges have been rather well studied, and several authors
noted the production of neutrons by lightnings [4, 5, 6]. The author of [5] discusses
similar neutron production by arti�cial lightning discharges in the laboratory. In our
experiment, the produced neutrons are observed via the decay of 41Ar, which originates
from the capture of produced neutrons via the 40Ar+ n0 → 41Ar reaction. The details of
this 41Ar-based neutron observation are described in section 6.8.

Such observation of a neutron emitting process yet again signals the possible presence
of e−n particles as well, as excess neutrons can be produced via the p+ + e−n → n reaction.
We therefore interpret the origin of the gamma peak shown in �gure 6.6.2 as e−n capture by
some nucleus. This interpretation is further corroborated by a time correlation analysis
between the spark discharges and gamma photon emissions, which shows that the peak of
�gure 6.6.2 occurs right after each spark discharge, and has microsecond scale duration.
The details of this time correlation analysis are given in section 6.8. Therefore the gamma
peak cannot originate from any radioactive isotope contamination. Such short duration
of the gamma peak emission is characteristic of a free e−n particle's short half-life.
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Protons are the main electron capture capable nuclei in our experiment, and therefore
the capture of nuclear electrons may be written as p+ + e−n → n. Figure 6.6.2 shows the
measured gamma peak, which implies Eb=259.6 keV binding energy between a proton
and a nuclear electron. For ordinary electrons, the p+ + e− → n reaction is endothermic
by Eec=-782.4 keV. We again use equation 6.6.1 to calculate the nuclear electron mass,
and obtain 1553 keV.

A precise estimation of the e−n input mass: both measurements of this sec-
tion show the e−n mass being in the 1553-1554 keV range, which cannot be a coinci-
dence. The measurement described in section 6.6.1 employs a high-resolution gamma
spectrometer, and shows 1554 keV e−n mass. Our precise result for the e−n mass is there-
fore menc

2=1554 keV. We emphasize that this is the input mass, prior to nuclear capture.
In the next chapter we examine the captured nuclear electron mass.

6.7. An estimation of the nuclear electron half-life in free-particle state

In its free particle state, the nuclear electron must be a short-lived particle, otherwise
it would have been discovered already. In order to determine its half-life, we must �nd
photographed tracks showing a 1.5 MeV particle decaying into an electron.

At the JINR institute in Dubna, a group led by Vladimir A. Nikitin analyzed pair
creation tracks in a bubble chamber, where particle-antiparticle pairs were generated from
energetic photons [7]. Upon the analysis of 7000 such tracks, the authors of [7] found 47
anomalous lepton tracks. The analysis of these tracks revealed that they are produced by
4-10 MeV mass particles, that eventually decay into an electron or positron. Such a lepton
is yet another electron-like particle that has been previously unknown. In two cases, the
decay event was captured on the track photo. Figure 6.7.1 shows such a particle pair
creation event and the subsequent decay of the negatively charged lepton particle. As can
be seen in �gure 6.7.1, the decay process is actually a two-step decay, and an electron is
produced upon the second decay step. Since this intermediate lepton mass is between 4
and 0.5 MeV, its track is most probably an e−n track.

The �nal electron track is a small circle at end of the lepton track. The bubble chamber
is under 1.5 T magnetic �eld, and thus we can calculate the electron's momentum from
its track radius: its track data yields 1.925 MeV/c momentum. Our aim is to identify the
half-life of the short-lived intermediate particle.

As can be observed in �gure 6.7.1, the track of the intermediate e−n particle has three
times higher radius than the electron track, and thus its momentum is p=5.8 MeV/c. At
p=5.8 MeV/c momentum, the total energy of a 1.55 MeV mass particle is 6 MeV. This
indicates a Lorentz boost factor of 4. Because of this high kinetic energy, the intermediate
e−n speed is close to the speed of light. We can thus make an order of magnitude estimation
of its half-life. Considering its track length of about 1.5 cm, it decays after 5×10−11 seconds
in the laboratory frame. Taking into account the Lorentz boost factor of 4, the e−n half-life
is in the range of 10−11 seconds.

The above described two-step decay process is further corroborated by the bubble
chamber photograph shown in �gure 6.7.2. Here, the positively charged lepton decays
into a lighter intermediate particle, which we identify as e+n . The produced e

+
n is attracted

to electrons, and collides with two electrons along its path, transferring kinetic energy to
them. Since this e+n particle does not leave any track after its second collision, it has
transferred most of its kinetic energy to an electron in that collision. In-between these
two electron collisions, the track length of this intermediate particle is similar as in �gure
6.7.1, con�rming our half-life estimate.

The estimated ∼ 10−11 s e−n half-life is highly probable. To fully con�rm it, we would
need to know with certainty that we are looking at e−n particle tracks.
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Figure 6.7.1. Heavy lepton pair creation in a bubble chamber. A lepton-
antilepton pair is created at the bottom right corner. The other two purple
arrows indicate the two decay events. The yellow dashed ellipse shows
the elliptic track �tting of the negatively charged lepton. The circular
track radius of the short-lived intermediate particle is three times the �nal
electron's track radius. Photograph provided by V. A. Nikitin.

Decay into an intermediate particle
(positively charged)

Collision with an electron

Collision with 
an electron

Figure 6.7.2. The lepton-antilepton pair is created at the bottom left cor-
ner, and the photograph shows the track of the positively charged particle.
It decays into a 1.5 MeV intermediate particle, which collides with two elec-
trons along its track. Reproduced from [7].

6.8. Experimental methods

Figure 6.8.1 illustrates the experimental setup for nuclear electron mass measurement.
The electrode gap with a voltage of 20 kV is placed in a jet of �nely dispersed drops of
distilled water, supplied from the humidi�er by an air stream. This jet of �ne droplets is
created by high-frequency mechanical vibrations. The pressure in the discharge zone is
equal to atmospheric pressure. The discharge gap electrodes are located along the �ow
of a water-air jet of �ne droplets. The �ow moves from the cathode to the anode. After
passing through the discharge zone, the water-air jet is directed to a ventilation tube, and
is released into the atmosphere.
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A gamma spectrometer is located above the discharge gap, and consists of a NaI crystal
and a Photo-Electron Multiplier (PhEM). The spectrometer was calibrated by two peaks
of the 241Am isotope, which emits gamma rays at 26.3 keV and 59.6 keV energies. These
instruments are placed in a lead box with a volume of 15×15×15 cm3, assembled from 5
cm thick lead blocks.

Figure 6.8.1. The experimental setup for recording gamma radiation dur-
ing spark discharges in a water-air environment.

By placing the spectrometer and the discharge gap together into a lead box we reduce
the gamma background signal in by 40 times, and thus signi�cantly increase the signal-
to-noise ratio. Figures 6.6.2 and 6.8.2 show the histogram of gamma spectra, which were
recorded for 55 seconds. The gamma ray energy is shown along the abscissa axis. Along
the ordinate axis, the number of pulses of electromagnetic radiation with a given energy
are shown. A peak with an energy of 259.6 keV is clearly visible on �gure 6.8.2. At
that 259.6 keV energy, 53 pulses were registered in 55 seconds. When the same spark
discharges were done in dry air atmosphere, i.e. without a jet of �ne water droplets, no
gamma signals were detected above the background.

Figure 6.8.2. A comparison of gamma spectrograms. The black curve
was recorded during a 20 kV spark discharge in water-air environment with
the recorder located in a lead box, the red curve is the background signal
on the recorder located in a lead box while the discharge is turned o�, the
green curve is the background signal on the recorder located outside the
lead box while the discharge is turned o�.

Figure 6.8.2 shows that the background level inside the lead chamber (red curve) is
about 10 times lower than the registered peak signal. To the left of the 259 keV peak,
another gamma peak with energy ranging from 125 to 175 keV is visible. This side peak
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provides additional con�rmation that the 259 keV peak value is correct, since it is the
Compton shoulder of an electron-scattered gamma ray quantum, with the incoming energy
of 259 keV.

The green curve of �gure 6.8.2 shows the gamma background in the laboratory area
outside the lead chamber. The background outside the lead chamber is about 190 pulses
per 55 seconds at 259 keV energy, which exceeds by 3.4 times the peak of the black curve.
Therefore, the use of lead box enclosure is essential.

Figure 6.8.3. The normal distribution curve along the right branch of the
259.6 keV peak. y0 is the zero level of the Gaussian along the ordinate axis,
xc is the location of the center point, and w is the mean square deviation.

We now address the statistical analysis of the distribution shown in �gure 6.6.2. A
direct statistical analysis of �gure 6.6.2 data is complicated by the fact that the NaI crystal
has poor spectral resolution. To the left of the 259 keV peak is the Compton shoulder,
which distorts the normal distribution of the main peak. Figure 6.8.3 shows the right
branch of the 259 keV peak, which is located far from the Compton peak. This allows us to
reasonably apply the normal distribution statistics to the ensemble of experimental points.
The red curve shows a normal distribution �tted to the experimental points2. It can be
seen that the experimental distribution is well approximated by a normal curve centered
at 259.6 keV, with a mean squared deviation of 34.7 keV2. We note that the standard
deviation in our experiment is larger than the ±1 keV deviation shown in �gure 6.6.1,
which was recorded by a higher precision gamma spectrometer. Insofar as the gamma
peaks of �gures 6.6.1 and 6.6.2 are signatures of analogous e−n capture phenomenon, we
can take the higher precision of ±1 keV as the error margin of e−n mass measurement.

We also investigate the time correlation between the gamma ray signals and the electric
discharge sparks. To do this, we use an oscilloscope to register gamma ray signals. In
addition, a small radio antenna was also used, located at a distance of 0.5 m from the
lead chamber. The oscillograms coming from the two channels of the oscilloscope are
jointly analyzed: i.e. the signal from the PhEM and the signal from the radio antenna.
The result of this experiment is a set of oscillograms obtained on the oscilloscope by
repeatedly registering short pulses from the NaI detector and from the radio antenna
(fast frame mode). The oscillogram recording was triggered when two conditions were

2this normal distribution was obtained using the Origin6 software
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met by the gamma signal: i) the duration of the signal is more than 1.5 microseconds,
and ii) the signal amplitude is more than 50 mV3. Such double condition for starting the
oscillogram recording con�dently ensures that it starts when the gamma ray quantum
passes through the NaI crystal.

Figure 6.8.4. An exemplary oscillogram. The blue curve is the PhEM
signal, and the green curve is the radio antenna signal. The large negative
dip is the signature of a gamma ray quantum.

Spark discharges generate a bunch of high-frequency oscillations, which were recorded
by the radio antenna located 0.5 m away. Each oscillogram shows 25 microseconds before
and after the trigger condition. Considering that the sparking frequency is about 10
discharges per second, the probability that a gamma ray quantum and an electromagnetic
oscillation signal would both randomly show up in one oscillogram is estimated to be
5 × 10−4. That is, if the discharge and the formation of a gamma ray quantum are not
correlated, then it would take several thousand oscillograms in order to see both signals
(i.e from the antenna and from the PhEM) registered in the same oscillogram.

An exemplary oscillogram record is shown in �gure 6.8.4. The green curve shows the
signal from the radio antenna; it shows the registration of electromagnetic �eld oscillations
at -9.6 microseconds. It is at this moment that an electric discharge occurs between the
two electrodes. These oscillations are almost completed after 5 microseconds, i.e. this is
the duration of the spark discharge. The blue curve shows the signal of PhEM; it also
reacts to the electromagnetic �eld like the radio antenna, and shows an oscillating signal
at the same time. But 6 microseconds after the spark signal a unipolar negative signal
appears on the blue curve, typical for a gamma ray quantum. As explained in the previous
paragraph, the probability of a random coincidence between these two signal types is
extremely small. We found similar correlated signals on 26% of the recorded oscillograms.
Keeping in mind that the oscillogram recording is triggered by any >200 keV gamma ray,
i.e. not only the peak signal, we obtain a causal relationship between the spark discharges
and the 259 keV gamma ray signal.

In summary, the above described analysis proves that the 259 keV gamma peak is
statistically signi�cant and it is correlated with spark discharge events in the water-air
medium.

Figure 6.8.5 shows a gamma spectrum measurement made half hour after a spark-
discharge experiment run. This spectrum has one gamma peak, at approximately 1.3 MeV

3this roughly corresponds to a gamma ray quantum of 200 keV
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Figure 6.8.5. The gamma spectrum measured 30 minutes after a spark-
discharge experiment run.

energy. There is only one radioactive isotope that has such radiation signature: it is
41Ar. 40Ar is present at 1% concentration in the atmosphere, and it has several orders
of magnitude higher neutron capture cross section than nitrogen or oxygen. If spark
discharges generate neutrons, they are preferentially captured by 40Ar according to the
40Ar + n0 → 41Ar reaction. The resulting 41Ar isotope has 110 minutes half-life, and
remains enclosed by the lead shielding box. The gamma spectrum of �gure 6.8.5 thus
shows the signature of 41Ar production, which demonstrates neutron production during
spark-discharges.

We note that this experiment is di�cult to replicate because it requires not only thick
radiation shielding, but also numerous experiment runs. Presently we do not know the
reason why the observed gamma peak appears only in a certain fraction of experiment
runs.

6.9. Conclusions

In conclusion, the nuclear electron concept is compatible with fundamental physics
principles, does not violate energy conservation, and it is based on a direct interpretation
of nuclear measurements. Applying the Heisenberg uncertainty principle, we modeled
the neutron being in a single particle state most of the time, and in a proton + nuclear
electron state a tiny fraction of time. We found that this model is more reasonable than
assuming the non-existence of proton + nuclear electron state.

The nuclear β-decay is identi�ed with the nuclear electron's decay into an ordinary
electron plus neutrino radiation, and the calculated energy distribution of decay products
matches the nuclear electron's radial oscillation pattern. Nuclear stability requires a
su�ciently high binding energy of the nuclear electron, so that its decay into an electron
would not be exothermic. We estimated the exponential wavefunction tail of a radially
oscillating nuclear electron, and experimentally demonstrated its existence in β-decaying
heavy nuclei. The existence of a giant nuclear halo in certain heavy isotopes is a new
result, unexpected by preceding theories.

We measured the nuclear electron mass to be 1554 keV in its short-lived free-particle
state.

This chapter lays the foundation for a rational discussion of nuclear structures. In the
next chapter, we focus on the neutron's single particle aspect, and map out its internal
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structure.
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CHAPTER 7

The neutron structure is deduced via a direct interpretation of

experimental data

Andras Kovacs[1]

[1] ExaFuse. E-mail: andras.kovacs@broadbit.com

Abstract. While experimental physics progressed tremendously since the 1970s, the
neutron model has remained essentially unchanged. Motivated by developments in both
experiments and theory, we propose that the initial neutron decay step is not the emission
of an 80 GeV mass boson particle, but the decay of a much lighter lepton particle.

Historically, investigations of deuteron photo-dissociation led nuclear scientists to
assume that no electron-like particle is associated with neutron decay. We therefore
re-examine these experiments in section 7.2. We demonstrate that deuteron photo-
dissociation leads to 2p+ + e− products at high photon energies. Our calculations show
why a deuteron always breaks up into p+ n particles at <3 MeV photon energy.

Aided by the insights built up over the preceding chapters, we explore the neutron's
internal structure in section 7.4. We deduce the neutron's internal structure via a direct
interpretation of experimental data.

7.1. Motivation

7.1.1. A brief overview of meson models. Before the 1970s, most scientists
viewed the proton as an elementary particle. Starting from the 1970s, scientists working
at high energy particle colliders proposed that protons and neutrons are not elementary
particles, but comprise smaller sub-particles. According to their model, a proton and
a neutron both comprise three quark sub-particles. The existence of quarks has been
suggested initially in the 1960s, based on the theoretical e�orts by Gell-Mann to model
baryons and mesons [3], which were observed in a great variety during high energy nuclear
experiments. While Gell-Mann's original quark theory required the F2 momentum distri-
bution to peak at x = 1

3
, reference [6] demonstrates that this is not the case because the

experimentally observed F2 peak is at x = 1
9
. This deviation from the required peak at

x = 1
3
was explained away via the hypothesis that the three quarks originally thought to

form the proton are the so-called �valence quarks�, which are swimming in the background
of �sea quarks� [4]. These so-called sea quarks are a collection of quark-antiquark pairs,
radiated by the three valence quarks. However, the calculations of 1970s still showed that
the valence quarks together with the sea quarks only accounted for 54% of the proton's
momentum [2]. A further hypothesis was added to supplement the momentum shortfall
of the quarks; chargeless particles called gluons were introduced into the proton model
[5]. Since gluons have no electric charge, the thinking was that they are there, but the
electrons probing the proton in deep inelastic scattering cannot see them. These hy-
pothesized gluons were assigned the missing proton momentum, and the resulting proton
model became the quark-gluon model that it is today. But even with this model of �va-
lence quarks� swimming in the background of �sea quarks and gluons�, there seemed to
be an angular momentum de�cit with respect to the measured angular momentum of the
proton, and therefore the presence of �virtual strange quarks� was also postulated in the
1990s [7].

65
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Although the quark-based model was inspired by the great variety of mesons, the
proposed quark masses do not add up the masses of observed mesons. According to
quark proponents, this is explained by a negative binding energy between quarks: any
particle's valence quark masses are only a small percentage of the total particle mass, with
the bulk of the particle mass coming from particles which represent the binding force: i.e.
virtual quarks and gluons. Moreover, the valence quark : virtual quark : gluon mass
ratio is allowed to vary from particle to particle in order to match the observed masses.
Now what is the physical meaning of negative binding energy? By de�nition, negative
binding energy means a meta-stable bound state. This model implies that individual
quarks should be easily observable upon the break-up of their meta-stable binding. Quark
proponents therefore also postulated that the meta-stable bonds between quarks can never
be dissociated. The energy balance was also turned upside down for annihilation reactions:
the annihilation between the hypothetical u quark and d anti-quark is postulated to start
by an 80 GeV endothermic step. In summary, it appears that the quark-based proton
model has become embraced without any direct evidence, and maintaining it requires a
forever expanding list of postulates.

Figure 7.1.1. The mass tripling pattern of certain mesons, reproduced
from [11].

We developed an electromagnetic proton model in chapter 3, which restores proton's
elementary particle status. It gives tangible answers to questions, such as: what is the
proton made of?, what generates the proton's spin?, what generates the proton's anapole
magnetic moment?, and what is the meaning of the experimentally measured proton
radius? While the preceding quark-based proton model violates Maxwell's equation via
the so-called �renormalization� procedure and proposes complicated interactions among
experimentally non-observable virtual particles, which are referred to as �sea quarks� and
�gluons�, our proton model respects Maxwell's equation and does not require the presence
of energy conservation violating virtual particles. This proton model matches all data
in high energy electron-proton scattering experiments, without employing postulates or
hidden parameters.

The proton's elementary particle status implies that the neutron should comprise a
proton and a negative elementary charge. What remains is to map out the Zitterbewegung
structure of the neutron's positive and negative elementary charges.

Regarding mesons, an alternative modeling approach is to look for simple patterns
of their mass variations. As illustrated in �gure 7.1.1, some meson particles form a geo-
metric mass-tripling pattern [11]. Coincidentally, our present work reveals an analogous
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mass-tripling pattern. We already identi�ed in chapter 6 that the nuclear electron is
approximately three times heavier than an ordinary electron. We shall refer to the mass-
tripled electron as the e−n particle in our work, where the �n� index stands for �nuclear�.
Continuing with this mass-tripling, we arrive at the mass di�erence between the charged
π− and neutral π0 particles. Assigning this mass di�erence to a weakly bound e−π lepton,
the emerging pattern is summarized by table 1. This alternative model suggests the ex-
istence of e−π → e−n and e−n → e− decays. Such lepton decays indeed show up in neutron
decay or in π−+p+ → π0+n0 interaction, both of which are well-known nuclear reactions:

n0 ←→
(
p+ + e−n

)
bound

→ p+ + e− + ν̄

π− + p+ ←→
(
π0 + e−π

)
+ p+ → π0 +

(
e−n + p+

)
bound

+ ν̄ → π0 + n0 + ν̄

The main reason why this mass tripling pattern was not obvious from the start is the
binding energy of the (p+ + e−n )bound state, which impacts the neutron-proton mass di�er-
ence.

Recalling the precise 1.554 MeV e−n mass measurement in chapter 6, the ratio between
the e−n and e− particle masses is 3.04. Looking again at �gure 7.1.1, the speci�c ratio
between the J/ψ and ϕ meson masses is 3.038, which is very close to 3.04. Similarly, the
ratio between the Υ and J/ψ masses is also very close to this 3.04 value. Perhaps this
ratio can be derived from some universal principle, which is valid for both leptons and
mesons.

Lepton type Mass Decays to

e− me =0.511 MeV stable
e−n mn −mp ≈ 3 ·me e−

e−π mπ− −mπ0 ≈ 9 ·me e−n
Table 1. The electron's mass-tripling pattern.

7.1.2. A brief history of the neutron decay model. Regarding neutron decay, it
was proposed in the 1970s that the nuclear beta-emission of electrons and antineutrinos is
being mediated by 80 GeV massW boson particles, i.e. an XA

Z → XA+1
Z +W−(80GeV )→

XA+1
Z + e− + ν̄e process, which temporarily violates energy conservation. The emission of

this 80 GeV mass particle is supposedly allowed by Heisenberg uncertainty; i.e. nucleons
are thought activate this uncertainty only above a speci�c neutron:proton ratio threshold,
and keep it de-activated below that threshold. However, it seems to be a violation of the
Heisenberg uncertainty principle to model it with an on-o� switch.

Presently, claims about the structure and interactions of 80 GeV particles with 10−25

sec half-life are highly speculative. Claiming that the emission and absorption of neu-
trinos is mediated by 80 GeV virtual particles is a particularly extraordinary claim, and
should require extraordinary evidence. However, the presence of a W boson was never
experimentally observed during neutron decay.

The hypothesis of 80 GeV virtual particles is experimentally contradicted by the beta
decay of the 163Dy nucleus. It is known since 1992 that the 163Dy nucleus beta decays
in a fully stripped Dy66+ state, while the same 163Dy nucleus is stable in a neutral atom
[12]. Such beta decay of Dy66+ produces a bound state electron, which has a negative
energy state with respect to a free electron. While most nuclear theorists insist that any
beta decay reaction is completely independent from electromagnetism, it is clear that the
electric potential is the controlling parameter of this beta decay process.
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If beta decay was triggered by the formation of an 80 GeV mass W boson particle,
such process would not care about the presence or absence of orbital electrons. Since the
presence or absence of orbital electrons is the actual control parameter of the 163Dy beta
decay, it is impossible that any W boson particle is involved in this process.

A similar experimental contradiction is also presented by the beta decay of the 210Bi
nucleus. 210Bi beta decays in its ground state, but remains stable in its 271 keV excited
state, which is a long-lived excitation state. If beta decay was triggered by the formation
of an 80 GeV mass W boson particle, such process would not care about the presence or
absence of a nuclear excitation which has 5 orders of magnitude lower energy.

Based on these shortcomings, it is reasonable to consider an alternative model of
neutron decays. A more preferable neutron decay model avoids experimental paradoxes
and does not violate energy conservation. We therefore interpret nuclear β-decay as the
decay of nuclear electrons, which were introduced in chapter 6.

7.2. Signatures of nuclear electrons in deuteron photo-dissociation

7.2.1. The historic interpretation of deuteron photo-dissociation. After Chad-
wick's discovery of the neutron in 1932, there were a lot of discussions whether it is an
elementary particle or a hydrogen-like atom formed from electron and proton [1]. For
example, Heisenberg and Rutherford were among those who argued that Chadwick's par-
ticle is a small hydrogen atom. Pauli however stated that the neutron should be viewed
as an elementary particle. To decide who is right, Chadwick's team irradiated deuterons
by 2.62 MeV photons, and saw deuterons splitting into a proton and a neutron, without
the emission of any electron-like particle. Consequently, most nuclear physicists rejected
the nuclear electron concept. With the discovery of the neutron's magnetic moment in
1940, most scientists also rejected Pauli's elementary particle neutron concept, as their
elementary particle model assumed the absence of internal charge distribution.

The �rst deuteron photo-dissociation experiments were performed by Chadwick and
Goldhaber in 1935 [15]: they passed 2.62 MeV gamma rays, emitted by a thorium source,
into deuterium gas. The dissociation generated energetic protons with mean proton energy
of 0.185 MeV. By conservation of momentum, the other released particle must carry away
the same momentum. Since neutrons have about the same mass, a dissociation into a
proton and a neutron means 0.185 MeV kinetic energy of the generated neutrons. These
values imply a deuteron binding energy of 2.62 − 2 × 0.185 = 2.25 MeV. This value
matches the experimental deuteron binding energy, measured by photon energy detection
upon proton-neutron reactions. Thus the deuteron photo-dissociation into a proton and
a neutron has been proven. Later work showed that the photon energy threshold for
deuteron photo-dissociation is 2.26 MeV.

The observation of only proton plus neutron reaction products at this 2.62 MeV photon
energy was historically thought to be a proof for the absence of electron-like sub-particles,
based on the idea that energetic photons should primarily ionize away any light particles.
The implicit assumption here is that an electron-like particle would more readily interact
with >2.26 MeV photons than a proton, and would thus become ionized from the nucleus.
In the following, we look into this possibility in the light of modern experimental data.

7.2.2. Compton scattering in nuclear context. At high photon energy, Compton
scattering becomes the dominant photo-ionization process of ordinary electrons. There-
fore, one cannot neglect the role of Compton scattering in deuteron photo-dissociation.
Any particle's Compton scattering cross-section is given by the Klein-Nishina formula.
20-100 MeV photons have much less energy than the proton mass, and thus protons'
Compton scattering is negligible in this energy range. On the other hand, this energy
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Figure 7.2.1. Deuteron photo-dissociation by high-energy radiation. Left:
the p+ counting based photo-dissociation cross section (microbarns), as
a function of photon energy, reproduced from chapter 6 of [17]. Right:
the binding energy among deuteron constituents, measured upon photo-
dissociation by 30-50 MeV photons, reproduced from [18].

range is much higher energy than either the e− or e−n mass. Therefore, according to
the Klein-Nishina formula, the e− and e−n Compton scattering cross sections vary at the
same rate with respect to the photon energy. Within a certain photon energy range, if
deuteron photo-dissociation is dominated by the negative charge's Compton scattering
process, then this Compton scattering cross section can be approximated by the total
deuteron photo-dissociation cross-section.

The electron's Compton scattering cross-section values at 20 and 100 MeV photon
energy are shown in table 2, based on the data of reference [16]. Regarding the e−n
particle, its Compton scattering cross-section is identi�ed with 1

2
of the deuteron photo-

dissociation cross section in the 20-100 MeV photon energy range. A 1
2
multiplier must

be applied to the p+ counting based experimental cross-section measurement because the
2H+ → 2p+ + e−n Compton scattering produces two protons. The obtained values at 20
and 100 MeV photon energy are displayed in the last column of table 2. As expected, the
e− or e−n cross sections vary at a similar rate with respect to the photon energy, which is
a signature of Compton scattering.

e− (Xe) e− (Pb) e−
n (2H)

Eγ=20 MeV 14.9 mb 13.7 mb 0.29 mb
Eγ=100 MeV 2.02 mb 1.87 mb 0.035 mb
σ20/σ100 7.4 7.5 8.3

Table 2. A comparison between the e− and e−n Compton scattering cross
sections at 20 and 100 MeV photon energy. The millibarn values are the
Compton scattering cross-sections of the particles identi�ed in the �rst row.

When the negative elementary charge is removed via Compton scattering, the deuteron
breaks up via the 2H+ → 2p+ + e−n pathway. Writing this process as 2H+ → p+ + n →
2p+ + e−n , one may see that such three-body break-up requires Eb,D + Eb,n energy input,
where Eb,D=2226 keV is the 2H+ → p+ + n dissociation energy, and Eb,n is the p+ − e−n
binding energy within the neutron. As shown in the right side of �gure 7.2.1, the binding
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energy which was measured upon deuteron photo-dissociation by 30-50 MeV photons
peaks at Eb,D + Eb,n=2.48 MeV energy, and not at 2.23 MeV energy. The two curves
peaking at 2.48 MeV only di�er in the applied signal �ltering condition, which is explained
in reference [18]. This data reveals that the p+ − e−n binding energy is Eb,n ≈2.48-
2.226 MeV=254 keV; this data well matches the Eb,n ≈259 keV value deduced in chapter
6.

The above data indicates that Compton scattering is the dominant photo-dissociation
process above 20 MeV photon energy. In this photon energy range, the e− + e+ pair
creation process also has a high cross-section. Up to now, experimentalists assumed
that any detected electrons originate from pair creation events, thereby not noticing the
electrons originating from the deuteron break-up.

Applying the Klein-Nishina equation with 1.5 MeV nuclear electron mass and 2.48 MeV
dissociation energy threshold, we �nd that the Compton scattering cross section falls to
zero near 3.2 MeV photon energy. Below 3.2 MeV photon energy, the only remaining
dissociation pathway is the photoelectric process. We thus look into the photoelectric
reactions in the following paragraphs.

7.2.3. The photoelectric e�ect on nuclear electrons. During the chemical photo-
dissociation of a H2 molecule, the radiation �eld can either break the H2 molecule into
two H atoms [19] or it can ionize the H2 molecule into an H+

2 ion and an electron.
Analogously, the nuclear photoelectric e�ect may yield either the 2H+ → p+ + n or the
2H+ → p+ + p+ + e−n reaction pathway. We estimate the relative probability of these two
pathways.

We already established in chapter 6 that the neutron appears as a single particle most
of the time, i.e. the deuteron can be treated as a p++n system in the �rst approximation.
The photoelectric e�ect then breaks up a deuteron mostly into p+ + n products. We also
established in chapter 6 that the neutron appears as p++ e−n system in a small fraction of
the time. Analogously, the deuteron appears as a p+ + p+ + e−n system in a small fraction
of the time. Let us see how the photoelectric e�ect impacts a p+ + p+ + e−n system.

To calculate the photoelectric e�ect on a p++p++ e−n system, we must de�ne a three-
body wavefunction. A reasonable wavefunction toy-model is to consider the three-body
wavefunction being a Gaussian function of the sub-particles' distance:

ψ = De−
β
2
(rp1−ren)2e−

β
2
(rp2−ren)2e−

β
2
(rp1−rp2)2

where rp1 and rp2 denote the two protons' position, and ren denotes the nuclear electron's
position. Such a wavefunction maximizes the Shannon entropy of its sub-particles. D and
β are two unknown parameters, which can be calculated from two boundary conditions:
the deuteron's charge radius is 2.1 fm, and the wavefunction is normalized to a unit
probability over the whole space. We thus get β = 1

24
fm-2 and D = 0.0512 fm-3. The

Hamiltonian operator of light-matter interaction is:

H = −
∑
i

qi
mi

Â (ri) · p̂i

where qi, mi, ri, and p̂i are the given sub-particle's charge, mass, position, and momentum
operator, while the Â operator corresponds to the electromagnetic wave's vector potential.

Upon photo-dissociation into 2p++e−n reaction products, the wavefunction of the �nal
state comprises three harmonic functions of the three resulting particles. Using the above
Hamiltonian, we calculate the cross-section corresponding to the deuteron wavefunctions'
transition from its initial ground state into its �nal dissociated state. Using 1.5 MeV e−n
mass, we obtain less than 0.01 mb cross-section at any photon energy, which is far below
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the experimental photo-dissociation cross-section. In the 1930s, theoreticians expected
the orange curve of �gure 7.2.2 to be orders of magnitude higher than the experimental
cross-section, mainly because an electron-like particle is much lighter than the other two
particles. In the light of actually performing the calculation, we can see that it is the low
density of states associated with an electron-like particle which causes the 2H+ → p++n
reaction pathway to have much higher probability than the 2H+ → 2p+ + e−n reaction
pathway.

Figure 7.2.2. The experimental deuteron photo-dissociation cross-section
(blue) and the calculated cross-section of the photoelectric 2H+ → 2p++e−n
reaction (orange).

In summary, the results of sections 7.2.2-7.2.3 explain why the experimenters of the
1930s saw only p+n photo-dissociation products, while working at <3 MeV photon energy.

7.3. Electron-emitting excited nuclei

In the following paragraphs, we go through data which demonstrate the emission of
electrons from certain excited nuclei. If an electron-releasing excited state exists for an
otherwise stable isotope, one may conclude that the involved nucleus contains negative
elementary charges.

The 9Be nucleus comprises two alpha sub-particles, and a neutron. It takes only 1665
keV to separate a neutron away from it, which is less energy than any of the 9Be excitation
energy levels. The energies of its lowest three excited states are shown in �gure 7.3.1.
It has been observed that any of these excitations break up the 9Be nucleus with very
close to 100% probability [10]. The 1684 keV and 2780 keV excitations decay by neutron
emission; the remaining 8Be nucleus then promptly splits into two alpha particles.

9
Be→

4
He+n+

4
He

9
Be→

4
He+p+en+

4
He

0

1684 keV

2429 keV
2780 keV

7%

93%

9
Be

Figure 7.3.1. The lowest three excitation levels of 9Be and their subse-
quent break-up reactions.

Interestingly, the 2429 keV excitation decays by neutron emission in only 7% of cases
[10]. While, nuclear data tables do not say what break-up products emerge in the other
93% of cases, there is no other possibility than the 9Be →4 He + 4He + p + en reaction
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shown in �gure 7.3.1. The reasons for the impossibility of other reaction products are:
i) 5He and 5Li do not exist, and ii) a proton separation into 8Li + p would require over
16 MeV energy. Therefore, the 2429 keV excitation of 9Be decays mainly by emitting
a proton and an electron. Such a prompt release of an electron upon nuclear break-up
demonstrates that a negative elementary charge must be present in the 9Be nucleus.

In order to develop a generalized understanding of e−n particles' prompt nuclear emis-
sion, let us consider the β-decay process of excited nuclei. When a β-decaying isotope is
in its ground state, it decays via electron emission, and the half-life of such a decay is
measured in hours, days, or even years. When the same isotope is in an excited state, with
the excitation level being just above the neutron separation energy, the β-decay also hap-
pens via neutron emission. This well-known process is observed in nuclear �ssion reactors;
some of the produced �ssion fragments are in a long-lasting excited state, and β-decay
via neutron emission. The delay between the �ssion event and a subsequent β-decay via
neutron emission is measured in seconds or minutes. A nuclear �ssion reactor would in
fact have uncontrollable chain reaction run-away without such delayed neutrons.

Ground-state nucleus > Sn excitation ≫ Sn excitation

β-decay type e− emission n0 emission e−n + p+ emission
Where is it Beta-decaying Delayed n0 in Fission events emitting prompt
observed? isotopes nuclear reactors neutrinos, photo-dissociation

Table 3. A listing of various β-decay types, as a function of nuclear exci-
tation level. Sn is the neutron separation energy.

We saw in section 7.2 that at moderate photon energy the main deuteron dissociation
pathway is neutron release, while at high photon energy the main deuteron dissociation
pathway is simultaneous e−n +p

+ release. Highly energetic nuclear excitations may β-decay
via simultaneous e−n +p+ release. Since a free e−n particle has very short half-life, its decay
produces neutrino radiation almost instantaneously. The e−n + p+ releasing beta decay
therefore occurs in those uranium �ssion events that emit �prompt� neutrino radiation.
These various categories of nuclear beta-decay are summarized in table 3.

7.4. Towards a deeper understanding of the neutron

7.4.1. The neutron's internal structure. Although we are still in the early stages
of understanding the neutron, there is already su�cient experimental data to map out
its internal constellation. On the basis of proton experimental data, we calculated the
proton's internal structure in chapter 3, which is illustrated on the left side of �gure 7.4.1.
We derived the following proton parameter set: its major (toroidal) radius is 0.831 fm,
its minor (poloidal) radius is 0.46 fm, and its Compton scattering radius is 0.0015 fm.

The proton and neutron transmute into each other and have very similar mass values;
this indicates that the neutron's negative charge is imposed over a proton-like structure.

With the advancement of measurement techniques, it has become possible to directly
map out the neutron's radial charge distribution. The proton versus neutron size can be
compared e.g. via magnetic radius values, which have been measured for both particle
types. As can be seen in table 4, the average magnetic radii di�er by only 2%. These
data indicate that the major (toroidal) neutron radius approximately retains the proton's
0.83 fm toroidal radius.

The mean radial distance of the neutron's negative charge can be extracted from
so-called �neutron charge radius measurements�. Such experiments compare the mean
radial distance of the positive and negative charges, and yield -0.11 fm2 [20, 21]. This
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small di�erence matches the above-mentioned neutron magnetic radius measurements,
and probably relates to the small probability of observing the e−n wavefunction's radial
oscillation. These measurements mean that the neutron's negative charge has approxi-
mately the same Zitterbewegung radius as the toroidal proton radius: r− ≈0.83 fm.

Publication Mean proton Mean neutron
year magnetic radius magnetic radius

1976 0.84 fm 0.87 fm
1995 0.835 fm 0.89 fm
2003 0.855 fm 0.88 fm
2012 0.86 fm 0.88 fm
2014 0.85 fm 0.86 fm
2021 0.845 fm 0.865 fm
2022 0.85 fm 0.865 fm

Table 4. Proton versus neutron magnetic radius measurements, as listed
in [22].

Figure 7.4.1. An illustration of the toroidal proton structure (left) and the
neutron structure (right). The toroidal curve represents the Zitterbewegung
path of the neutron's positive charge, and the blue torus represents its
negative charge. The arrow on the right edge indicates the small oscillation
probability of the negative charge.

A next question is to understand this negative charge's �classical radius�. Let us recall
from the preceding chapters that the classical particle radius is inversely proportional to
the electric �eld energy in both electron and proton cases, and thus a measurement of
this radius is a measurement of the particle mass. For the free e−n particle, its 1.554 MeV
mass implies 2.82 · 0.511

1.554
fm=0.93 fm �classical radius� radius, i.e. one third of the classical

electron radius value.
We calculate the �classical radius� of the neutron's negative charge more precisely from

magnetic moment considerations. The neutron's experimental magnetic moment value is
−1.913µN . The positive proton charge has 2.793µN magnetic moment contribution; the
e−n contribution is therefore µ− = −4.706µN .

The nuclear electron circulates with speed c at r−=0.83 fm radius. Without the
anomalous magnetic moment contribution, its magnetic moment scales from the electron's
Bohr magneton according to the r−

rCompton
ratio:
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µB
r−

rCompton

= −3.945µN

We take its anomalous magnetic moment into account, using equation 2.4.5:

(7.4.1) µ− = µB
r−

rCompton

g = −3.945µN

(
1− rc−

2πr−

)−1

= −4.706µN

where g is the anomalous magnetic moment factor evaluated according to equation 2.4.5,
and rc− is the �classical radius� of the proton-bound e−n particle. We note that rc− is
the only unknown of the above equation, and evaluating it yields rc−=0.84 fm. This is a
peculiar result because rc− ≈ r−; i.e. the neutron's negative charge circulates in such a
toroidal volume whose poloidal and toroidal radii are the same. We may now summarize
what we discovered about the neutron structure so far.

The internal structure of the high probability single-particle neutron state.
In summary, the neutron's internal structure can be understood as follows: its positive
charge has a toroidal Zitterbewegung structure with 0.83 fm toroidal radius, while its
negative charge traces out an electron-like circular Zitterbewegung path. The negative
charge has 0.83 fm classical and Zitterbewegung radii. This neutron structure represents
a direct interpretation of experimental data, and it is illustrated on the right side of �gure
7.4.1.

Kinetic energy estimation for the low probability p++ e−n state. We identi�ed
in chapter 6 that there is a small probability of �nding a neutron in the p+ + e−n two-
particle state. Since the classical particle radius is inversely proportional to the relativistic
particle mass, it follows that the proton-bound nuclear electron energy is approximately
0.511 · 2.82

0.83
MeV=1.74 MeV. I.e. the kinetic energy of a proton-bound e−n particle increases

by around 0.2 MeV with respect to its 1.554 MeV free particle state. The proton-bound
e−n kinetic energy is thus similar to its 0.26 MeV binding energy. This result is a sanity
check on our model because it is compatible with the virial theorem, which requires that
the electric binding between a positive and a negative charge produces approximately the
same binding energy and kinetic energy values.

Assessment of e−-e−n di�erences. At this point, one may ask what the main dif-
ference is between an electron a nuclear electron. Based on what we learnt so far, the
e−-e−n di�erence is completely analogous to the e−-µ− di�erence. In both cases, the heav-
ier unstable particle soon decays into an electron, accompanied by neutrino emission.
Neutral particle formation by proton capture requires a match between the lepton's clas-
sical radius and the proton's toroidal Zitterbewegung radius. If the proton's toroidal
Zitterbewegung radius was three times larger, it could directly capture an electron into
a structure like in �gure 7.4.1. If the proton's toroidal Zitterbewegung radius was three
times smaller, it could only capture a 4.5 MeV e−π particle into a structure like in �gure
7.4.1. In other words, the e−n particle has a completely analogous internal structure to an
ordinary electron.

7.4.2. Neutron stabilization by a high electric potential. We saw in section
7.1.2 that the electrostatic potential is a control parameter of nuclear beta decay. Here, we
look into the role of electrostatic potential through the example of 17O. The 17O nucleus
is an interesting case for the study of neutron dynamics: it contains a neutron-like sub-
particle which is the most similar to a free neutron.

The 16O nucleus comprises four alpha sub-particles. When a neutron is captured
by 16O, where will it reside? Considering that the charge radii of 16O and 17O are the
exactly same, the captured neutron must be located in the nuclear center, surrounded
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by four alpha sub-particles. Since the magnetic moment of 16O is zero, the magnetic
moment of 17O can be attributed to the captured particles. Interestingly, the magnetic
moment of 17O is nearly the same as the neutron's magnetic moment. Speci�cally, the
17O magnetic moment is −1.894µN , which 99% matches the neutron's −1.913µN magnetic
moment. These data indicate that the 17O nucleus contains a neutron-like sub-particle at
its center, as schematically illustrated in �gure 7.4.21.

Figure 7.4.2. The 17O nuclear structure. A neutron is in the center posi-
tion, the red spheres illustrate alpha sub-particles.

17O is a stable particle. The neutron at its center cannot decay, because the electron
capture energy of 17F is 2.76 MeV; the positive sign of electron capture energy means
that the energy needed to remove an electron from the nucleus exceeds the 0.87 MeV
maximum electron kinetic energy upon neutron decay. In other words a neutron be-
comes stabilized by being at a su�ciently high electrostatic potential, which prevents the
electron's departure.

7.4.3. Neutron destabilization by a strong magnetic �eld. We now revisit the
discussion of 9Be excited states. As noted in section 7.3, the 2429 keV excitation of 9Be
decays mainly by emitting a proton and an electron, in contrast to the neutron-emitting
1684 keV and 2780 keV excitations. Therefore, the break-up of the neutron at 2429 keV
excitation is controlled by some other parameter than just the excitation energy.
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Figure 7.4.3. The rotational states of 9Be

The 9Be ground state has J = 3
2
− rotational quantum number designation. Here, the

�-� sign denotes the currently popular conjecture of a �negative parity state�, which means

1While the 4He charge radius is 1.7 fm, the 17O charge radius is less than twice this size; it is only
2.7 fm. Four alpha sub-particles thus do not �t into 17O without overlap.
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that the nuclear wavefunction supposedly changes its sign upon the mirror re�ection of
spatial coordinates. The above-mentioned 2429 keV excitated state has J = 5

2
− rotational

quantum number designation. Recognizing this pattern as a rotational series, the next
rotational state is J = 7

2
−, and the corresponding excitation energy is 6380 keV.

The rotational Hamiltonian's eigenvalues are:

(7.4.2) EJ = J (J + 1)
ℏ2

2I

where EJ is the rotational energy eigenvalue at the rotational quantum number J , and
I is the moment of inertia. Figure 7.4.3 shows the excitation energies as a function of
J(J + 1). The three data points �t rather well onto a single line, which corresponds
to the rotational excitations of a rigid structure. The data shown in �gure 7.4.3 yields
ℏ2
2I
=534 keV. Considering the 2.5 fm nuclear charge radius of 9Be, this moment of inertia

matches quite well the rotation of two alpha sub-particles around each other.
As the positively charged alpha sub-particles rotate around their center of mass, their

rotation produces a strong magnetic �eld. The strength of this magnetic �eld is pro-
portional to the rotational quantum number J because the moment of inertia remains
constant. Since the neutron-like sub-particle breaks up in the J = 5

2
− and J = 7

2
− states,

a su�ciently strong magnetic �eld appears to destabilize the neutron. Quantitatively,
the magnetic moment values of the various 9Be states are given in table 5. Its �rst two
columns are literature data. Its last two columns are our predictions, calculated from
the rotating alpha particles' J states. One may observe from table 5 values that, as a
�rst approximation, the neutron remains stable if the magnetic moment of neighboring
nucleons is <µN , but becomes unstable if the magnetic moment of neighboring nucleons
is >µN .

n 9Be 9Be* (2429 keV) 9Be* (6380 keV)
µ -1.913µN -1.177µN -0.686µN -0.196µN

µ-µn 0 +0.736µN +1.227µN +1.717µN

Table 5. The magnetic moment of the neutron and various 9Be states, in
nuclear magneton units. The last row shows the magnetic moment values
without the neutron's contribution.

7.4.4. Lepton number conservation. Since matter particles are created in particle-
antiparticle pairs, the electron emission from neutron has been also modeled as some kind
of particle-antiparticle pair creation process. The so-called �lepton number� is de�ned as
a +1 value for a negatively charged lepton, and as a -1 value for a positively charged
lepton. In a pair creation process, the total lepton number remains zero, and this has
been referred to as the lepton number conservation rule.

In the context of neutron decay, theW -boson particle was hypothesized to be an inter-
mediate particle, and its decay has been modeled as a particle-antiparticle pair creation
process. For this reason, the W -boson particle has been assigned a 0 lepton number value
and the emerging anti-neutrino has been assigned a -1 lepton value, even though it has
no electric charge. However, this chapter demonstrated in numerous ways that there is
no W -boson intermediate particle in neutron decay. In reality, the e−n is the intermediate
particle of neutron decay, and it clearly has a +1 lepton number value. Insofar as neutron
decay is modeled as a pair creation process, the emerging particle pair is: p+ + e−n . This
pair creation process means that the proton must have a -1 lepton number value, which
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is perfectly in line with the results of chapter 3. The neutron particle retains the 0 lepton
number value, as before.

One may ask what lepton number must be assigned then to a neutrino. We �rstly ap-
proach this question from the perspective of muon decay. Up to now, it was hypothesized
that a muon decay releases a neutrino-antineutrino pair. This hypothesis has been solely
motivated by the above-mentioned W -boson decay model, which assigns a -1 lepton value
to the anti-neutrino. In other words, modeling neutrinos as leptons forces theorists to
model muon decays as a neutrino plus anti-neutrino pair creation process. While muon
decays have been studied in numerous experiments, there is no experimental evidence at
all for the simultaneous release of two neutrinos. On the other hand, there is experimen-
tal evidence [23] that the neutrinos produced by muon decay initiate the same nuclear
reaction as in the famous Cowan�Reines neutrino experiment:

ν̄ + p+ → n+ e+

Regarding the above reaction, we already identi�ed the following correct lepton num-
bers: -1 for p+, 0 for n, and -1 for e+. This means that, in order to conserve lepton
number, the incoming anti-neutrino must have 0 lepton number value. Consequently,
we come to the conclusion that both neutrinos and anti-neutrinos have 0 lepton number
value. The 0 lepton number assignment to neutrinos and anti-neutrinos also directly fol-
lows from chapter 5 results. Table 6 summarizes the correct assignment of lepton numbers
to various particles.

Particle e−, e+ e−n , e
+
n µ−, µ+ p−, p+ n ν, ν̄

Lepton number +1, -1 +1, -1 +1, -1 +1, -1 0 0
Table 6. The correct assignment of lepton numbers.

Appendix: Neutron model parameters

rp+ ≃ 0.46 · 10−15m poloidal radius of the positive elementary charge's Zitterbewegung
rt+ ≃ 0.83 · 10−15m toroidal radius of the positive elementary charge's Zitterbewegung
rc+ ≃ 1.54 · 10−18m classical radius of the positive elementary charge
r− ≃ 0.83 · 10−15m circulation radius of the negative elementary charge's Zitterbewegung
rc− ≃ 0.83 · 10−15m classical radius of the negative elementary charge
µ+ ≃ +2.793µN toroidal magnetic moment of the positive elementary charge
µ− ≃ −4.706µN magnetic moment of the negative elementary charge
µn ≃ −1.913µN net neutron magnetic moment
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CHAPTER 8

Neutrino-induced inverse β-decay

Andras Kovacs[1]

[1] ExaFuse. E-mail: andras.kovacs@broadbit.com

Abstract. In previous chapters, we introduced the idea of neutrinos being longitudinal
electromagnetic waves, which have non-zero scalar �eld component. In this chapter, we
validate this neutrino model through investigations of neutrino-induced inverse β-decay.
Such nuclear reactions provide direct information about the captured neutrino radiation.
They also gauge the intensity of neutrino-nucleus interactions. Lastly, we explore how
electromagnetic scalar �elds might be applied in macroscopic devices.

8.1. Inverse β-decays induced by long wavelength neutrinos

Between 1993-2014, Alexander Parkhomov undertook a pioneering series of experi-
ments [1, 2], which appear to demonstrate that neutrinos are electromagnetic waves. In
our interpretation of these experiments, they provide supporting evidence for chapter 5-6
results. Parkhomov constructed a metallic parabola shown in �gure 8.1.1, which has beta
emitting 60Co material at its focal point. This parabola was aimed at the sky in a �xed
position, scanning for low-frequency cosmic neutrinos. It swept the sky as the Earth ro-
tates. As shown in �gure 8.1.1, in a certain orientation the 60Co decay rate increased by 3
orders of magnitude. This strong beta decay enhancement was simultaneously measured
by two detectors, and the same e�ect was observed at several celestial orientations.

Figure 8.1.1. Measurement of cosmic neutrino induced nuclear beta de-
cay. Left: parabolic metal antenna, with beta emitting 60Co material at its
focal point. Right: 60Co decay rate during the experiment, as the antenna
sweeps a small angle on the sky. Reproduced from [1].

The orientations associated with strong beta decay enhancement appear to point to-
wards nearby stars. Furthermore, it is possible that our Sun's gravitational lensing e�ect
magni�es the amplitude of electromagnetic radiation received from these stars.

A parabola collects incoming waves into its focal point only if the incoming wave-
length is signi�cantly larger than its surface roughness. Therefore, the incoming radiation
has macroscopic wavelength. A re�ection from a parabola surface is fundamentally an
electromagnetic interaction. Regardless of whether a parabola re�ects electromagnetic
waves, sound waves, or small balls thrown at it, the underlying microscopic process is
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always an electromagnetic interaction between the parabola material and the incoming
wave components. The incoming neutrino radiation must interact electromagnetically, in
order to be re�ected. Without electromagnetic interaction, neutrinos would simply �y
through the parabola.

Considering that neutrinos travel through space, may have macroscopically large wave-
length, interact electromagnetically, and have been always observed to travel at the speed
of light, in the author's opinion they are clearly electromagnetic waves and it is very
di�cult to interpret them otherwise.

Transversal electromagnetic waves dissociate nuclear structures only when their fre-
quency is in the gamma range. However, transversal waves of macroscopic wavelengths
do not have any e�ect on beta decaying isotopes. Furthermore, Parkhomov noticed that
a glass parabola produces similar results to metallic parabolas; i.e. this electromagnetic
wave re�ects similarly from metallic and dielectric surfaces. For these reasons, the involved
electromagnetic wave is not transversal, but longitudinal. Regarding neutrino theory, we
established in chapter 5 that a neutrino is a longitudinal electromagnetic wave, which
has non-zero scalar �eld component. The scienti�c literature refers to neutrino induced
beta decay as �inverse beta decay�. When the decaying nucleus is unstable, the required
neutrino energy is arbitrarily small.

Figure 8.1.2. Measurement of beta decayed electron energy, induced by
cosmic neutrino radiation. Top: the count rate of all emitted electrons.
Middle: the count rate of most energetic electrons, near the maximum of
90Sr beta decay energy. Bottom: temperature evolution. Data provided by
Alexander Parkhomov.

In summary, our interpretation of Parkhomov's cosmic neutrino experiment is the
following: i) the detected cosmic wave is a long wavelength electromagnetic radiation
because it is collected by a parabola, ii) it is a longitudinal electromagnetic wave, and iii)
this type of electromagnetic radiation strongly enhances the nuclear beta decay rate.
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In a follow-up experiment, Parkhomov used the same set-up, but replaced the Geiger
counter with a scintillation detector and energy �lter in order to measure two count rates:
the count rate of all emitted electrons, and the count rate of most energetic electrons.
These count rates are respectively shown on the top chart and middle chart of �gure 8.1.2.
We note that the highest energy tail counts those electrons whose kinetic energy is near
the maximum of 90Sr beta decay energy.

As can be seen in �gure 8.1.2 the count rate peaks measuring all emitted electrons grow
less than 10%. On the other hand, the count rate peaks measuring the most energetic
electrons grow by two orders of magnitude. This means that the absorbed neutrino
radiation does not simply speed up nuclear beta decay, but induces electron emission only
at the highest possible electron energy for the given beta decay. The inverse beta decay
reaction is characterized by exactly such an electron energy distribution. An inverse beta
decay reaction yields two reaction products, and is exempli�ed by the ν + n → p+ + e−

reaction. In this case, momentum conservation dictates that the decay energy is carried
away mainly by the much lighter electron product.

With reference to chapter 6, the highest electron kinetic energy is associated with
a decay event at the overlap position of the neutron's positive and negative charges.
In contrast, we showed that an ordinary beta decay event is associated with a spatial
separation of the neutron's positive and negative charges. We also discussed in chapters
6-7 that a neutron's positive and negative charges overlap most of the time, i.e. the
neutron is mostly in single-particle state. It is thus anticipated that a randomly arriving
neutrino wave �nds overlapping elementary charges; a decay from this state produces the
highest possible electron kinetic energy.

8.2. Inverse β-decays induced by short wavelength neutrinos

We established that long wavelength neutrino waves re�ect from surfaces similarly to
light re�ection. Short wavelength neutrino waves are expected penetrate into materials
also similarly to short wavelength gamma radiation. However, it would be surprising and
illogical to �nd nearly in�nite penetrating power of short wavelength neutrino waves. At
this point, we must address the Homestake neutrino experiment [3], because its authors
claim to measure solar neutrinos 2.5 km underground; this experiment is at the origin of
neutrinos' nearly in�nite penetrating power myth. How do the authors of reference [3]
know that they are measuring solar neutrinos, and not thorium chain geo-neutrinos from
the surrounding rock? They do not distinguish the two sources; this question remains
unaddressed in reference [3]. Apparently, they assume that their inverse beta decay mea-
surement is only sensitive to solar neutrinos, while thorium chain beta decay produces
anti-neutrinos. However, the equivalence between neutrino and anti-neutrino waves fol-
lows from chapter 5 results. Furthermore, a recent experiment [4] claims to estimate
thorium concentration from inverse beta-decay measurements.

Suspecting that the Homestake neutrino experiment has been detecting geo-neutrinos,
we review in the following paragraphs an experiment that gauges the absorption of short
wavelength neutrinos. Speci�cally, we discuss the inverse beta decay of 88Sr, induced by
energetic neutrinos.

The authors of [5] irradiated a uranium foil target by 62 MeV alpha particles. Kinet-
ically induced uranium �ssion is known to occur already above 1 MeV impacting neutron
energy and above 7 MeV impacting proton energy. This experimental condition therefore
induces uranium �ssion, which promptly releases short wavelength neutrino radiation.

A few grams of SrCO3 powder was placed in the vicinity of this uranium target, but
separated from it by 0.1 mm thick kapton �lm. Such �lm thickness is selected in order
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to block the passage of charged particles. This SrCO3 powder is thus subjected to short
wavelength neutrinos and gamma photons.

The employed SrCO3 powder is enriched in 88Sr: it comprises 99.2% 88Sr, approxi-
mately 0.4% 86Sr, and 0.4% 87Sr. The uranium target was irradiated for seven hours at
1 µA current. The post-experiment gamma spectrum of the 88SrCO3 powder is shown in
�gure 8.2.1, and we interpret this spectrum in the following paragraphs.

The 87Sr isotope has a long-lived excitation at 388 keV energy. The 388 keV peak thus
corresponds to the gamma-induced nuclear excitation of 87Sr.

Figure 8.2.1. The gamma spectrum of irradiated strontium material,
subjected to gamma radiation reaching up to 62 MeV. Spectrum a) shows
the full measurement range between 20 and 2900 keV, spectrum b) shows
the 1300 to 1500 keV energy range. Reproduced from [5].

The 898, 1836, and 2734 keV gamma peaks correspond to 88Y. The 1077 keV gamma
peak corresponds to 86Y. Although there is 200 times as much 88Sr than 86Sr, the half-life
of 86Y is 200 times shorter than the 88Y half-life; it is therefore anticipated that their decay
radiation has peaks of comparable intensity. Regarding 87Y, its gamma peaks are at 389
and 485 keV; these peaks are not visible because of the nearby larger the larger radiation
of other isotopes. The 511 keV gamma peak corresponds to the positron emission by these
yttrium isotopes.

The above-discussed yttrium isotopes are produced via neutrino-induced inverse beta
decay:

88Sr + ν (> 3.6MeV )→ 88Y + e−

86Sr + ν (> 5.24MeV )→ 86Y + e−

The presence of 86Y and 88Y isotopes thus demonstrates neutrino-induced inverse beta
decay, and the above-indicated high energy thresholds mean that the absorbed neutrinos
have very short wavelength. What does this experiment tell us about the absorption
of energetic neutrinos? Since the experiment uses only a few grams of target material,
the strong signals seen in �gure 8.2.1 mean that even short wavelength neutrinos have
reasonably high nuclear absorption cross-section. That is exactly what we anticipate of
electromagnetic waves. In the author's opinion, neutrinos �ying through the Earth do
not exist.

8.3. Achieving macroscopic scalar �eld in a laboratory

An essential di�erence between neutrinos and photons is that neutrinos have non-zero
electromagnetic scalar �eld. Considering further the possibility of electromagnetic scalar
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�eld induced nuclear decays, a practical challenge is to understand how such a scalar �eld
might be created in laboratory setting. The key idea is to consider longitudinal phonons;
from the macroscopic perspective, a longitudinal phonon is a longitudinal electromagnetic
wave. It is mathematically equivalent to the transformation of electric and scalar �eld
energies into each other, with the electric �eld pointing along the direction of wave prop-
agation. For a longitudinal phonon wave traveling along the z direction, its mathematical
solution was already pointed out in chapter 5:

Ez = E0 sin (ωt− kz) , S = S0 sin (ωt− kz)
In contrast to vacuum propagation, a phonon wave moves much slower than the speed

of light; its propagation speed is determined by the electromagnetic parameters of a given
material. The phonon is internally re�ected at the surface of the given material, and such
a re�ection process is always accompanied by an exponentially decaying tail

on the other side of the interface. The presence of an exponential tail beyond the
re�ection point directly follows from the conservation of electromagnetic momentum at
the interface. The same principle applies to ordinary light waves or quantum mechanical
waves as well, whose re�ection is also accompanied by an exponential tail. Figure 8.3.1
illustrates a longitudinal phonon wave propagating inside the material, and its evanescent
exponential tail. Microscopically, the phonon wave comprises nuclei and electrons; there is
no real scalar �eld in-between these particles, and thus the sinusoidal wave is represented
by a dashed line in �gure 8.3.1. The situation is however di�erent for the νt tail; it is in
a vacuum region and therefore comprises only electromagnetic �elds. The exponentially
decaying �eld therefore comprises a real electromagnetic scalar �eld, and it is thus repre-
sented by a solid line in �gure 8.3.1. I.e. the lattice particles, which generate a phonon
wave, collectively create a non-zero electromagnetic scalar �eld beyond the interface.

Figure 8.3.1. An illustration of a longitudinal phonon wave re�ecting from
the material surface. The vertical line represents the material surface, and
the blue colored region beyond the surface represents the exponentially
decaying tail of the re�ecting phonon wave.

According to our analysis, bounding or layered surfaces could play a key role in induc-
ing nuclear reactions. We showed in section 8.1 that even low energy neutrinos accelerate
nuclear beta decay. Therefore, we predict that phonons re�ecting from surfaces shall ac-
celerate the decay of unstable isotopes. One could ask whether such re�ecting phonons
might induce the decay of an otherwise stable isotope. References [6, 7] suggest this pos-
sibility: their authors report unexpected nuclear reactions at layered material interfaces,
while phonons are generated by the di�usion of hydrogen or deuterium across the involved
materials. In the following chapter we take a closer look at the nuclear reactions taking
place at such interfaces.

Acknowledgements: The author thanks Alexander Parkhomov for useful discussions.
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Nuclear chemistry with alpha particles: experimental signatures

of neutral particles with 4N mass pattern
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9.1. Introduction

The neutron is the best-known neutral particle, and its nuclear capture is the basis
of present-day nuclear energy production. In this chapter we look into the existence of
heavier neutral particles, which could be also captured by some nucleus. Speci�cally, we
look into neutral composites comprising alpha particles and nuclear electrons. If such
neutral clusters exist for su�ciently long time, their nuclear capture can be used for the
production of energy or new materials.

The search for electrically neutral multi-nucleon clusters is an old, but still unsettled
problem of nuclear physics. Related publications anticipate short-lived and weakly bound
neutron clusters [2, 6].

The observation of electrically neutral 4-nucleon particles has been reported in various
high-energy experiments [2, 6]. Reports of neutral 2-, 6-, or 8-nucleon clusters are much
more rare, and there are no reports of odd nucleon numbered neutral clusters. The
scienti�c literature refers to such 4-nucleon clusters as �tetra-neutrons�, as they are thought
to be a meta-stable composite of four neutrons. However, the dissociation of neutral 4-
nucleon particles into individual neutrons has never been observed.

Reference [1] assigns 2.6 · 10−23 s half-life to tetra-neutrons. Such a short half-life
precludes their absorption by any nucleus. However, the following sections describe 4-
nucleon particle capture by other nuclei, which means that this particle's half-life must
be many orders of magnitude longer than the tetra-neutron half-life.

Reference [3] argues that in case 88Sr captures a tetra-neutron, it should transmute to
91Sr, with the emission of an energetic neutron. In contrast to this expectation, section
9.3 describes 88Sr to 92Sr transmutation, without any 91Sr reaction product. Yet again, it
is called into question whether the involved neutral 4-nucleon particle could be a loosely
bound neutron cluster.

These facts indicate that a neutral 4-nucleon particle should be regarded as a neutral
(4He2+ + 2e−n ) composite, rather than four loosely bound neutrons. In the following, we
use the 4He0 notation to refer to a hypothetical neutral alpha particle, which beta decays
into an ordinary alpha particle.

9.2. The evolution of 242Pu concentration in nuclear reactors

In uranium-fueled nuclear reactor cores, 239Pu is produced via a neutron capture by
238U. Further neutron captures generate heavier plutonium isotopes. Starting from 238U,
it takes four consecutive neutron captures to get to 242Pu, and thus its concentration
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should be very low in the initial stages of the fuel cycle. On the other hand, if 4He0

particles were produced in nuclear reactor cores, then 242Pu would be generated via a
single capture reaction:

238U + 4He0 → 242U → 242Np+ e− → 242Pu+ 2e−

In the absence of the above reaction, the experimental 242Pu concentration must evolve
according to the neutron capture calculation. In the presence of the above reaction, the
experimental 242Pu concentration must be higher than what is predicted by the neutron
capture calculation, especially in the initial stages of the fuel cycle.

A recent study [4] analyzed over 250 fuel samples from multiple reactors, at various
stages of burn-up. Under a low burn-up condition of <10 GW-day per fuel ton, the
author of [4] �nds on average 3 times higher than predicted 242Pu concentration. In the
same samples, the average 239Pu concentrations match predictions, which means that the
neutron capture calculations are correctly done. The largest concentration excess with
respect neutron capture calculations is 400% for 242Pu, while only 39% for 239Pu. These
large discrepancies demonstrate that the capture of 4He0 particles is the main source of
242Pu during the initial stages of the fuel cycle.

As the fuel cycles progress, the probability of 242Pu production via four consecutive
neutron captures rises steeply. The discrepancy between experimental and predicted 242Pu
concentrations becomes gradually smaller with rising burn-up rate [4]. Approximately
the same result is found in reference [5]: relative to neutron capture calculations, 15-
20% higher experimental 242Pu/239Pu ratio is observed in highly burnt up nuclear fuel.
The correctness of the authors' neutron capture calculation is validated by the matching
concentration of other isotopes, such as the 146Nd/145Nd ratio [5]. Consecutive neutron
capture thus becomes the main source of 242Pu only in the �nal stages of the fuel cycle.

In summary, the evolution of 242Pu concentration demonstrates the presence of short-
lived 4He0 particles in nuclear reactor cores.

9.3. 88Sr to 92Sr transmutation via 4He0 capture

Let us revisit the experiment described in section 8.2. The post-experiment gamma
spectrum of the 88SrCO3 powder is shown in �gure 8.2.1, and it contains a 1384 keV peak
which corresponds to the beta decay of 92Sr. By continued monitoring of this gamma
peak, the authors of [6] measure a half-life of 2.66 h, which also matches the 2.61 h half-
life of 92Sr. On the other hand, there are no peaks in the gamma spectrum belonging
to 89Sr, 90Sr, or 91Sr. Therefore, the initial 88Sr transmutes in a single step to 92Sr. We
recognize this reaction as the nuclear capture of 4He0 particles:

88Sr + 4He0 → 92Sr → 92Y + e− → 92Zr + 2e−

The fm-scale size of the neutral 4He0 particles is demonstrated by the fact that they
pass through the 0.1 mm kapton tape before being captured by the 88Sr nuclei.

When the authors of [6] repeated the same experiment with tantalum foil target, there
was no peak at 1384 keV. It means that only certain nuclei are capable of emitting 4He0

particles.

9.4. Experimental signatures of 2 · 4He0 and 3 · 4He0 clusters

Unusual, fusion-like nuclear transmutation of certain elements was observed in repli-
cated experiments [7, 8, 9, 10]. It is necessary to �nd a mechanism that explains such
transmutations. These transmuted elements were cesium, strontium, or barium, and they
were implanted at the interface between palladium (Pd) and calcium oxide (CaO). During
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the transmutation experiment, a �ow of deuterium di�uses across these materials, which
generates phonons. I.e. these reactions require phonons and take place at an interface
layer; the proposed role of such interfaces and re�ecting phonons was explained in chapter
8.

In these experiments, the 133
55 Cs → 141

59 Pr,
88
38Sr → 96

42Mo, 137
56 Ba → 149

62 Sm, and
138
56 Ba → 150

62 Sm transmutations are speci�cally observed. In all cases, the mass number
increases by 8 or 12 nucleons, not by any other mass number. These isotopes' high
Coulomb barrier means that the observed transmutations involved the capture of neutral
particles, comprising 8 or 12 nucleons. Therefore, these fusion-like reactions can be written
as follows:

133
55 Cs+ 2 · 4He0 → 141

59 Pr + 4 · e−

88
38Sr + 2 · 4He0 → 96

42Mo+ 4 · e−

137
56 Ba+ 3 · 4He0 → 149

62 Sm+ 6 · e−

138
56 Ba+ 3 · 4He0 → 150

62 Sm+ 6 · e−

In the above equations, the 2 · 4He0 and 3 · 4He0 symbols represent neutral clusters,
comprising 2 · (4He2+ + 2e−n ) and 3 · (4He2+ + 2e−n ) structures. The absence of post-
experimental radioactivity implies that the indicated number of electrons are simultane-
ously emitted upon these clusters' nuclear capture; i.e. they are loosely bound nuclear
electrons. Such a simultaneous nuclear emission of 4 or 6 electrons is impossible according
to quark-based theories. The reality of these reactions supports chapters 6-7.

Figure 9.4.1 shows the evolution of 133
55 Cs and

141
59 Pr isotope concentrations with exper-

imental time. In this case, the starting material comprises 133
55 Cs at the CaO-Pd interface.

These concentration changes are the basis of the above identi�ed 133
55 Cs + 2 · 4He0 →

141
59 Pr+4 · e− reaction. As can be seen in �gure 9.4.1, this reaction is well-replicable, and
the transmutation rate is very large. The neutral 2 · 4He0 structure has an apparently
long half-life, so that it can produce such high transmutation rate in relatively short time.
Similarly, �gure 9.4.2 shows the evolution of Sr and Mo concentrations. In this case, the
starting material comprises 88

38Sr at the CaO-Pd interface, and the outcome demonstrates
88
38Sr + 2 · 4He0 → 96

42Mo + 4 · e− reaction. Once it is clari�ed how to produce 2 · 4He0
and 3 · 4He0 e�ciently, there will be practical applications.

Since the above-described fusion-like reactions occur only in deuterated palladium
environment, the 2 ·4He0 and 3 ·4He0 particles are probably emitted from Pd, which is the
common factor in all of these experiments. Are 2 · 4He0 and 3 · 4He0 particle signatures
present in other experiments involving deuterated palladium? Interestingly, references
[11, 12] report particle track microphotographs, which appear to show 2 · 4He0 and
3·4He0 break-up events. Figure 9.4.3 shows a �double track� and a �triple track� pattern in
a CR-39 particle detector, which was obtained during electrochemical Pd/D co-deposition
experiments. No such tracks were detected in control experiments. Symmetric �double
track� and �triple track� patterns are associated with a neutral particle induced reaction
because they show a nucleus symmetrically fragmenting into two or three particles. If an
energetic charged particle caused such a nuclear break-up, its track would be also seen in
the CR-39 detector. On the other hand, an energetic neutral particle does not leave a trace
while approaching the nucleus with which it collides. The authors of [11, 12] emphasize
that the �triple track� pattern of �gure 9.4.3 is analogous to CR-39 patterns seen when it
is irradiated by 14 MeV neutrons: the �triple track� corresponds to the neutron-induced
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Figure 9.4.1. The evolution of 133
55 Cs and

141
59 Pr isotope concentrations

with experimental time. The chart overlays the data of two experiment
runs described in [7, 8].

Figure 9.4.2. The concentration of Sr and Mo before and after the
deuterium permeation experiment. The chart overlays pre- and post-
experimental XPS measurements, reproduced from [10].

break-up of a 12C nucleus into three 4He particles. However, there is no reasonable source
of high-energy neutrons in Pd/D co-deposition1, and the energetic neutron hypothesis still
can not explain the �double track� pattern of �gure 9.4.3. The more logical explanation
is that neutral 2 · 4He0 and 3 · 4He0 particles enter into the CR-39 detector, and the 4He
particles that �y apart upon 2 · 4He0 or 3 · 4He0 decay produce �double track� or �triple
track� patterns in the CR-39 detector.

There are numerous reports of 4He production during various Pd/D experiments.
Reference [13] contains a good overview of measuring the tiny 4He production during
Pd/D experiments. In the context of 2 · 4He0 and 3 · 4He0 particles' already established

1Even if one assumes D − D fusion, the resulting neutrons have too low energy to break-up a 12C
nucleus into three 4He particles.
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presence, they decay into 4He particles and therefore 4He measurements can be interpreted
as 2 · 4He0 and 3 · 4He0 decay products' observation.

Figure 9.4.3. Microphotographs, which appear to show 2 · 4He0 and 3 ·
4He0 break-up events: a �double-track� (left) and a �triple-track� (right)
event in a CR-39 detector. These events occurred during electrochemical
Pd/D co-deposition. Reproduced from [11, 12].

We established in section 9.2 that neutral 4He0 particles are emitted in a fraction of
uranium �ssion events. This brings up the question of whether 2 · 4He0 and 3 · 4He0
originate from Pd �ssion events. I.e. the question is whether the �ssion of Pd is the
main nuclear reaction in Pd/D or Pd/H based experiments, where hydrogen or deuterium
di�uses through palladium. This question has been investigated in great detail via the
long-duration experiments reported in references [14, 15, 16]: each of these works estab-
lish the nuclear �ssion reaction of palladium, where the 64

40Zn isotope is the main reaction
product. References [14, 15, 16] study both Pd/D and Pd/H based set-ups, where these
hydrogen isotopes are pushed through palladium by both gas-phase and electro-chemical
methods: the same outcome of 6440Znmain reaction product is obtained in all cases. In par-
ticular, reference [15] employs an easily replicable experimental set-up, and demonstrates
that the distribution of appearing zinc isotopes strongly deviates from their natural abun-
dance: mostly just the 64

40Zn isotope is produced. The nuclear �ssion of palladium is thus
established as the most likely source of 2 · 4He0 and 3 · 4He0 particles. The experimental
set-up of reference [15] is a practical basis for the further exploration of neutral 2 · 4He0
and 3 · 4He0 production.

In conclusion, references [7, 8, 9, 10, 12, 11, 13] demonstrate various signatures of
2·4He0 and 3·4He0 particles, and references [14, 15, 16] report evidences of the palladium
�ssion reaction where 2 · 4He0 and 3 · 4He0 are produced. When Fleischmann and Pons
announced in 1989 their hypothesis of D−D fusion in an electrochemical Pd/D based cell,
there was a great deal of skepticism because their observations were di�cult to reproduce
and did not match the established properties of D − D fusion. It soon turned out that
Fleischmann and Pons did not run a Pd/H based control and their neutron measurement
was poorly executed; their case for D − D fusion thus fell apart. On the other hand,
references [14, 15] established within 9 years that the actually occurring nuclear reaction
is Pd �ssion, and it occurs in both Pd/D and Pd/H based experimental set-ups. The
production of 2 · 4He0 and 3 · 4He0 particles is one surprising aspect of Pd �ssion. An
other surprising aspect is that Pd �ssion produces only stable elements, as evidenced by
the absence of post-experimental radioactivity in excess heat producing Pd/D and Pd/H
based experiments. In the next chapter, we investigate a tungsten �ssion reaction that
produces only stable elements, and �nd that it involves the prompt emission of nuclear
electrons.
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9.5. A material that continuously emits neutral 2 · 4He0 particles

An interesting thorium-containing material has been synthesized at ExaFuse; its un-
expected properties are reported in the last chapter of reference [17]. We made high-
precision gamma spectrum measurements involving this material, using Baltic Scienti�c
Instruments' high purity germanium (HPGe) based detector, which resides in a lead
shielded chamber. Figure 9.5.1 shows a 0.6 g sample of this material being placed onto
the detector; the sample material resides on a mylar �lm and it is surrounded by 800 kg
lead shielding. There is approximately 8 cm distance between this sample and the lead
shielding.

Figure 9.5.1. The placement of our thorium-containing sample material
in the lead shielded HPGe detector.

After being in the detector for 2 hours, this sample was removed and the gamma
spectrum of the empty detector was measured for 4 hours. Thereafter, the gamma spec-
trum of the empty detector was measured for another 16 hours. Surprisingly, gamma
signatures of 214Pb decay are seen in the gamma spectrum that is measured immediately
after the sample removal, along with gamma signatures of the follow-up 214Bi decay step.
Figures 9.5.2 and 9.5.3 show these gamma signatures. However, these 214Pb and 214Bi
peaks fade almost completely into the background in the next gamma spectrum, which
was measured for 16 hours. The background spectrum was measured for 64 hours, before
the experiment.

The 214Pb half-life is 27 minutes, and the 214Bi half-life is 20 minutes. The almost
complete disappearance of 214Pb and 214Bi decay peaks after 4 hours is compatible with
their half life, and proves that 214Pb was produced while the sample was in the spec-
trometer. Since we measure 214Pb signature after the sample was taken out from the
spectrometer, 214Pb must reside within the spectrometer, probably in its lead shielding.
These observations lead up to the following puzzle: how was 214Pb produced inside the
lead shielding while the sample was in the spectrometer? The only plausible explanation
is that some neutral particle has been emitted from our sample, which transmuted some
lead nuclei into 214Pb. Considering that the heaviest lead isotope is 208Pb, the absorption
of 4He0 is not su�cient to produce 214Pb. The inevitable conclusion is that the occurring
lead transmutation must involve the absorption of 2 · 4He0, i.e. the observed reaction is:

206
82 Pb+ 2 · 4He0 → 214

82 Pb

A logical next question: does lead's 208Pb main isotope also absorb 2 · 4He0 particles?
Such a process would produce 216Pb, which decays within minutes to 212Pb. The 10.6
hours half-life of 212Pb is much longer; if 212Pb is produced via 2 · 4He0 absorption, it shall
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Figure 9.5.2. The 214Pb decay peaks in the gamma spectrum, measured
after the sample was removed from the detector.

Figure 9.5.3. The 214Bi decay peaks in the gamma spectrum, measured
after the sample was removed from the detector.

essentially accumulate while the sample is in the detector. However, 212Pb might also
accumulate via the 208

82 Pb+
4He0 → 212

82 Pb process. To check for either possibility, we look
at the di�erence between the 2nd and 1st hour gamma counts, that are measured while the
sample is in the detector. This measurement data is shown in �gure 9.5.4. The clearly
observable peak at 238.6 keV, which is the main gamma peak of 212Pb decay, demon-
strates that 212Pb is accumulating. Our 212Pb accumulation measurement is therefore a
second evidence of neutral particle absorption in the lead shielding material, and it may
correspond to either 4He0 or 2 · 4He0 absorption by 208Pb.

Assuming that 2 · 4He0 particles are emitted from thorium, we are observing the
232
90 Th → 224

90 Th + 2 · 4He0 decay process. The resulting 224Th soon decays into 208Pb
via a sequence of alpha particle emissions. Our results imply that the emission of neutral
2 · 4He0 particles is continuous from our sample material: thorium essentially gains a new
decay branch in our material, and this new decay branch involves 2 · 4He0 emission.

For a detailed study of neutral 2 · 4He0 particles, it is very useful to have a source
continuously emitting them. We welcome related collaboration enquiries.

Acknowledgements: The authors thank the Baltic Scienti�c Instruments company for
the gamma spectrum measurements.
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Figure 9.5.4. The di�erence between the 2nd and 1st hour gamma counts
in the vicinity of the main 212Pb decay peak, measured while the sample is
in the detector. This peak signal demonstrates 212Pb accumulation while
the sample is being in the detector.
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CHAPTER 10

A simple demonstration of nuclear electrons

Andras Kovacs[1]

[1] ExaFuse. E-mail: andras.kovacs@broadbit.com

10.1. Halogen lamps based experimental method

Inspired by Alexander Parkhomov's halogen lamp experiments [1], we operate halogen
lamps under elevated AC voltage. We choose this method because working with halogen
lamps is relatively simple, and their mass production facilitates experimental replicabil-
ity. Under elevated voltage operation, the tungsten �lament temperature reaches around
2500°C temperature, and carries over 20 000 A/cm2 current density; this is about the
highest current density that any metallic wire may carry without breaking up. In a halo-
gen lamp, the current density going through a �lament is maximized immediately after
turning the lamp on, when the cold �lament resistance is still low. To periodically reach
such a maximized current density, we operate halogen lamps under repeating ON-OFF
regime. The ratio of ON and OFF times is adjusted such that the lamp surface would
not overheat.

We employ halogen lamps designed for 220 V operation. These lamps have 400 W
nominal power. When operated at 300 V AC voltage; the consumed power is ∼600 W.

10.2. Gamma radiation during continuous lamp operation

Figure 10.2.1. The gamma spectrum during the elevated voltage halogen
lamp experiment.

A halogen lamp was immersed into Li2B4O7 powder, contained in an air-cooled steel
enclosure. This lamp is then operated at 300 V AC voltage. We used an NaI detector
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based gamma spectrometer, which was placed next to the enclosure. The ratio of ON-
OFF times are adjusted so that the lamp surface temperature would not exceed 300°C.
The gamma spectrum was measured over the course of 30 hours.

In the 0.1-0.9 MeV range, we did not detect any excess gamma signal. In the 1-
2 MeV range, we measured the gamma spectrum shown in �gure 10.2.1. The peak at
1460 keV is the 40K peak of the background. The faint peak around 1 MeV appears
only in the experiment, and we note that this newly appearing gamma peak location
is approximate because our spectrometer has a low energy resolution. The presence of
this 1 MeV gamma peak demonstrates that some low-intensity nuclear reaction has been
initiated in the halogen lamp.

10.3. Analysis of composition changes

Several lamps were operated at 300 V AC voltage for 8 days, in ambient air. The
repeating ON-OFF regime was used. Most lamps remained operational at the end of our
experiment.

After the experiment, �laments from fresh lamps versus post-experiment lamps were
analyzed by X-Ray Fluorescence (XRF) method. For this measurement, we broke the
lamps open, and removed �lament pieces by a tweezer. Our XRF instrument measures in
the 1-20 keV range, and the spectra of fresh versus post-experiment �laments di�er only
in the 6-7 keV region: �gure 10.3.1 shows an Fe peak appearing in the �lament spectrum
of 8 days operated lamps. This excess signal is small, but statistically signi�cant.

Figure 10.3.1. The 6-7 keV XRF spectra of tungsten �laments, measured
at 40 kV XRF voltage setting. Gray: �lament pieces from fresh lamps. Red:
a �lament pieces from post-experiment lamps.

Since Fe is the only newly appearing element in post-experimental �laments, other
reaction counter-products must have been emitted from the �lament. To detect other
reaction products, fresh lamps versus post-experiment lamps were also analyzed by XRF.
We used intact lamps for this measurement, and measured XRF spectra at 40 kV XRF
voltage setting. At such photon energy, x-rays mostly pass through the quartz encasing.
The spectra of fresh versus post-experiment lamps di�er only in the 4-5 keV region: �gure
10.3.2 shows an Xe peak appearing in the spectrum of 8 days operated lamps1.

1We note that a 4.1 keV peak could potentially correspond to Sc as well. However, Sc can be excluded
in this case because it has a very similar melting and boiling temperature to Fe. If Sc was present, it
would have been detected in the �lament's XRF scan as well, but the �lament's spectrum does not contain
any 4.1 keV peak.



10.4. DISCUSSION 96

Figure 10.3.2. The 3.4-5 keV XRF spectra of intact halogen lamps, mea-
sured at 40 kV XRF voltage setting. Gray: fresh lamps. Red: post-
experiment lamps.

We emphasize that the XRF instrument measures the average composition of the
given sample, or sample region. It is not sensitive microscopic local variations of sample
composition.

10.4. Discussion

We observe only two newly appearing elements in our halogen lamp experiment,
namely: Fe and Xe. Unlike the randomly varying �ssion products of neutron-mediated
uranium �ssion, the reaction products of our experiment indicate one well-de�ned nuclear
reaction. The occurring nuclear reaction is corroborated by the excess gamma photon
measurement during the experiment. We did not detect excess radioactivity from post-
experiment lamp samples. It means that the occurring nuclear reaction produces stable
isotopes.

The Fe and Xe reaction products demonstrate that a small fraction of tungsten nuclei
splits into two nuclear fragments. Accounting for mass and charge conservation, we obtain
the following tentative nuclear �ssion reaction:

(10.4.1) 186
74 W → 56

26Fe+
130
54 Xe+ 6e−

where we used the main iron isotope mass and an exemplary tungsten isotope mass.
The above nuclear reaction formula is exothermic by 105 MeV. While most of this reac-

tion heat is carried away by neutrino radiation that always accompanies nuclear electron
emission, some fraction is carried by the reaction products' kinetic energy. Therefore,
by varying the halogen lamp operating conditions from mildest to harshest, a growing
excess heat production is anticipated. Such a calorimetric excess power measurement is
reported in reference [1]; it con�rms a growing excess power as the halogen lamp operating
condition is varied from mildest to harshest.

A key point of formula 10.4.1 is that the emission of six electrons happens promptly
during the �ssion reaction. When Fe and Xe are the end-products, tungsten must �ssion
directly into these elements for several reasons. Firstly, a hypothetical �ssion into short-
lived parent isotopes would have produced much higher excess gamma radiation than what
we have detected. Secondly, xenon cannot be a beta decay product because its parent
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isotopes such as 130Te, 128Te, and 126Te are practically stable. Thirdly, iron cannot be a
beta decay product because its parent calcium isotopes would be grotesquely neutron-rich
and would decay by neutron emission.

Regarding the triggering mechanism of such nuclear �ssion, readers may wonder
whether tungsten �ssion is directly triggered by a high current density condition, or
whether a high current density condition �rstly leads to some special state of tungsten
atoms. We �nd an important clue in reference [1]: in several experiments, a rather signif-
icant tungsten concentration is observed outside of the quartz tube - as if the evaporated
tungsten gained the ability to pass through quartz. Such a strange condition of certain
tungsten atoms implies their much smaller atomic size than the Si-O distance in quartz.
The last chapter of reference [2] reports meta-stable atoms that appear to be in exactly
such a compact state. This last chapter of reference [2] is cited in the preceding chap-
ter as well; the meta-stable atomic states described in reference [2] might be the key to
uncovering the triggering mechanism of novel nuclear reactions.

In conclusion, the prompt nuclear emission of numerous electrons demonstrates the
reality of the nuclear electron model described in chapters 6-7.
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