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Science is not about having the right answers.

Science is about asking the right questions.

Department of Electrical Engineering and Electronics

University of Liverpool

Supervisor: Simon Maher

Internal Examiner: Stephen Taylor External Examiner: Neal Graneau

Initial Submission: May 2022 Revised Manuscript: September 2022



Abstract

Aspects of Weber Electrodynamics, by Christof Baumgärtel

This study investigates certain aspects of the direct-action electrodynamic theory of
Wilhelm Eduard Weber with a special focus on selected experimental topics. We-
ber electrodynamics is an alternative to electromagnetic field theory and Maxwell’s
equations that can describe a wide range of electric and magnetic phenomena and
in addition provides a basis for other branches of physics by explaining phenomena
beyond the scope of electromagnetism. It is of interest to investigate the validity of
the theory and if it can be a viable alternative to existing approaches, exploring its
modelling capabilities and determining boundaries of its applicability. Further, it
is sought what experimental evidence can be obtained in support of either theory
and if there are associated benefits and drawbacks to the respective theories.
The literature analysis gives a brief introduction to both the standard theory of
fields and that of Weber. It then continues to review the capabilities of Weber’s
electrodynamics and shows how it has been used in the literature as an explanation
for several phenomena, including, but not limited to, electricity and magnetism. In
addition, limitations that exist in Weber’s electrodynamics are also addressed and
criticism the theory has faced historically re-explored.
Experiments have been performed encompassing electron beam deflection and unipo-
lar induction, which also investigates the movement of a rotating magnetic field. The
experimental results are used to juxtapose predicted results from Weber as well as
a standard field model to measured data, enabling the validity of the theories to be
assessed within the constraints of the experiments.
The results of this work show that, in the low velocity limit, Weber’s theory and
Maxwell’s are similar, if not the same. For the experiments performed with electron
beam deflection and unipolar induction, both theories are found to arrive at the
same results, qualitatively as well as quantitatively. Further to good agreement be-
tween experimentally observed quantities and predictions from the theoretical mod-
els, open questions about unipolar induction could be answered and new insight was
gained regarding the working mechanism of the unipolar induction phenomenon.
Although agreement is found between Weber’s theory and these specific experi-
ments, the theory is not without limitations and still needs further development.
The similarity between Weber’s and Maxwell’s theories are discussed and extended
to fundamental concepts such as the ether, particles and fields; Weber’s theory as
a particle-based theory is considered as a promising approach to gain new insight
into some of the fundamental concepts of physics.
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1 INTRODUCTION

1 Introduction

The drive of the human mind to understand the world it experiences and resides in can

be found throughout human history. Early philosophy, for example in ancient Greece,

attempted to explain the world with the simpler concepts it had at the time, such as

Empedocles’ four elements, fire, earth, wind and water, that have some resemblance to

the states of matter; or the idea that everything strives to move towards the natural

centre is an early attempt to describe gravitational attraction. A shift in perspective and

the development of instrumentation has allowed us to explore previously hidden parts

of the physical world, bringing new understanding and driving our knowledge, moving

worldviews from a geocentric to a heliocentric model and even beyond, as our solar system

is only a tiny component of a larger galactic structure and an even larger universe. In

the same way we can look back at ancient philosophers who were aware of only a very

limited range of the electromagnetic spectrum, the same may well be true for our current

understanding. In perhaps a thousand years from now, people may well look back at our

understanding of the world and smile at our limited perspective of the universe as we

continue to uncover some of the mysteries governing our universe.

Throughout the history of science there have been many competing theories in re-

search of all disciplines, for example theories of micro and macro sociology, a nature vs

nurture debate, competing personality theories in psychology (Behaviourism vs Cognitive

Psychology), distinct evolutionary theories (Punctuated Equilibrium vs Gradualism), dif-

ferent theories about mass extinctions of species throughout the Earth’s history or the

movement of people and how certain continents and regions were populated. There are

also medical debates such as the possibility of low-power, non-ionising electromagnetic

radiation from cell phones and other electrical devices to be carcinogenic. Every scientific

field is alive with discussion about differing theories, which is an important process of

discourse to allow a consensus to be reached. Particularly within the context of scientific

research, open debate and free exploration is necessary, as is expressed within the very

roots of the word “research” itself.

The same applies to physics and its subsidiary disciplines which engage in scientific

1



1 INTRODUCTION

discussion. For example, we currently find General Relativity and Quantum Mechanics

irreconcilable with each other, leading to competing theories such as Superstring theory

and Loop Quantum Gravity, the Big Bang vs eternal inflation vs oscillating universe the-

ory, stationary vs co-rotating field in electrodynamics concerning the rotation of a bar

magnet and the associated magnetic field around its cylindrical axis (often discussed with

flux linking and flux cutting) or the many-worlds interpretation vs the Copenhagen inter-

pretation, which are only two of the many existing rationalisations of quantum mechanics.

Modern physics and our understanding of the universe hinges on the very important

scientific concepts of the late 19th and early 20th century. The development of electrody-

namic field theory by James Clerk Maxwell [1], the inception of quantum mechanics with

contributions from Heisenberg, Planck, Born, Sommerfeld, Schrödinger and others [2] and

of course Albert Einstein who developed the theory of Special Relativity (SRT) [3] and

later General Relativity (GRT) [4], which leads to cosmology models based on dark mat-

ter and dark energy. In the same way, Quantum Electrodynamics (QED) and Quantum

Field Theory (QFT) are based on the principles of electromagnetism and SRT, and our

understanding of the structure of atoms and magnetism involves quantum mechanical as

well as relativistic considerations.

These theories have proven to be very successful models in describing the universe and

are backed by many observations; however, there are still some unresolved problems in

the standard model suggesting that the theories are incomplete. This is not unexpected

as no theory is intrinsically perfect nor can it be, and every theory undergoes a number

of development stages, being amended over time to better account for new observations,

which may then lead to new theories, superseding their predecessors, where experiments

must always be the final arbiter. One such problem, for example, is the contradictory

nature of GRT and quantum mechanics, also called the unitarity crisis [5], which scientists

try to resolve with the help of quantum gravity theories and Superstring theory. Or for

instance in cosmology, where recent data in dark matter mapping [6] leads scientists to

suggest that the concordance model of cosmology based on GRT might need amendments

[7], it becomes clearer that there is more research needed as the theory seems to be
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1 INTRODUCTION

incomplete and the debate about different models is still ongoing.

Others have championed Modified Newtonian Dynamics (MOND) over dark matter

cosmology [8] and despite its empirical nature it seems to be rather successful in explaining

many observations [9]. Nevertheless, the theory of MOND has problems, i.e. with energy

and momentum conservation [10] and other recent data suggests counter-evidence [11,12]

to the theory, and MOND itself has seen modifications such as TeVeS [13] or the recent

relativistic MOND [14]. Further there is observational data that suggests that dark matter

is not needed everywhere in the universe, some exotic ultra diffuse galaxies disagree with

both cold dark matter cosmology and MOND [15]. There also exist other cosmology

models in early stages [16–18] and the approach by Das [16] based on Mach’s principle

coincides well with available data of galactic rotation speeds. There even exists a claim

based on observed data that the cosmological speed limit is v + c rather than just the

speed of light c [19], but with some of the measurements suggesting problems with the

standard model, only time will tell if those are statistical outliers or not, and there is still

a large quantity of evidence in support of the established theories in cosmology, particle

physics and electrodynamics.

Aside from cosmology, there are still some critics who have raised various concerns

about SRT [20–41] since its inception. Especially the clock paradox has been much de-

bated in the literature and McDonald has compiled an interesting analysis of the paradox

with an extensive list of over 300 references [42]. But even a theory as successful as

SRT [43, 44] sees modifications, for example so called “Deformed Special Relativity”,

which itself has limitations [45].

The snapshot of examples given here serves to emphasise the point that no theory is

perfect and all research is incremental towards a description of reality. With the debate

about different theories in mind, the present study is motivated to further explore the

premise of electrodynamics that underpin many such models describing the observable

universe. The motivation is thus to investigate the foundation and expand the point of

view beyond the Maxwell-Lorentz field based approach and examine alternative theories,

one in particular, Weber’s electrodynamics. Due to the imperfect nature inherent to all
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1 INTRODUCTION

theories it is useful to investigate alternative yet promising theories. Conceptual problems

with classical electrodynamics have been discussed by Pietsch [46] and Lazarovici [47],

which will be further discussed in section 2.1.1. As an alternative, Pietsch suggests action-

at-a-distance theories to resolve the existing problems and argues further that they are not

that different from the established view of particle-field theories in modern physics when

locality and energy conservation criteria are regarded in action-at-a-distance theories.

As one of those candidates for describing electromagnetic phenomena, this work gives

specific focus to Weber’s theory of electrodynamics [48]. It is an alternative description

of electrodynamic interaction to the Maxwell-Lorentz field equations and based on direct-

action of particles instead of contact-action requiring a medium in field theory. It has

been argued by Lentze [49] that direct-action between charges can provide deeper insight

into explaining the origin of electromagnetic forces and the light speed principle, thus

improving our understanding of nature. As these theories have not been developed to

the same degree as classical theories, it appears beneficial to develop this approach and

expand the research. In particular, magnetic forces form a key component of applications

investigated in later sections of this work.

This line of enquiry can lead to new insights, as it can allow for interesting possibil-

ities to extend the boundaries of known physics and the development of breakthrough

applications. Researchers have suggested that, based on the idea of manipulating inertial

mass and Weber-like theories, technologies such as cold nuclear fusion, advanced space

propulsion systems (e.g. warp drives for interstellar space travel) and even anti-gravity

are conceivable [50–52].

Eventually, in order to judge the validity of any alternative approach, experimental

evidence is a key factor to determine boundaries of applicability and distinguish between

them. In an interesting review about Maxwell’s equations and the field approach Tran

[53] concludes that there are only few experiments supporting the Maxwell-Ampère and

Maxwell-Faraday equation, at least not to the same degree of accuracy that the continuity

equation and the magnetic law are supported. Further, the question is raised if fields exist

independently from forces and what electromagnetic fields are in terms of their modern
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1 INTRODUCTION

definition. This quickly leads to a discussion about the physical nature of fields, for

example, the field as immaterial space as opposed to the field as a solely mathematical

description. At this point an experimental distinction seems rather difficult and can also

involve considerations about unipolar induction phenomena or Feynman’s paradox – this

is discussed at length in section 5. A purely mathematical description cannot rotate with

its source, so experiments involving rotating magnets can provide insight regarding the

physical reality of fields, and direct evidence of a rotating field would be an important

step. By extension, this can further inform the limitations of direct-action approaches

since the field is not necessarily conceived as a real medium in these theories.

These types of experiments are considered necessary, especially in view of Hossen-

felder’s comments [54] that in recent years an overproduction of theories in physics has

occurred, some of which lack supporting experimental evidence. Thus, this work is an

attempt to subject Weber’s theory to greater experimental scrutiny, comparing it to the

field approach and observational data from experiments, making the experimentation a

core aspect. Based on this, some key questions driving this work are formulated. For

example: can Weber electrodynamics be considered as a viable alternative to describe

electromagnetic phenomena? What, if any, experimental evidence can be found for or

against Weber’s theory? Can the theory be proved or disproved? Can limits be put on

the validity of the theory? Does the direct-action approach provide certain advantages or

disadvantages? Could it even be beneficial to use both theories in conjunction within the

right set of constraints?

In trying to address such questions, the experimentation and data collection will be

significant, but first the thesis will focus on several theoretical aspects. In section 2,

the literature review, an overview is given about the Maxwell-Lorentz field theory and

Weber’s theory, introducing both approaches as an initial comparison. Then the focus is

specifically on Weber’s electrodynamics and how the theory has been used in the literature

by different authors to explain and model electromagnetism as well as other phenomena

(e.g. gravity or the strong force). This is followed by a subsection about criticism of

Weber’s electrodynamics that historically led to the theory being superseded by the field
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1 INTRODUCTION

approach and a review thereof. The question is asked whether Weber’s theory has been

refuted and after analysing all points of criticism, if Weber can provide a suitable alterna-

tive to the field model. In section 3 a general theoretical and mathematical introduction

to Weber’s theory is given, to lay the foundation of how the theory can later be used to

build mathematical models and apply it to different phenomena.

Once these fundamental topics have been addressed, Weber’s theory can then be

utilised to investigate specific problems, which provide predictions to compare with real

data obtained from experiments. Therefore the thesis is structured into sections that

focus on applied subtopics within the field of electrodynamics, in particular electron beam

deflection (sec. 4) and unipolar induction (sec. 5) are investigated. The reader is first

introduced to the subtopic and then predictions of outcomes are made based on both

field theory and Weber’s theory. Moreover, the experimental apparatus and procedures

are presented, and finally the resulting data compared with prediction and conclusions

drawn.

Electron beam deflection (sec. 4) is chosen for mainly two reasons: i) it is part of

charged particle optics, which is a widely applied technology throughout different disci-

plines, incorporating particle accelerators, mass spectrometry, electron microscopy and

medical instrumentation. As Weber’s force is a microscopic force law applicable to point

charges which are particles, it is certainly of interest to investigate its relations to topics

such as charged particles and particle accelerators, traditionally built on field theory; ii)

electron beams are commonly deflected by employing solenoids, which are used in turn

for the controlled generation of magnetic fields through supplying a defined current. This

allows to examine two-fold, how magnetic fields, respectively magnetic interaction, arises

with Weber’s electrodynamics and also a direct comparison of the Lorentz force and Weber

force through the deflection of electrons in the generated magnetic field.

Another chosen topic for investigation is the unipolar induction phenomenon (sec. 5),

which is among the more lively discussed topics in electrodynamics. It has been described

as paradoxical; science is divided over the different proposed explanations of the observed

effect and debate is ongoing about the possibility of the magnetic field co-rotating with
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a spinning magnet or remaining stationary. As this informs the discussion about the

reality of macroscopic magnetic fields an investigation seems well-suited in the context of

this work. It is explored how unipolar induction can be modelled with Weber’s theory,

what predictions we can make based on it and, in conclusion, how the theory can offer an

explanation that resolves associated paradoxes. After the experimental findings have been

presented and analysed, the thesis will engage in a wider discussion (sec. 6) of Weber’s

theory informed by the newly obtained data and eventually come to a conclusion (sec. 7)

based on the present investigation.
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2 LITERATURE REVIEW

2 Literature Review

The history of electrodynamics is interesting and has fascinated humanity and scientists

since ancient times. There are reports about the amber effect and lodestones (the first

naturally discovered magnetic materials) by the Greeks and other ancient civilisations.

Important advancements were made during the 18th century with electrostatic experi-

ments and the first capacitors in the form of Leyden jars by researchers like Gray, du

Fay, Benjamin Franklin and their contemporaries; also the invention of the first battery

by Volta in 1791 based on findings by Galvani. Further important experiments and the

early forms of the theory known today were advanced in the early 19th century by Ohm,

Coulomb, Ampère, Faraday and many more, eventually leading to Maxwell’s Treatise,

which forms the basis of modern physics and electrical engineering. This is only a very

brief overview and the history of electricity and the development of associated electro-

magnetic theories has been documented in several excellent books such as [55–59], among

others.

Many scientists have therefore contributed to the development of our modern under-

standing of electrodynamics and it is only natural that those scientists have formulated

their own hypotheses and theories throughout the centuries. Amongst the various histori-

cal viewpoints, there are a few theories of particular note that have attempted to describe

the observed phenomena of electricity and magnetism. First some of the different theories

are examined in the following section 2.1 to provide a brief introduction to electrodynam-

ics and then attention is directed to Weber’s theory as the specific focus of this thesis. It is

shown how it is used in the literature and how it offers a range of connections throughout

different disciplines of physical science and engineering (see sec. 2.2) and yet still offers

much potential to be developed further. But since Weber’s theory has been historically

superseded by Maxwell-Lorentz field theory, it is necessary to discuss the criticism and

reasons that eventually led to the wide-spread abandonment of the idea in the late 19th

century (sec. 2.3).
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2 LITERATURE REVIEW

2.1 Different Theories of Electrodynamics

In this section, brief comments will be given regarding some of the different theories of

electrodynamics that have been of note historically, starting with the established theory

of fields and ether by Maxwell. The latter forms the foundation of modern science and

technological inventions, from particle accelerators to modern medical instrumentation

(e.g. various imaging and treatment devices). Following this, Weber’s force law is intro-

duced and some other historic and existing theories of note are commented on, along with

the possibility of further modifications especially to Weber’s formula.

2.1.1 Maxwell’s Equations and Field Theory

When James Clerk Maxwell presented his magnum opus on electromagnetic theory [1] in

1873, he formulated his ideas about the action of electric and magnetic fields partly in

prose and partly as mathematical descriptions and equations he introduced. These can be

summarised in the concise form of only four equations as widely disseminated in modern

times [60]. The differential forms of Maxwell’s equations in a vacuum and in SI-units are

commonly given as:

∇ · E⃗ =
ρ

ε0
, (2.1)

∇ · B⃗ = 0, (2.2)

∇× E⃗ = −∂B⃗

∂t
, (2.3)

∇× B⃗ = µ0

(
J⃗ + ε0

∂E⃗

∂t

)
. (2.4)

Here, ρ is the local charge density, ε0 and µ0 are the vacuum permittivity and permeability

and J⃗ is the current density. E⃗ and B⃗ are the electric and magnetic field respectively,

through which charged particles interact, meaning contact-action where a particle always

interacts with the field as a medium and the fields themselves can interact, as for example

in the transmission of electromagnetic waves.
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2 LITERATURE REVIEW

Equation (2.1) is Gauss’s law, which relates the electric field with the charge density,

(2.2) is the law of non-existence of magnetic monopoles, (2.3) is the Maxwell-Faraday

equation that expresses induction, and (2.4) is the Maxwell-Ampère equation that corre-

lates currents and time-varying electric fields to magnetic fields, which is also a form of

induction. Due to the time-dependent nature of (2.3) and (2.4) electromagnetic waves

can be predicted. While Maxwell’s approach was originally based on the ether through

which electromotive forces and waves would propagate, from today’s point of view the

fields themselves have effectively replaced the ether as the dominant medium and are

now considered to be responsible for interaction transmission. The ether as an original

construct is largely and effectively ignored (which is further addressed in section 6.2).

Further to the field equations, the Biot-Savart law is formulated to obtain the magnetic

field for a current element integrated along a closed circuit path

B⃗BS =
µ0

4π

�
Id⃗l × r̂

r2
, (2.5)

where Id⃗l is a current element and r is the distance from d⃗l to the point where the field is

evaluated and r̂ is the corresponding unit vector. For forces between two current elements,

Grassmann’s force is normally utilised based on the Biot-Savart law,

d2FGrassmann = I1d⃗l1 × dB⃗BS = I1d⃗l1 ×

(
µ0

4π

I2d⃗l2 × r̂

r2

)

= −µ0

4π

I1I2
r2

[
(d⃗l1 · d⃗l2)r̂ − (d⃗l1 · r̂)d⃗l2

]
.

(2.6)

For any charged particle q in more general situations moving in the presence of electric

and magnetic fields the interaction is usually given by the Lorentz force:

F⃗L = q
(
E⃗ + v⃗ × B⃗

)
. (2.7)

In general, field theory and Maxwell’s equations are a ‘macroscopic’ approach as they

were developed from a continuous medium model (the ether). But as we will see in the

following section, Weber’s force is ‘microscopic’ in that sense as it describes the interaction

between two charged particles in its standard form. For a better comparison between

Maxwell’s and Weber’s theory, Assis shows the derived force between two point charges
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from field theory [61] up to second order in v/c based on the work of Liénard, Wiechert

and Schwarzschild, which was first obtained by O’Rahilly [62] as

F⃗21 =q1E⃗2(r⃗1) + q1v⃗1 × B⃗2(r⃗1) = q1

{
q2

4πε0

1

r2

[
r̂

(
1 +

v⃗2 · v⃗2
2c2

− 3

2

(r̂ · v⃗2)2

c2
− r⃗ · a⃗2

2c2

)
− ra⃗2

2c2

]}
+ q1v⃗1 ×

{
q2

4πε0

1

r2
v⃗2 × r̂

c2

}
.

(2.8)

In this formula q1 is the test charge and q2 is the source charge generating the fields E⃗2 and

B⃗2, where according to Assis time retardation, radiation and relativistic effects have been

included. The constant c is the speed of light and a⃗2 denotes the acceleration of the point

charge. It is apparent that the expression depends on the square of the source charge

velocity and on its acceleration, whereas Weber’s force depends on the relative velocity

and acceleration, as will be seen in section 2.1.2.1. Assis also shows how this expression

can be obtained from the Darwin Lagrangian [63, sec. 6.8], as the Darwin Lagrangian

is more widely used in the literature to describe systems of point charges [64–66]. Both

the Schwarzschild force (2.8) and Lorentz force (2.7) have been criticised as violating

conservation of linear and angular momentum. To restore conservation it is usually argued

that the energy is lost or gained by the electromagnetic field generated by the charges or

that self force needs to be taken into account [67, 68]. However, a system of two point

charges seems extremely difficult to test. The general applicability (or non-applicability)

of Newton’s third law to the Lorentz force and generally in electrodynamics has been

discussed in [69–71]. Cornille [70] also claims that if the electrodynamic force laws indeed

violate Newton’s third law, then it inevitably leads to the conclusion that energy can be

extracted from the ether, as the ether exerts a force that is responsible for the violation.

Possible macroscopic experiments that are claimed by Cornille to show this effect are

summarised in [70].

It has further been criticised that the velocity v⃗ in the Lorentz force formula (2.7) is not

clearly defined, that is what it is defined with respect to, was not even given by Lorentz

himself [63, 72]. It thus remains ambiguous if the definition is w.r.t a coordinate system

or a source charge, which might itself be moving, although there seems to be support to
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the idea that Lorentz viewed the velocity as relative to the ether [63, 72]. However in

relativistic treatments this is usually resolved by a chosen inertial frame of reference and

regarding the velocity relative to the measuring device or observer.

There is further discussion about conceptual problems in classic electromagnetism and

modern particle-field theories in the literature [46,47]. This mainly focuses on the problem

of point charges and their diverging self-energy, as the calculated energy of an electron

with its own field tends to infinity based on classic electromagnetism. One solution is the

renormalisation approach in the quantum theory of Dirac where the point charge is treated

as a singularity and the infinite energy is subtracted as a constant from the problem to

renormalise the energy content. The other solution is the extended particle model, where

elementary charges are not treated as point-like anymore and consequently the divergence

in the singularity disappears. Pietsch [46] discusses both approaches and the associated

cost of the proposed solutions, and for an interesting discussion of these approaches includ-

ing a mathematical perspective, see [73], on which Pietsch bases his arguments. Pietsch

then argues that both approaches are incompatible at a fundamental level and a bet-

ter solution is needed, in which direct-action theories are proposed. Lazarovici [47] also

discusses the self-energy problem and the Lorentz-Dirac as well as the extended parti-

cle solutions as unsatisfactory, but also involves free fields, among other philosophical,

mathematical and physical arguments, and proposes the Wheeler-Feynman direct-action

theory in particular as a solution to those problems. The renormalisation approach has

also been criticised by other authors [74], including Feynman [75] and Dirac [76]. A similar

argument has been made by Kastner about the Wheeler-Feynman direct-action theory,

not only does it avoid self-energy problems, it is also not subject to Haag’s theorem and

the consequent problems of free and interacting fields in QFT [77]. (Briefly summarised

and oversimplified, Haag’s Theorem is a mathematical argument, stating that in any rela-

tivistic QFT interacting and free fields cannot be brought into a consistent mathematical

framework, hence the problem.)

This concludes the brief overview of field theory and Maxwell’s equations and further

reading where fields, waves, radiation and relativity are treated can be found in the works
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of other authors [64, 78–81]. Attention will now be given to alternative formulations of

electrodynamics with a special focus on Weber-type theories.

2.1.2 Alternative Theories

Historically, many scientists have worked on electrodynamics and electromagnetic phe-

nomena, performing a wide range of experiments to investigate the nature of electricity

and magnetism. From these experiments researchers have developed a multitude of hy-

potheses, laws and eventually attempted to merge them into cohesive theories, leading to

several attempts to explain electrodynamics, some of them more successful than others.

Many alternative theories have been proposed over the years with important contribu-

tions from several scientists. Some examples include Gauss, Neumann, Lorentz, Riemann,

Weber, Ritz, Warburton, Moon & Spencer, Wesley and Wheeler-Feynman direct-action

theory, amongst others. Of these, the most relevant to the present investigation are briefly

outlined below (sec. 2.1.2.1 and 2.1.2.2).

2.1.2.1 Weber’s Theory of Electrodynamics Wilhelm Eduard Weber first pub-

lished his force law to describe the interaction of charged particles in 1846, only 15

years before Maxwell published his first work on electromagnetism, ‘On physical lines

of force’ [82], a concept which would only tangentially relate to the field concept later in-

troduced in Maxwell’s Treatise [60]. Maxwell as a contemporary of Weber was well aware

of his work and Maxwell positively mentions Weber in his Treatise, expressing admiration

for Weber’s work. As a 19th century scientist, Weber engaged with several physical dis-

ciplines, but a collection of his original work on electrodynamics can be found in [48, 83]

and English translations of his eight major memoirs on electromagnetism can be found

in [84–91].

The main difference between Weber’s theory and Maxwell’s field equations is that We-

ber’s is a direct-action-at-a-distance theory, such as Newton’s law of gravity or Coulomb’s

force of electrostatic attraction, and the fields themselves are not conceptualised

as a primary part of the mathematical description. Instead, Weber’s force depends

on the direct interaction and force transmission between microscopic charges themselves,
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as opposed to contact action in field theory, where the charges give rise to fields so a

source charge and a test charge only interact with the field of the other. Some aspects of

how fields can still be conceived with Weber will be discussed later in section 2.2.

In modern vector notation and SI units, Weber’s force can be expressed as

F⃗21 =
q1q2
4πε0

r̂12
r212

(
1− ṙ212

2c2
+

r12r̈12
c2

)
. (2.9)

When Weber developed his force, his aim was to connect Coulomb’s force and Ampère’s

force, arriving at a more general interaction law. Weber’s force acts along the line joining

two interacting point charges, following Newton’s third law in the strong form with equal

action and reaction, conserving linear and angular momentum. It depends only on the

relative distance, relative velocity and relative acceleration of the interacting charges.

As this force is electrodynamic in nature, it contains electrostatic (i.e. Coulomb’s

force) and magnetic (i.e. Ampère’s force) interactions, which is comparable with the

Lorentz force (2.7) where a static (i.e. the electric field term) and a moving component

(i.e. the magnetic field term) of the force are considered. The speed of light c in (2.9)

was introduced as the ratio between electrostatic and electromagnetic units of charge,

whose value was first determined experimentally in 1856 (10 years later) by Weber and

Kohlrausch based on Weber’s force. In 1848, two years after the presentation of the force

law, Weber also showed that the force can be derived from a velocity dependent potential,

which will be further addressed in section 3.

A further analysis of the capabilities of Weber’s theory will follow in section 2.2 and

the theory has undergone more development in recent decades. It is noteworthy that

predominantly in the low velocity limit, Weber and Maxwell theory predict very similar

results, if not the same results for a given phenomenon. Weber has also been shown to

be consistent with field equations by a number of authors and the matter will be further

addressed in section 2.2.1.

However, it must be stressed, Weber’s electrodynamic theory has not yet been de-

veloped to anywhere near the same degree that other theories have, which includes the

high velocity regime near the speed of light. When quantum interactions are considered,
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the Wheeler-Feynmann approach to direct-action has undergone development by Davies

who introduced a quantum theory based on Wheeler-Feynman electrodynamics [92]. In

the case of Weber, only some initial connections between Weber’s theory and quantum

mechanics have been made, as will be seen in section 2.2.2, however, a rigorous treatment

is yet to be developed. This is considered a work in progress and more research is needed

before any conclusions can be drawn about Weber’s theory in the quantum realm.

2.1.2.2 Ritz’s Emission Theory of Light Walter Ritz was a contemporary of Ein-

stein working on electrodynamics and spectroscopy and suggested his force formula in

1908. His formulation is an emission theory of light and takes the opposite approach

to Einstein’s theory of relativity – instead of keeping the laws of electrodynamics and

altering the laws of mechanics, Ritz kept the laws of mechanics and modified the laws of

electrodynamics. In fact, Ritz was opposed to Einstein’s views at the time and would en-

gage in discussions with his colleague, being of the opinion that Galilean relativity should

be retained instead of adopting Einstein’s SRT [93]. Although Ritz regarded his work

as unfinished and met an untimely death in 1909, at 31 years of age, he formulated the

following force law of electromagnetics and optics:

F⃗Ritz =
q1q2

4πϵ0r2

{[
1 +

3− k

4

(v
c

)2
− 3(1− k)

4

(
v⃗ · r⃗
c2

)2

− r

2c2
(⃗a · r⃗)

]
r⃗

r

−k + 1

2c2
(v⃗ · r⃗)v⃗ − r

c2
(⃗a)

}
,

(2.10)

where k is a parameter to be determined experimentally. As an electrodynamic force law,

Ritz’s formula is rather successful, as Ritz explained electrostatics, induction phenomena,

the action of magnets and closed circuits on charged particles, and even Hertzian oscilla-

tors with his theory [93]. A further treatment of Ritz’s force can be found in O’Rahilly [62],

where it is compared to the Lorentz force and shown to be able to explain a variety of

electromagnetic phenomena such as radiation pressure and electromagnetic waves. It was

further related to gravitational attraction, with Ritz’s formula leading to a modification of

Newton’s law of gravitation where gravitation is a residual statistical force between groups

of moving charges. Furthermore, it can be seen that Weber’s force can be obtained from
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Ritz’s when k = −1 and the last term in the direction of acceleration is omitted, also for

k = 3 it predicts the behaviour of high speed electrons similar to SRT [94].

Yet, from today’s point of view, Ritz’s theory as an emission theory of light is regarded

as disproven. A re-evaluation of the theory and experimental evidence supporting the

independence of the velocity of light from its source in the 1960s [95–101], provided

further evidence against the ballistic theory of light. It is, however, remarkable how

successful Ritz’s theory seems to be from an electromagnetic perspective despite its optical

notions being mistaken. Ritz had a strong opinion about electromagnetic phenomena and

criticised Maxwell-Lorentz theory quite heavily in his lifetime [102]. However, since his

theory has been refuted, his criticisms did not prevail and from today’s point of view

the arguments by Pietsch [46] and Kastner [77] are considered more substantial. For

an extensive and thorough review of Ritz’s scientific endeavours and reception in the

scientific community, the reading of Mart́ınez [93] is recommended. Lastly it is noteworthy

that Brown [103] has used a retarded action-at-a-distance Ritz-type force and applied it

not only to circuits, radiation and induction but also to stellar aberration, gravitation,

inertia, Mercury’s perihelion precession, gravitational red-shift and high speed particles,

and even beyond to optics [104] and diffraction [105], which emphasises the versatility

Ritz’s approach offers.

2.1.2.3 Other Theories and Modifications of Theories There are a number of

other interesting contributions, theories and concepts by different researchers working in

the field of electrodynamics which shall be briefly mentioned here so that the reader can

gain some appreciation of the sheer scale of the scientific effort that has been made over

the years.

Gauss worked on a velocity dependent force law, however, he never published his for-

mula officially as it did not satisfy his own criteria and it is also inconsistent with energy

conservation, even though it followed Newton’s third law, rendering it unlikely as a possi-

ble theory. However, Weber worked closely with Gauss in Göttingen and Weber’s theory

was also influenced by Gauss’s work to a degree, especially with regard to Weber’s at-

tempt to generalise Coulomb’s force to a velocity dependent form. Additionally, Riemann
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and Clausius also proposed force laws that depend on velocity and acceleration terms of

the charges involved. While Riemann’s force conserves energy and follows Newton’s third

law, it does not conserve angular momentum. Clausius’s force, however, neither conserves

linear nor angular momentum. The forces of Gauss, Riemann and Clausius can all be

found in appendix B of [63], where the force laws are shown and a brief summary of each

is given.

Furthermore, Neumann made important contributions to electromagnetic theory, such

as the concept of the vector potential A⃗ and with it the field B⃗ as a derivation of the former

by use of the gradient operator, or the Neumann formula to calculate the inductance of

circuits. For an interesting analysis of contributions by Gauss, Neumann and Hertz, see

Moon and Spencer’s review [106].

Another common concept in research is the modification of theories, e.g. SRT can be

regarded as a modification of Maxwell’s field theory allowing for the transformation of

fields between reference frames and including relativistic effects at high speeds of move-

ment close to that of light. In the same way the electron theory suggested by Lorentz is

also a modification to field theory that was being developed in the late 1900s. The agenda

of the Lorentz electron theory [107,108], was a reintroduction of particles of atomistic na-

ture into Maxwell’s field view. However, it did not prevail against the success of relativity

theory and thus was superseded.

Other important contributions have been made by Helmholtz, who had developed an

expression that combined potential functions of Neumann and Weber with a free param-

eter in an attempt to arrive at a more general expression, and even includes Maxwell’s

theory as a special case. Otherwise his works helped in advancing Maxwell’s theory among

continental physicists and they were a key factor for Hertz to pursue the experiments giv-

ing support to Maxwell’s views [109].

In a way, Ritz’s theory can also be seen as a modification of Weber’s force, but there

exist more suggestions to possible modification of Weber’s electrodynamics in the litera-

ture. Wesley has suggested a force law based on Weber’s force that incorporates fields,

slowly varying effects and also agrees with relativistic electron beam deflection of the
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Kaufmann-Bucherer and Bertozzi type experiment, so long as a relativistic modification

of mass is assumed [110].

Other modifications have been proposed, such as Phipps’ modification to Weber’s

potential [111], which was further investigated by Caluzi and Assis [112] and found to lead

to unphysical behaviour in certain situations when particles are moving at high speeds.

Further, Montes’ investigated different modifications to Weber’s potential and analysed

their behaviour close to the speed of light [113], while Assis modified Weber’s potential

and force based on Phipps’ idea and finds a possible connection to gravitational forces

from his model (see sec. 2.2.2). In the early 20th century, Tisserand [114], Gerber [115]

and Schrödinger [116] have modified the Weber potential and investigated the precession

of mercury’s perihelion on that basis. Since research in Weber electrodynamics is still

developing, it is possible that the theory will see suitable modifications in the future and

some interesting features of existing modifications will also be discussed in the following

section 2.2.

Lastly, other modern approaches include new electrodynamics by Moon & Spencer

and the Wheeler-Feynman direct action electrodynamics. Moon & Spencer utilise a mod-

ified force law which is especially successful in the treatment of time varying charges like

antenna theory, and they have further analysed the subject for many topics in electro-

magnetic research [117–121]. The Wheeler-Feynman approach to direct-action electrody-

namics [122, 123] has seen a quantum development [92] and cosmological considerations

based on the theory [124–126]. Thus both theories can claim successes as electrodynamic

theories, the Wheeler-Feynman theory even beyond, and represent interesting approaches

to electrodynamics. This concludes the brief overview about alternative theories in elec-

tromagnetism and some of the notable modifications that have been suggested. Now, an

in depth review of Weber’s theory will follow and the many facets of the theory in the

literature are shown.
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2.2 Weber Electrodynamics in the Literature

This chapter will focus on Weber’s electrodynamics and it’s appearance in the scientific

literature. After Maxwell’s success in the late 19th and early 20th century it has not

received a lot of attention except from a few, with important contributions from O’Rahilly

[62], Wesley [127–129], Assis [63] and others. Over the years, many connections have been

made from Weber’s theory of electrodynamics to different topics within physics. While

Weber’s force is electromagnetic in nature and has been used to describe phenomena

in that field, it is also shown to interconnect with mechanics, the structure of the atom,

gravity, quantum mechanics and even some effects of general relativity and topics that are

usually referred to as “breakthrough physics”. A visual overview of the relations Weber

has with electromagnetics and other disciplines can be seen in Fig. 2.1.

Figure 2.1: A visual map providing an overview of the different subsidiary fields and
phenomena that Weber’s theory has been shown to provide a basis for and connects with
throughout the branches of physics and engineering.
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2.2.1 Electromagnetic Phenomena

As Weber is essentially a theory of electrodynamics, it has been shown to explain many

pure and applied phenomena in electricity and magnetism. From its basic form (2.9), it is

easy to see that Weber’s force reduces to the Coulomb force for stationary charges. That

means for static charges where their velocities are zero, the formula can be simplified to

FCoulomb =
q1q2
4πε0

r̂12
r212

. (2.11)

Thus, Weber can be readily seen to describe purely electrostatic interactions. When

interacting charges start moving, the force then changes, and for two current elements in

a circuit Ampère’s force can be derived from Weber’s force as shown by Assis [130]. For

two steady current elements I1d⃗l1 and I2d⃗l2 this takes the form:

d2FAmpere = −µ0

4π
I1I2

r̂

r2

[
2(d⃗l1 · d⃗l2)− 3(r̂d⃗l1 · r̂d⃗l2)

]
(2.12)

Grassman’s force (2.6) from section 2.1.1, for comparison, is slightly different in its interac-

tion. Assis’ extensive analysis indicates the similarities and differences between Ampère’s

and Grassmann’s forces [63] and most notably shows, that Grassmann’s force violates

Newton’s third law. However, it has been claimed that, when the respective force expres-

sions are applied to any closed circuit, they are equivalent and lead to the same result [131].

There has been a discussion in the literature about which force is the correct one. For

example a paper by Cavalleri [132] claims that Grassmann’s force gives the correct result

for any given circuit and Ampère’s does not; but as Assis commented in response [133],

they did not consider all contributions of Ampère’s force in their deductions and when

carried out, both models predict the same force values [131,134]. This inevitably leads to

the conclusion that it is impossible to distinguish between the two forces for any closed

circuit, which has been verified for several configurations [135,136].

In this context, it seems adequate to briefly discuss the Ampère force and note its

importance, as even Maxwell himself stated that it must remain the cornerstone of elec-

trodynamics. The divide in the literature between Ampère’s vs Grassmann’s force seems

to stem from the nature of the Ampère force, which includes a longitudinal force compo-

20



2 LITERATURE REVIEW

nent along the wire in the direction of movement of the current elements. This feature

complies with Newton’s third law but appears to be incompatible with the Lorentz force,

whereas Grassmann’s force for current elements does not include a longitudinal compo-

nent and is in turn compatible with the Lorentz force, but violates Newton’s third law.

When Ampère conducted his original experiments, investigating the force between two

wires [137–140], he found his force law as a result of these experiments and included the

longitudinal component according to his observations. Further to the discussions about

the general applicability of Newton’s third law in electrodynamics [69, 70], Chaib and

Lima [141] have re-iterated that Ampère did not find any evidence in his experiments

that would contradict Newton’s third law and that it remains applicable in electrody-

namics. They also clarify that Ampère regarded the third law as a consequence of his

experiments, rather than an assumption he tried to conform to, and explain his philo-

sophical reasoning in arriving at that conclusion. The authors of [141] also give a review

of some of Ampère’s main work in the manuscript and show that Ampère was the first to

obtain an expression similar to the Biot-Savart law from his experiments.

This special quality of the Ampère force to incorporate longitudinal forces has sparked

the interest of researchers and in modern times more experiments have been performed to

investigate it, where the force has also been connected to a variety of effects and applica-

tions. In particular, Graneau et al. have extensively investigated Ampère’s force [142–151]

where the force has been associated with water jet propulsion, exploding wires, fusion and

railguns, as well as the electromagnetic impulse pendulum, liquid mercury experiments

(e.g. Ampère’s bridge) and homopolar motors [152–161]. Even though the exploding wire

phenomenon has been investigated further [162, 163] and the longitudinal Ampère force

component does not seem responsible for the bursting of wires, it is still important in

other situations. For example, the importance of Ampère’s force to induction in general

has been discussed along with the ability of the force to explain EM-waves in the near

field [164]. A classical approach to derive longitudinal forces has been taken by Rambaut

and Vigier [165], where they find longitudinal forces as an average effect of conduction

electrons and lattice charges of a current element. In a follow-up paper [166] the authors
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then derive longitudinal forces with a different approach based on the Liénard-Wiechert

potentials and discuss their influence on conductors in all phases, including plasmas and

fusion applications. Recently Moyssides also succeeded in deriving longitudinal forces with

the help of the Biot-Savart-Grassmann-Lorentz force law acting on a submarine projectile

in mercury, showing that both forces are equivalent and both agree with experimental

results presented in the paper [167]. Further experiments to detect longitudinal forces

have been performed by Saumont [168], where difficulties in measurements of these forces

due to thermal effects and rapid spurious forces are also addressed and the compatibility

of longitudinal tensile forces with relativity theory and the Lorentz force is considered.

An experiment by Graneau et al. [169] has investigated longitudinal forces utilising spark

gaps in a circuit and found them consistent with Ampère’s force, which has been inter-

preted as a direct proof of the existence of longitudinal forces. A new experiment has

recently investigated how the charges in a neon glow lamp are influenced in the near

field of a capacitor dependent on the signal frequency [170]. It was found that there is

a longitudinal force component on the charges moving in the plasma that agrees with

predictions of a Weber-Ampère model calculated in the paper. We can deduce from this

brief analysis that longitudinal forces appear in both classic and Weber approaches which

shows the similarity of the two theories.

As an interesting side note, some authors speak of the re-discovery of longitudinal

forces [166] through Graneau’s work, however, this is a peculiar phrasing as it implies that

the longitudinal forces have been forgotten at some point, and that of course raises the

question how and why this was the case. The author of the present thesis is in possession

of at least one textbook [171] where Ampère’s force is explicitly taught at university level

and the “neglecting” of longitudinal forces might be an artefact that can be attributed

to the method of teaching undergraduate classes on electromagnetism in modern physics

and engineering, where neither Grassmann’s nor Ampère’s force are necessarily taught.

This however, is a didactic discussion beyond the scope of this thesis.

Moving on from current elements, Weber’s force in the general form, Eq. (2.9) is

a force between point charges and depends on the relative velocity between them, it
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is intrinsically electromagnetic in nature and so incorporates magnetic interaction by

design. The magnetic force naturally arises from the movement of the charges, whereas

the Lorentz-force (2.7) is usually derived by considering SRT or Lorentz transformation

of the Coulomb Force or electric field [3,81,172,173] and magnetism is considered to arise

as a relativistic effect in this context. But recently it has also been suggested that it

may not be necessary to treat magnetism as a consequence of SRT and instead Maxwell’s

equations can be derived from Coulomb’s force and time retardation without any further

assumptions [174]. In Weber electrodynamics however, the intrinsic velocity dependence

of the force can be used in combination with the concept of current elements to calculate

magnetic interaction forces, such as has been applied to the fields of solenoids [94,175–177]

and will be shown in more detail in section 4.1. Specifically in the case of the magnetic

field of a long straight wire [94] the Lorentz and Weber force on a charged particle have

been found to be identical in the low velocity limit.

Further to the similarities between Ampère’s and Grassmann’s force as well as the

Weber and the Lorentz force, Weber has been shown to be consistent with Maxwell’s field

equations by a number of authors [63,127,178–181], even though it does not conceptually

depend on them. For example, Wesley [127] derives field equations from Weber by intro-

ducing charge densities and current densities into Weber’s equation and integrates over a

fixed volume. He arrives at the form

d3F

d3r
= −ρ∇Φ+ J⃗ × (∇× A⃗)

1

c
− ρ

∂A⃗

∂tc
− J⃗∇ · A⃗1

c

+
∂J⃗

∂t

Φ

c2
+ (J⃗ · ∇)∇Γ

1

c
+ ρ∇ ∂Γ

∂tc
− (

∂J⃗

∂t
· ∇)G⃗

1

c2
,

(2.13)

with

Φ =

�
d3r′ρ′(r⃗′, t)

1

R
, (2.14)

A⃗ =

�
d3r′J⃗ ′(r⃗′, t)

1

cR
, (2.15)

Γ =

�
d3r′R⃗ · J⃗ ′(r⃗′, t)

1

cR
, (2.16)

G⃗ =

�
d3r′R⃗ρ⃗′(r⃗′, t)

1

R
. (2.17)
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The primed quantities in this formula are sources acting on the unprimed test currents and

charges separated by distance R. It is especially interesting that in addition to the usual

electric potential Φ and magnetic potential A⃗ two new potentials, Γ and G⃗ appear and

Wesley points out that the Lorentz force and Maxwell’s equations are a special case where

only the first three terms on the left hand side of (2.13) appear. Wesley further argues

that the representations through a force equation and field expression are mathematically

isomorphic as long as the fields are intermediate without time retardation. But when time

retardation is introduced into (2.13), the field expressions then contain wave equations

with velocity c.

While Assis [63] and Kinzer [178] have taken a similar approach to Wesley, starting

from Weber’s formula and deriving the field equations from it, the opposite approach,

starting from Maxwell’s equation and arriving at a Weber-type formulation, does also

exist [179]. With extensive mathematical work the author of [179] shows that there are

two implicit restrictions in Maxwell’s field equations and without these restrictions a set

of Weber equations can be re-obtained from Maxwell’s. One limitation is the condition

that the charge density function ρ is a constant in time and the other is that the test

charge velocity is required to be zero for mathematical consistency according to the author

of [179]. The procedure of removing the restrictions from Maxwell’s field theory is then

to allow for moving test charges and time varying charge densities, which emphasises

Wesley’s argument that Maxwell’s equations are a special case of Weber’s law. Another

important opposite approach has also been discussed where Weber’s and Ampère’s forces

are obtained as a non-relativistic limit from the Liénard-Wichert potentials [166] and

from a Fermi distribution of accelerated charges [182]. In the recent approach of Li [180]

a field representation of Weber’s force is developed with the help of Einstein notation,

where the velocity and acceleration dependent terms in Weber’s force can then each be

identified with a respective tensor field. Li states that this approach has the advantage in

simplifying the necessary calculations in systems of many particles, reducing the number

of required force calculations.

One of the strengths that is usually ascribed to Maxwell’s field equations is that the
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velocity of light appears from the wave equations as does the relation between permittivity

ε and µ. However, it was not Maxwell who first discovered the relation between the speed

of light c and electromagnetic waves, in fact it was Weber and Kohlrausch who first

predicted the value of c from Weber’s equation and confirmed it experimentally [183,184].

Following this, Weber and Kirchhoff derived the telegraphy equation for the propagation

of electromagnetic signals through a wire independently of each other, and Assis has

provided a modern derivation and analysis of the equation [185–187]. This equation

also reduces to a regular wave equation when the resistance of the wire goes to zero.

Fukai [188] has further argued that modern views of the vacuum can be assumed, where

the vacuum behaves as a medium with inductance and capacitance, similar to a coaxial

cable or transmission line problem, Weber’s theory predicts a signal propagation at light

velocity in vacuum and thus should be able to predict radiation as well.

In relation to circuit theory, Assis [189] has analysed the self inductance of circuits

with the help of Weber’s force and Newton’s second law and compared them to similar

derivations based on the Lorentz force and the Liénard-Schwarzschild force for circuits. He

manages to derive the self inductance from Weber’s force by examining the acceleration

that conductor charges will be subjected to. The result can be interpreted as an effective

mass of the conduction electrons in the circuit, with the positive lattice ions opposing the

motion of the accelerated electrons. In a further study [190] Assis and Bueno also show

that the self inductance formulae for a single circuit of Weber and Maxwell are equivalent.

This has added to the previously known fact that the mutual inductance formulae were

the same, however when a single circuit is considered, the equivalence can be obtained

by considering surface charge or volume charge elements instead of line charge elements.

Weber himself also worked on circuit resistances [83], conducting many experiments to

investigate their resistive behaviour and considered the derivation of an absolute unit of

resistance based on his force law.

A possible derivation of the Hall effect from Weber’s force has been investigated by

McDonald [191] and it is deduced that, under the condition that only negative charges are

assumed to be charge carriers in Weber’s theory, and disregarding the original Fechner
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hypothesis, Weber does predict the Hall effect consistent with the Lorentz force derivation.

Based on this assumption the Hall effect cannot distinguish between the two forces, as

they are equivalent in this particular case. The Fechner hypothesis itself will be further

discussed in section 2.3.

In addition to self inductance and the generation of a Hall voltage, Weber’s theory

has also been applied to voltages arising through induction. Smith et al. [192, 193] have

developed a model for transformer induction with the assumption of conduction electrons

following accelerated motion. They arrive at an expression identical to Faraday’s law and

predict voltages in receiver coils correctly. Maxwell pointed out in his Treatise [1] that it

is possible to derive Faraday’s law from Weber’s law, as Weber derived it himself from his

force, and Wesley has also indicated the connection between Faraday’s law and Weber’s,

besides consideration of induction in general [127,128].

Unipolar induction (also called homopolar induction), as another example, has been

analysed by Assis [194] on the basis of Weber electrodynamics. He arrives at the conclu-

sion, that the phenomenon can only be predicted correctly if the closing wire is included

in the analysis, thus considering the whole circuit that is influenced by the presence of a

magnet in a Faraday generator setup. How an electromotive force is induced in homopo-

lar machines and general considerations about spinning magnets are further explored in

section 5 of this thesis. There are also recent claims in the literature [195] that not all

observed induction effects can be explained by Faraday’s law or the flux cutting rule,

mentioning Weber as a possible fuller explanation. Assis has even presented an analy-

sis [196] where he explores beyond the regular scope of unipolar induction and describes

a situation where an additional voltage is induced due to the presence of an electrostatic

potential, calling it Weberian induction. In this scenario a spinning disk is placed inside a

charged spherical shell, with or without the magnet. From the perspective of field theory

and the Lorentz force, the charge on the shell cannot induce a voltage in the disk due

to the absence of a field inside the shell, but according to Assis’ analysis, in Weber’s

electrodynamics the charge on the shell would still exert a force on the disk charges and

an additional voltage should be induced. However, such an effect would be many orders
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of magnitude smaller than regular unipolar induction. This field-free electrostatic force

is closely related to a criticism of Weber’s theory and will be further discussed in sections

2.2.3 and 2.3.

Related to unipolar induction is the so-called Feynman disk paradox [197], where metal

spheres are mounted on a plastic disk free to rotate and a current carrying coil is situated

on the same axis. Initially, the apparatus is at rest, but when the current is switched off,

the paradox arises. Analysing the problem in terms of the change in magnetic flux would

expect the disk to rotate as an electric field is induced and seen by the spheres, however,

analysing from the perspective of angular momentum would mean that the disk does not

start to rotate, as the momentum is initially zero and since it must be conserved, the disk

should remain stationary. The apparent contradiction in field theory is resolved by taking

into account the electromagnetic angular momentum stored in the fields, so that initially

the angular momentum was not zero [198]. Fukai argues that the problem is equally well

explained by Weber’s theory [188] and considers the force on the sphere exerted by the

change of current in the solenoid, which turns out to be non-zero, so the disk will move

accordingly.

It was also shown recently that superconductivity can be derived from Weber’s theory

according to two independent authors in two different ways. One approach by Prytz [199]

considers a magnet or solenoid with a DC current at rest and the centripetal acceleration

of the conductor charges. This acceleration causes the Meissner effect to appear in con-

duction materials according to his deductions. Assis and Tajmar [200] instead follow a

more general treatment where AC currents are considered, and in turn the acceleration of

the charges causes the Meissner effect and the London moment to appear from Weber’s

force.

The so called Aharonov-Bohm effect (AB-effect) that describes a phase shift experi-

enced by electrons when they are scattered around a finite solenoid is usually explained

through the quantum mechanical influence of the vector potential A⃗. Wesley [201] man-

aged to established a connection between Weber’s force and the existence of the AB-effect.

First, he takes a more classical approach and considers the force due to motional induction
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on the electron beam, which leads him to find a phase shift depending on the electron

path due to this force component. Then, he shows that the same force is present when

considering Weber’s potential and force, causing the appearance of the phase shift and

thus the AB-effect. Unfortunately in the digital version there seems to be a misprint and

large parts of the paper are missing, but his essential deductions can still be found in the

first and last sections of the manuscript [201].

An initial connection between Weber’s force and antenna theory has been made by

Prytz [202]. In this approach the concept of retarded time is considered to account for far

distance effects and utilised with the acceleration dependent induction of Weber’s force.

This can describe loop antennae by itself and also contributes to dipole antennae, and

simultaneously relates back to the transmission of radio waves. This is, of course, similar

to the approach taken by Moon and Spencer [118] who had derived the behaviour of the

loop and dipole antenna about 60 years prior, and also arrived at Neumann’s inductance

formula for circuits based on the acceleration dependent force in the process.

Weber also considered early forms of diamagnetism in his work, based on the molecular

currents introduced by Ampère, where diamagnetism occurs when molecular currents are

induced by an external field in a diamagnetic material that has otherwise no molecular

currents. While the general idea of molecular currents remains to this day, present expla-

nations necessitate quantum mechanical considerations to fully account for the existence

of diamagnetism, due to the Bohr-Van Leeuwen theorem.

This overview shows the electromagnetic versatility Weber’s theory possesses as an

alternative to Maxwell’s equations, but it is not the only area in which Weber’s force has

been utilised. Weber’s theory will now be explored beyond the realm of electromagnetic

phenomena and how it can be used in other areas of physics.

2.2.2 Relevance of Weber’s Force Beyond Electromagnetism

There are several aspects of Weber’s force that are not immediately obvious when just

regarding it as an electrodynamic force law between charged particles. It holds wider

consequences in its action and has been connected to a variety of topics in the literature.
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The first connection of note is the structure of the atom. Weber himself used his theory

to devise a planetary model of the atom [203,204], where negative charges orbit around a

positively charged centre, even before the electron was discovered. He realised a special

feature of his force law by which an atomic structure emerges as a consequence, that is,

a certain critical distance exists in his force law. It is most remarkable that below this

critical distance like charges will start to attract instead of repel and opposite charges

will still attract regardless. Furthermore, when two or more charges interact with only

each other (no external forces are present in that scenario) they cannot transition to the

inside or outside of that critical distance. If the interaction started below the critical

radius, it would remain inside the radius, and if it began outside it would remain outside.

Interestingly, the critical distance can be calculated to be of the order of the known

diameter of the atomic nucleus when electron or positron interaction is considered. Thus,

it seems possible to interpret Weber’s force as relating to the strong nuclear force that

is responsible for the attraction inside the nucleus, even though it is not yet known how

it would work for protons. Additionally, for two charges of opposite sign orbiting each

other in this model, a confinement to elliptical orbits is found which would experience a

precession of the elliptical axis [203–206] and remain within an upper and lower bound of

the orbit radius [203,205,207–209].

Weber also speculated based on his model of the atom on the mechanism of heat

conduction and a possible connection between light and electricity. He related the orbital

frequency of charged particles in his model to the wavelength of excited heat- and light-

waves. Zöllner [210] even considered that from Weber’s model it would be possible to

derive the spectral lines of chemical elements. Upon considering the possibility of multiple

orbits in a molecule and that each orbit could be populated with a number of charges,

Weber also deduced a classification system characterising the possible combinations of

positive and negative charges in a table that has similarities to the periodic table of

elements. He further concluded that these molecular configurations could attract other

molecules and combine to form stable systems. Eventually he was led to the hypothesis

that chemical bonds might have an electrical origin and arrived at a bond that is similar
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to a covalent bond between two atoms sharing an electron pair [203].

Unfortunately, Weber passed away before he could finish his planetary model of the

atom, nevertheless it shows some very interesting properties. While Weber speculated

about spectral lines emerging from his model, the fine structure of the atom was still

in an early stage of discovery. There are relatively recent works in the literature [211,

212] analysing the connections between Weber’s theory and quantised energy levels, they

generally tend to show slightly different splittings for the fine structure of the atom. In

2015, Torres-Silva et al. [211] used the Hamiltonian formalism of Weber’s theory and

also considered spin-orbit corrections, whereas Frauenfelder and J. Weber [212] used a

Bohr-Sommerfeld quantisation on Weber’s Hamiltonian for a hydrogen atom. Wesley

obtained a similar result in [213] where he considered the perturbation energy on the

electron orbit in the hydrogen atom by utilising the Schrödinger perturbation method,

which leads to energy levels different from the experimentally known splittings. It is also

reviewed by Post [214] that Phipps’ modification to Weber’s potential leads to twice the

number of observed splittings. As the experimental determinations of QED, such as the

fine structure, lamb shift, Rydberg constant and anomalous dipole moments are among

the most well tested predictions derived from field theory, this will remain the greatest

challenge for Weber-type theories as it seems that it cannot make the necessary predictions

in its current form. However, it seems worth noting that Feynman has directly utilised

ideas of direct-action and retarded time in his approach to develop QED [75].

The Weber force has also been shown to be similar to velocity dependent forces in

nuclear physics, such as nucleon-nucleon forces [215]. These are central forces and obey

Newton’s third law, and in [215] the authors show that the momentum dependent inter-

nucleon forces in the interaction potential and Hamiltonian are generalised Weber forces,

pointing out that Weber’s force can be considered a special case of the forces appearing

in nuclear physics. They state further that a similarity to Ampères force exists in nuclear

physics as well for scattering processes of spinless projectiles and that it cannot be un-

derstood on the basis of only the Lorentz force analogy, but is consistent with a Weber

force analogy.
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Another interesting similarity with the forces of nature exists between Weber’s force

and gravity, and Weber had already speculated about such a connection based on his

atomic model. One of the underlying ideas is that the attractive force between charged

particle assemblies is slightly larger than the repulsive force. Based on this idea, Assis

[216,217] has developed a model to derive gravitational effects as a fourth order effect from

the electromagnetic interaction through an extension of Weber’s formula. He considers a

series expansion of Weber’s force law:

F⃗21 =
q1q2
4πε0

r̂12
r212

(
1− α

c2
(ṙ212 − 2r12r̈12)−

β

c4
(ṙ412 − 4ṙ212r12r̈12)−

γ

c6
(ṙ612 − 6ṙ412r12r̈12)

)
, (2.18)

with numerical constants α, β and γ and omitting any higher order terms of the series

expansion. Equation (2.18) is then used to study the interaction of two neutral dipoles

that consist of a positive charge in the centre and an oscillating negative charge. After an

extensive analysis, Assis arrives at a non-zero force of attraction between the two dipoles

which he proceeds to interpret as a gravitational interaction force. These derivations later

led Tajmar [218] to analyse a minimum energy requirement between two neutral dipoles

that is similar in nature to Planck’s constant. The approach used by Assis is then further

investigated by Baumgärtel and Tajmar [219] and it is found that there is not only a

gravitationally interactive term as a higher order effect from Weber’s electrodynamics.

The result obtained in [219] is slightly different to the one originally obtained by Assis,

but the authors of [219] interpret the resulting force to contain the Casimir force and

inertial effects as well. Further analysis of this result in regards to a minimum energy

requirement is pursued and the study finds a connection to Planck’s constant and the

origin of mass. So far, Planck’s constant was derived to within 93% from this approach,

which still leaves a 7% discrepancy, but a general relation between Weber’s theory and

Planck’s constant can be established solely on electrodynamic properties of particles. One

can generally see with the appearance of the Casimir force, Planck’s constant and the fine

structure of the atom that Weber’s theory ties to certain quantum mechanical effects,

however it requires significant development on quantum theoretical aspects in the future.

There are other considerations about Weber’s force and gravitational interaction. A
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common approach in the literature is to utilise a gravitational force of the Weber type,

such as has been investigated by Tisserand [114], Gerber [115], Schrödinger [116] and

others. Utilising such a gravitational form of Weber’s law, Assis and Wesley [129, 220]

have shown that it is also possible to arrive at the origin of inertia in combination with

Mach’s principle. Their derivations generally follow the form

F = −Gm1m2
r̂12
r212

[
1 +

1

c2

(
v⃗12 · v⃗12 −

3

2
(r̂12 · v⃗12)2 + r⃗12 · a⃗12

)]
, (2.19)

where it is easy to see that the usual charges q1 and q2 have been replaced by masses m1,

m2 and gravitational constant G. As a consequence of this approach however, Newtons

second law, F = ma, follows naturally from this formulation, so that the interaction with

the distant masses is responsible for the existence of inertia. In essence, Assis calculates

the force on a body by investigating its interaction with what is more or less a celestial

sphere and the cosmic microwave background, while Wesley uses a gravitational field

in his derivations. Additionally, in Assis’ model the resulting force contains terms that

represent centrifugal and Coriolis forces.

Because there are many possible variations of Weber-type gravitational forces of similar

nature, e.g. [114–116, 129, 221], their form has been further generalised by Bunchaft and

Carneiro [222] as

F = k
r̂12
r212

(
1− µṙ212 + γr12r̈12

)
. (2.20)

Here, k is a parameter depending on the nature of the interacting bodies (like charges or

masses) and the parameters µ and γ are positive constants of the velocity and acceleration

terms usually of the order 1/c2. Further aspects of these approaches, with regards to

cosmology and conservation of energy, will be discussed in the next section.

In its basic form (2.9) as a microscopic force law, the theory obeys certain general

principles of mechanics. Weber’s force law intrinsically follows Newton’s third law of

action and reaction. Any action arising from Weber’s force has an opposing force of equal

magnitude and inverse sign, making it consistent with linear momentum conservation. It

can also be shown that Weber’s theory follows energy and angular momentum conservation
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[63, 179], and Weber himself only succeeded in 1871 to show that conservation of energy

is obeyed.

It is even possible to derive a virial theorem from Weber’s force as has been shown by

Mendes and Assis [223]. The virial theorem states that the time average of kinetic energy

in a system of discrete particles is related to the potential energy of the particles. For

Weber’s formula this takes the form

2⟨T ⟩ = −⟨Uw⟩, (2.21)

with the potential energy Uw being Weber’s potential (see sec. 3). As a consequence,

this offers the possibility for statistical treatments of problems with Weber, such as the

formations of galaxies on an astronomical scale or plasma physics, although limitations

have been indicated regarding the applicability to cold plasmas [224].

Weber’s force has also been used with a modified version of mechanics [225]. The

idea is based on the relational nature of Weber’s force, making mechanics relational as

well. In essence, Newton’s mechanical principles are extended with Mach’s principle and

a Weber-type force for interacting masses is implemented. This has consequences for

cosmology, affecting the interpretation of Hubble’s law and the cosmological redshift as

light interacting on its journey. The cosmic microwave radiation background would then

indicate an equilibrium state and the precession of mercury’s perihelion is due to the

interaction with distant fixed stars. Although the idea is intricate and intriguing, this

would of course not be compatible with the standard cosmological interpretation of an

expanding universe.

Nonetheless, we have seen in this chapter that Weber has ties to other forces of nature,

like nuclear forces and gravity, which also makes it possible to consider consequences for

cosmology as an extension. It will be discussed in the following section how certain

cosmological aspects emerge from Weber’s force.

2.2.3 Cosmology and Breakthrough Physics

From the previous section it was shown that Weber has ties to other forces of nature,

like nuclear forces and gravity, and it was suggested that Weber’s force has significant
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links to cosmological theories and phenomena. Based on the possibility of gravitational

modifications to Weber’s force, there have been many investigations about planetary

motion and in particular the precession of mercury’s perihelion [114–116, 226–232]. In

addition, some of these also investigate the bending of light in a gravitational field and

the two effects are usually explained from GRT. From these investigations it can be

seen that Weber generally offers a possible explanation for both observations, but the

applicability has been shown to have limits.

The general form of Weber-type forces of the order 1/c2 (2.20), is further investigated

by Bunchaft and Carneiro [222] with specific attention to energy conservation. The au-

thors of [222] show that such a force is only conservative under a special condition when

the parameters µ and γ of (2.20) obey the form 2µ = γ. They deduce from this analysis

that a Weber-type gravitational force cannot predict the correct values for the precession

of mercury’s perihelion and the gravitational bending of light at the same time under the

condition of being conservative. However, more generalised formulations of higher order

might still be able to predict both effects whilst remaining conservative, and it is still

evident from this that Weber’s force offers an alternative approach to phenomena that

are usually attributed to GRT.

A somewhat more general discussion about how general relativity and Weber-type

theories are related on a fundamental level can be found by Giné [233], although that

approach has been challenged [234] in not having a proper Einsteinian approach and thus

may well have flaws. A further analysis by Tiandho [235] came to the conclusion that

Weber-type gravitational forces are a weak field approximation of GRT and thus a special

case, nonetheless, it shows the similarity and connection between the two theories once

again.

Recently, Weber-like gravitational interactions in combination with Mach’s principle

have been investigated with regards to their implications in cosmology [236]. The ad-

vantage of such an approach is that inertia arises naturally from the interaction with a

celestial sphere and avoids the incompatibility of inertia in GRT with Mach’s principle;

and additionally maintains the equivalence of gravitational and inertial mass and the
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equivalence of kinematic and dynamic rotation rates of the Earth. On the other hand,

the resulting universe is non-expanding and the redshift arises from energy loss of light

on its journey. Another cosmology model based on Mach’s principle has recently been

developed and investigated by Das [16], where the universe is governed by Machian Grav-

ity. According to Das it is able to explain rotational curves and mass distribution of

galaxies without dark matter or dark energy and when comparing the model to observed

cosmological data it fits well with the measurements. Previous to these approaches, the

general idea of a Machian cosmology had been suggested in the literature [225,237–240],

where P. and N. Graneau [240] have even found a connection to the expanding universe,

but Das seems to be the first to apply the concept to available data of galactic rotation

curves.

Beyond the general connection of Weber’s theory and GRT, some works have analysed

more specific effects arising from gravitational perturbations, for example spacecraft flyby

anomalies [221, 241]. These approaches also utilise gravitational formulations of Weber’s

force, similar to the previously discussed modifications. The first of such gravitationally-

influenced effects is called frame dragging, also known as the Lense-Thirring-effect, which

has its usual explanation in GRT. This effect adds a precession to a gyroscope or orbiting

satellite in the presence of a large rotating mass. It is possible to arrive at a similar

effect by utilising Weber’s theory [241] for gravitational interactions. The authors of [241]

present the formula for the action of a large spinning shell with mass M , radius R and

angular velocity Ω⃗ on a test body, mass m, at position r⃗, velocity v⃗ and acceleration a⃗ to

be

F⃗ = −2GmM

Rc2

[
a⃗+ Ω⃗×

(
Ω⃗× r⃗

)
+ 2v⃗ × Ω⃗ + r⃗ × dΩ⃗

dt

]
, (2.22)

where G and c are the gravitational constant and speed of light, respectively. As can be

seen it is similar to the previously presented gravitational-type Weber forces, with terms

resulting from the rotation and acceleration, for example the second and third term in

square brackets of (2.22) represent centrifugal and Coriolis’ force, which appear due to

the implementation of Mach’s principle. After analysing the problem with the help of
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Newton’s second law, they arrive at a gravitationally induced azimuthal acceleration that

will be experienced by the test body, similar to a frame dragging effect.

The gravitomagnetism arising from this principle has also led Tajmar and Assis to in-

vestigate flyby anomalies with a similar implementation of gravity-like Weber forces [221].

They found that flyby anomalies due to Weber-based interactions are several magnitudes

smaller than currently measurable. They relate this to data of Rosetta flyby manoeuvres

where expected anomalies have not been measured, even though the standard approach

would have predicted them. But if the effect is, according to the Weber-interaction, below

the threshold of current detectability, this result would not be surprising.

Apart from the general and specific connections to GRT, an interesting possibility

seems to exist in Weber’s theory that pushes the boundaries of known physics. A situation

can be created according to Assis, where the mass of charged particles can be manipulated

under the influence of a field-free electrostatic force [63, 242]. If it is indeed possible to

change the inertial mass of a charged particle through electrodynamic means, it can

possibly be applied to breakthrough propulsion physics technologies, such as the warp

drive, anti-gravity or even cold fusion [50–52] which could revolutionise space travel,

energy production and transportation in general.

The approach taken by Assis shows the influence of a charged spherical shell on a

point charge according to Weber’s force, whereby the force on the point charge can be

interpreted as an inertial mass change of the particle. Assis considers a hollow spherical

shell made of a dielectric with charge Q of radius R, with an angular velocity ω⃗. This

approach is similar in nature to the gravitational model of gravitomagnetism with Weber

for a massive spherical shell producing a frame dragging effect. Here, the charged sphere

acts on a point charge q at position r⃗, velocity v⃗ and acceleration a⃗. For the point charge

inside of the spherical shell, he arrives at the expression

F⃗ =
µ0qQ

12πR

[
a⃗+ ω⃗ × (ω⃗ × r⃗) + 2v⃗ × ω⃗ + r⃗ × dω⃗

dt

]
, (2.23)

which can further be simplified with the restriction ω⃗ = 0, the sphere being stationary,

to:
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F⃗ =
µ0qQ

12πR
a⃗. (2.24)

With the help of Newton’s second law this is interpreted by Assis as a change in effective

inertial mass of the particle due to the potential on the surrounding shell.

This is an especially interesting prediction of Weber’s theory, because in standard

theory, the field inside a charged spherical shell is zero and such an effect is not intuitively

expected. Assis also estimates an order of magnitude for the effect, which entails a sphere

of radius 0.5 m and a potential on the shell of 1.5 MV to double the mass of an electron,

which is generally in the realm of the possible to obtain in the laboratory. However, from

these values compared with the size and charge of the electron it can be seen that the

effect is still considerably small in nature. But as a logical conclusion, in theory a particle

can be made to have an effective negative mass through the influence of an electrostatic

potential at the cost of sufficient energy expenditure. This behaviour could then be

applied to breakthrough propulsion applications with sufficient technological ingenuity

and is thus of interest for these applications.

As this is an interesting prediction and experiment to determine boundaries of the

validity of Weber’s force law, several experimental efforts have tried to investigate this

predicted phenomenon, with recent evidence suggesting the non-existence of this effect.

Mikhailov had first reported an experiment in 1999 [243] where he claims to have suc-

cessfully observed the effect in question, with two follow-up experiments in 2001 and

2003 [244, 245], which he reported to be equally successful. However, the attempts of in-

dependent researchers to repeat and respectively improve his experiments have not yielded

positive results [246–248]. For example, the original experiment by Mikhailov [243] which

included a neon glow lamp flashing in a charged spherical shell was repeated and modified

by Junginger et al. [246] to utilise optical coupling instead of capacitive coupling. With

the application of an optical fibre and a photodiode they found no influence of the electro-

static potential on the flashing frequency, contrary to the expected and reported change

of Mikhailov. Additionally, the modifications to the original experiment by Lörincz and

Tajmar also showed negative results [247]. They tried various configurations, but also
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employed optical coupling to remove any stray effects from circuit coupling and tried

different types of enclosures, one of which was a configuration with electrets to avoid

the generation of mirror charges and an additional Faraday cage to prevent electric field

influence. Up to −15 kV no effect was observed.

Mikhailov’s second experiment [244] featured an electron tube that was electrically

excited to perform a Barkhausen-Kurz-oscillation. An ammeter was used to measure a

current that was supposedly coupled to the generated frequency by an antenna, which

showed a change in the oscillation frequency of the electrons dependent on the mass when

the potential on the surrounding sphere was applied. According to Mikhailov a general

trend of the current was observed that correlated with the potential in the expected

way, leading to his conclusion that the effect in question was found. When Weikert and

Tajmar repeated this experiment [248], they used a spectrum analyser to observe the

received frequency of the antenna and the exciting circuit was placed outside of the shell,

so that only the tube itself was enclosed. Even though their test eventually reached a

Barkhausen-Kurz-oscillation, the measured frequency did not show a dependence on the

applied voltage on the shell in this experiment.

This brief overview shows that all the experiments that Mikhailov [243–245] conducted

were claimed to yield positive results, while the replications [246–248] could not validate

these outcomes. Since all of the re-evaluated experiments feature a refined methodology

and uncover flaws in the settings of Mikhailov, one must conclude that he did not measure

the effect in question. An important point is discussed by Lörincz and Tajmar [247] as to

what degree a glow discharge is suited to produce and measure a possible mass change of

charge carriers, because the discharge is always made up of a neutral plasma and hence

probably not suited to show the effect, and Weikert and Tajmar also speculated that the

oscillatory motion of electrons in a Barkhausen-Kurz configuration could mask the effect

in question [248].

There is new evidence [249] that the sought after mass change effect does not seem

to exist. Tajmar and Weikert tested electron beam deflections in a Perrin tube where

under a certain magnetic field the beam would be deflected precisely into a Faraday cup
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measuring the beam current. The arrangement was located in an aluminium sphere that

was charged up to ±20 kV and they simultaneously observed the current feeding a set

of Helmholtz coils generating the magnetic field and the measured beam current of the

Faraday cup. By observing the necessary current to keep the beam consistently in the

Faraday cup they concluded that the sought after effect can be ruled out by two orders of

magnitude. This makes this topic a valid point of criticism against Weber electrodynamics

and it will be discussed further in the following section 2.3.

These many investigations of Weber’s force in the literature demonstrate the strength

of the theory and how it links to many fields across physics, and therefore it is an inter-

esting alternative model to standard electrodynamics. Weber’s force law has even been

suggested in the literature as a unified theory of nature [216,250], especially as it includes

the electromagnetic force, a form of nuclear or strong force, a gravitational-type force and

additionally an explanation of the origin of inertia. It can be seen from this that Weber

offers an elegant path towards the unification of theories and, to quote O’Rahilly [62, Vol.

II, p. 535]: ‘If any one man deserves credit for the synthetic idea which unifies the various

branches of magnetic and electrical science, that man is Wilhelm Weber.’ Weber’s theory

connecting so many disciplines is of course not an accident, since it is an electromagnetic

theory. Field theory and relativity which the standard model of modern physics is based

on also show these properties and strive for a unified theory of physics. It is well known

that three out of the four forces of nature can be unified in the standard model (mag-

netic force, strong nuclear force and electroweak force) and attempts are made through

quantum gravity to connect the remaining force to those three. So in general, any the-

ory attempting to explain the natural phenomena on a larger scale is likely to show the

characteristics of a unified theory. However, Weber’s theory, despite the time that has

elapsed since its inception, is still very much in an early stage of development and has not

been researched to the same degree as conventional models. Nevertheless this should not

be taken as discouraging, quite the opposite in fact, it gives motivation for further inves-

tigation of Weber’s force to explore its capabilities to describe and predict the universe,

especially if it has an intrinsic unifying character. Although now that the mostly positive
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aspects of Weber’s force have been presented, certain limitations of a Weber-type theory

need to be examined and aspects of Weber’s theory open to criticism confronted.

2.3 Criticism of Weber’s Theory

In the previous section some of the positive aspects of Weber’s theory have been discussed

and how it can be applied in a range of physics sub-disciplines. However, Weber’s force

was not pursued by mainstream physics as it was superseded by Maxwell’s theory of

fields and ether, and so it must be questioned just why the theory was largely abandoned

in favour of another. Historically there were thee main points of criticism leading to

the neglect of Weber’s theory and a fourth factor of experimental nature. The points of

criticism of Weber’s force were: i) it is based on the Fechner hypothesis, i.e. currents being

comprised of equal amounts of moving positive and negative charges, ii) Helmholtz first

criticised Weber’s force as violating energy conservation, and iii) then criticised the theory

for exhibiting unphysical behaviour in the form of negative mass and infinite acceleration.

Finally, what was claimed as decisive evidence in favour of the field model were the

successful experiments of Hertz, demonstrating electromagnetic waves and therefore taken

as direct proof supporting Maxwell’s theory as opposed to Weber’s. These historical

factors will now be re-investigated to see how they have aged and after that more modern

criticisms or limitations of the theory are looked at. Another review of historic criticisms

from a philosophical perspective of action-at-a-distance theories in general can be found

in [251] with a strong focus on epistemological aspects.

First, the criticism that Weber’s force is originally based on Fechner’s hypothesis will

be considered. In the middle of the 19th century it was assumed that a current in a

circuit consisted of equal amounts of positive and negative charge (or electric “fluidae”)

moving in opposite directions. While it is true that Weber designed his force based on this

assumption to derive Ampère’s force, he himself moved away from the idea of a double

current consisting of moving positive and negative charges towards a simple current where

the positive charges remain fixed in the lattice and only the negative charges move in his

later works. Despite this change in perspective, he did not alter the formulation of his force
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law because it would still remain valid in predicting observable effects. Assis showed [130]

that it is possible to derive Ampère’s force regardless of the Fechner hypothesis from

Weber’s force. The only assumptions made are the charge neutrality of current elements

and the independence of velocities of positive and negative charge carriers therein. This

means that it holds true for moving electrons and stationary lattice charges as well as

oppositely moving positive and negative charges as, for example, in plasma states. It was

noted in the previous section that the Hall effect can be explained with Weber’s theory

when the Fechner hypothesis is abandoned. In later chapters Weber’s force will be applied

only with the assumption of moving electrons and stationary lattice charges and it will be

shown how different phenomena can be predicted without the double current requirement.

When discussing this matter it should be mentioned that Clausius was the first to

claim in 1877 that Weber’s force would lead to unphysical situations when only one kind

of charge is moving and the other kind is fixed in a conductor [252]. This criticism seems

to have been taken as a critical argument against the theory as reviewed by Woodruff

[253] and persisted in the more recent literature when Pearson and Kilambi analysed

the similarity with nuclear forces [215]. The argument is that in the situation where

Weber’s force is not balanced by oppositely moving charge carriers so called electrostatic

induction occurs outside of a conductor and this has been considered an exclusion criterion

of Weber’s theory as an explanation for electrodynamics in [215]. However, it must be

said that an early extensive refutation of this argument has been given by Zöllner as

early as 1877 [254] in response to Clausius, arguing that these electrostatic effects have

been known since 1801 through experiments by Erman [255] and others and Weber’s

theory is erroneously criticised. Assis and Hernandes [256–258] have given a modern

review of electrostatic induction effects in theory and experiment, showing that these

effects do indeed exist on different orders of magnitude and that it is too early to dismiss

Weber’s force law on such a basis. In fact, the existence of such effects could even provide

experimental support for Weber’s theory. In conclusion it can be said that at present

there is no requirement for Fechner’s hypothesis in Weber’s theory and the criticism is

not valid.
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Helmholtz originally criticised the theory by saying it did not obey conservation of en-

ergy. He considered the potential and kinetic energy, especially with particles in circular

motion and came to the conclusion that there are possible situations in Weber’s theory

where energy can be lost or gained and thus objected to the theory. At the time, Maxwell

was familiar with Weber’s theory and knew of Helmholtz’s argument, supporting the ob-

jection stated by him. It was only in 1869 and 1871 that Weber succeeded in showing that

energy is conserved in his force law. After this proof Maxwell even acknowledged in his

Treatise that Weber’s theory was mistakenly criticised in that regard [1] and reconsidered

it as a possible theory of electrodynamics. Helmholtz erroneously came to the conclusion

that energy conservation is violated as he only included the velocities between interacting

charges and did not consider the complete form of Weber’s force which also depends on

the acceleration of charges, leading him to an incomplete deduction [61].

Furthermore, Helmholtz issued a second major criticism of Weber’s theory, where he

describes a situation that leads a particle to exert behaviour of negative mass and upon

movement it could accelerate infinitely in the presence of an external force, such as friction,

and an infinite amount of work would be done. He describes a particle inside a charged

spherical shell that experiences friction from a fluid and as it is infinitely accelerating,

it would continue to heat the fluid due to friction and thus perform an infinite amount

of work. An argument ensued between the two parties with Weber trying to defend

against the criticism, but Helmholtz again countered his arguments and the criticism

prevailed [253] and to this day remains an open question in Weber electrodynamics.

This is indeed a similar situation to the suggested inertial mass change of Assis due

to a field-free electrostatic force and the criticism has been further analysed by Assis

and Caluzi [259]. They have suggested three possible ways to resolve the problem: 1)

If instead of using Weber’s force and Newton’s mechanics, a modification of mechanics

to a relativistic type kinetic energy is assumed, then the particle will not accelerate ad

infinitum. The modified expression for mechanics has also been obtained by Schrödinger

[116] and Wesley [129] by considering Weber-type forces. 2) It is also possible to avoid

the problem by a modification of Weber’s potential energy, e.g. Phipps [111], which leads
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to a force expression where infinite acceleration does not occur. 3) It is still possible that

nature behaves this way, it just has not been sufficiently tested.

However, with the new experiment of Tajmar and Weikert [249] it seems very unlikely

that nature behaves in a way where this change of mass or energy is involved. Especially

when according to Helmholtz an infinite amount of work can be gained if a particle

experiencing friction forces from a fluid would continue to increase the fluid’s temperature

due to the friction. By implication this would violate the first law of thermodynamics

and allow for a perpetual motion machine under the condition that the energy can be

extracted from the closed system formed by the charged shell, fluid and point charge.

It could theoretically still be possible that in order for the effect to manifest, a friction

force is needed, as this is what Helmholtz originally considered and was also included in

the analysis of Assis and Caluzi [259]. But this seems unlikely as Assis also made the

prediction for a mass change without the consideration of friction forces at first [242] and

further a situation like this seems very unlikely to manifest in practice. As far as we know,

a similar system has never been observed in nature and the described phenomenon seems

unlikely to occur naturally. If mankind attempted to create such a situation, it would

likely need ingenious engineering to build, assemble and operate such a system in a stable

configuration. So even if the rules of physics supposedly allowed for it, the realisation

might be impossible for practical reasons.

If one now considers resolutions 1) and 2) suggested by Assis and Caluzi, it can

be said for point 1) that the infinite acceleration of a particle can be avoided through

the assumption of modified mechanics, but this would change the behaviour mainly for

velocities near the speed of light, as pointed out by Weikert and Tajmar [249]. Also

in this case Assis and Caluzi still speak of an effective inertial mass influenced by the

electrodynamics, so an apparent mass change would still occur in this instance. As for

point 2), the modification of Weber’s potential energy to Phipp’s potential, this can

generally present a solution to the problem, however Phipp’s potential turns out to have

other shortcomings [112]. Nevertheless, there might still be a more fundamental, more

general Weber-type potential where the change in mass is avoided and the problem is
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resolved, such as suggested by Li [260]. So this criticism is a valid point, however, there

might well be other ways not yet known to avoid the problem like a more general potential

and here more research is needed. It must also be added to this discussion that due to

the self-energy divergence in field theory, the Lorentz-Dirac renormalisation solution also

leads to runaway behaviour with infinite self-acceleration of a particle [47]. Albeit a

different situation where the particle interacts with its own field, as opposed to Weber’s

theory where the particle interacts with a field-free charge distribution, this shows that

we can find the same unphysical behaviour through infinite acceleration exhibited in

the framework of field theory as well. It would seem inadequate to use this singular

behaviour as a decisive argument against Weber’s theory when field theory is not rid of

such a problem itself.

The fourth factor that was historically held against Weber’s theory are Hertz’s exper-

iments which showed a finite propagation velocity of electromagnetic signals, and were

taken as a direct verification of Maxwell’s field theory. However, it was seen in the pre-

vious sections that Weber’s theory has been shown to be consistent with fields and can

indeed predict wave equations propagating with the speed of light and related to radiation

phenomena when the right physical methods and constraints are applied. So it remains

questionable if Hertz’s experiments should only be taken as a direct proof of Maxwell’s

equations. For example, the experiments are also consistent with Ritz’s theory, and it

would be premature to exclude Weber’s theory on that basis.

Also it should be mentioned that Weber believed in a form of ether, i.e. the luminif-

erous ether, which nowadays has been effectively replaced by the electromagnetic field

model. So one could argue that his theory is based on the same ethereal premise as

Maxwell’s, as he tried to model the interactions of charges within the fluid of ether that

was general scientific belief at the time. Although it should be said that Weber’s force

does not conceptually depend on the ether due to only involving relative velocities. A

further discussion of the ether will be found in section 6.2. Furthermore when invoking the

principle of Ockham’s razor, that is, entities should not be multiplied beyond necessity, it

becomes apparent that Weber’s theory is considered to be preferable over Maxwell’s as it
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makes fewer assumptions. Weber being based only on the interaction of charges without

invoking the concept of field entities conforms to minimal assumptions as only the charges

and their motion is relevant. Also there is an argument in the literature, when discussing

contact-action through fields or emitted virtual particles, that entities like the ether or

the field which cannot be observed directly should be avoided [261].

At its core this issue relates to a more general criticism of Weber’s theory being

a direct-action-at-a-distance theory with apparent instantaneous transmission unlike a

field theory. The instantaneous nature of force laws like this is usually argued to be a

problem since it violates causality and since the propagation of electromagnetic effects are

clearly of finite velocity, hence there is an apparent problem with the theory. Take, for

example, Newton’s gravitational force law: if one body experiences a change in position,

body two will immediately feel this change in force, no matter the distance between

them. However, there exists a claim in the literature that Newtonian gravity actually

propagates at the speed of light [262]. Although the analysis is based on dimensional,

empirical and observational arguments, this is a remarkable postulate, and even though

Newtonian gravity is formulated mathematically as instantaneous-action-at-a-distance, a

finite propagation speed is implicitly contained within the formula, suggesting that the

same could be true for other so called “instantaneous” force laws.

So the real question is how propagation velocities behave in Weber’s theory or how

they can be limited. There are multiple factors to consider here. First, Weber’s force

itself models a delay in propagation intrinsically with the constant c in the formula, as

argued by Brown [103], c should be viewed as a retardation constant at which cause and

effect occur. Related to this Sokol’skii and Sadovnikov [232] have studied planetary orbits

with a gravitational form of Weber and find that gravitational interaction propagates at

the speed of light c in their model. In the previous section 2.2.1 we have seen different

considerations showing how Weber is able to predict wave propagation of electromagnetic

signals at the speed of light, for example in combination with the principle of retarded

time applied by Moon and Spencer, and Wesley who derived wave equations based on

this premise. Also Weber and Kohlrausch first obtained experimentally the value of
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c with Weber’s force and Kirchhoff and Weber both arrived at the telegraph equation

for propagation of signals in a circuit independently from each other based on Weber’s

force. From these considerations, it can be seen that Weber indeed expresses a delay

in propagation and a finite propagation velocity despite it’s action-at-a-distance origin,

meaning causality is not violated.

The overall concept of action-at-a-distance theories on a more philosophical basis has

been discussed by Pietsch [46]. The discussion is on a more general level about energy

conservation, necessity of contact for transmission of energy, locality criteria and meta-

physical considerations and does not favour Weber’s theory over the Wheeler-Feynman

type or other action-at-a-distance theories [123]. First the problem of divergent self energy

of a point charge in classic electromagnetism is discussed, with the existing resolutions

of renormalisation versus extension approach. It is argued that both solutions come at

a cost and that action-at-a-distance can offer an alternative to resolve either problem

that arises in one approach or the other. Similarities of pure particle action and pure

field theories are explored in the analysis and then continues to point out similarities of

action-at-a-distance theories with modern particle-field theories of electrodynamics widely

established today. In conclusion direct-action theories remain valid options to consider in

physics, as it helps to overcome the arising conceptual issues in the standard approaches.

Further discussion of direct-action theories, also more focussed on the quantum version

of the Wheeler-Feynman approach with respect to Haag’s inconsistency theorem and how

direct-action can overcome the mathematical inconsistencies and problems arising from

QED and QFT can be found in [77], but are beyond the scope of this work.

From a modern perspective, Weber’s force has been critiqued as it does not account

for relativistic corrections of deflected electron beams, such as the Kaufmann-Bucherer

or Bertozzi experiments [110, 263] in its basic form. Also Weber’s force does not impose

the same relativistic speed limit of c on a particle [264] as is expected from SRT, and it

does not seem to be compatible with SRT and the Lorentz transformation based on these

shortcomings. In its standard form Weber is only an approximation in v2/c2 for high

speed particles compared with relativistic corrections, as shown by [94, 263]. There are,
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however, some approaches in the literature to address and solve these inconsistencies of

Weber’s force. For example, this could suggest that the regular form of Weber’s force (2.9)

might still be an incomplete theory and only modified forms may be able to overcome this

problem. Attempts on limiting the velocity have been made by Montes [113], Wesley [110]

and Phipps [111] which manage to include relativistic corrections to varying degrees.

Assis [265] investigated Phipp’s potential and the inclusion of higher order terms similar

to [216,217] in relation to their relativistic compatibility. He finds that this type of Weber

theories either holds the speed limit c for an individual charge or their relative speed, but

not both at the same time. In general these approaches consider some form of modification

of Weber’s theory, which might involve other costs as analysed for the gravitational type

forces and their energy conservation [222], and even if a suitable modification is discovered,

its properties should be studied further on this basis. In a recent study [260], Li utilises an

extension of Weber’s potential and the additional assumption of modified mechanics and

arrives at high velocity particle behaviour that is identical to the predictions made from

SRT. This has certain similarities to Wesley’s approach [213] of modified mechanics in

conjunction with a Weber-type force and could indicate that further research is necessary

in relation to the high velocity regime.

Another interesting approach to potentially resolve the problem was suggested by

Bush [205]. Bush investigated a direct-action force of the Weber-Ampère type and instead

of a variation of mass with velocity assumes a variation of charge with velocity. He deduces

from these investigations that the e/m ratio obtained with his approach is consistent with

the Kaufmann-Bucherer experiments. Further, with this approach it is the force which

tends to zero for a relative velocity between charges close or equal to the speed of light,

rather than the mass tending to infinity. The reason why no superluminal particles are

observed experimentally is then the lack of force transmission at the speed of light. From

these different suggestions to reconcile Weber’s force with relativistic corrections it can

thus be concluded that the theory has not been fully developed for high speed interactions

yet, and more research is needed if Weber can be correctly used in that sense.

Recently, a new study by Kühn found that it is also possible to resolve the problem
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with wave equations derived from Weber electrodynamics [181], where the wave solutions

are obtained in the reference frame of the receiver. The article first shows how Maxwell’s

equations lead to Weber’s force within the low velocity limit and then further investi-

gates how the wave propagation in the far field can be limited to the velocity of light.

Interestingly, the Lorentz transformation is not a necessity in that approach and rather

than viewing the propagation velocity as constant w.r.t. the transmitter, it is perceived

as constant by the receiver. The physical mechanism responsible for this behaviour is

discussed with regard to a newly developed emission theory by Kühn [41] and its impli-

cations for electrodynamics and SRT. Concluding from these different approaches, while

in its standard form Weber’s force seems incompatible with SRT, it can be seen that

solutions have been suggested and further research is needed to investigate how Weber’s

theory and relativistic physics are related.

Other modern criticisms have been issued where Weber’s force was shown to lead to

unphysical results [224, 266]. In the case of the investigation carried out by Clemente et

al. Weber’s force is applied to cold plasmas and analysed for the resulting propagation

of waves in the plasma oscillations. The authors of [224] find that Weber predicts a type

of longitudinal wave propagation that is unphysical and contradicts the well established

experimental evidence [267] about dispersion relations in cold plasmas. On this basis it is

also concluded that only the existence of electromagnetic fields can account for this effect

and that Weber’s force leads to erroneous results in this case because it strictly follows

Newton’s third law. This is, of course, an important point of criticism and it shows that

Weber’s theory has not yet been developed in relation to plasma physics at all. It might

be interesting to see if Weber still leads to unphysical results if retarded action is taken

into account (as it was discussed in sec. 2.2.1 that Weber is consistent with fields in

that case). It might be possible to arrive at the correct result by modification of Weber’s

equation or potentially Ritz’s formula could account for the discrepancy. While this is a

shortcoming of Weber’s force it would be of interest to further develop a plasma physics

approach based on Weber’s force and it might not be impossible to resolve the problem

on that basis.

48



2 LITERATURE REVIEW

An analysis by Sherwin [266] compares the transmission and detection of an idealised

radar system between Weber’s force and the Liénard-Wiechert force in the standard the-

ory. While the magnitude is found to be the same for both approaches, the angular

dependence, direction of signal transmission and propagation delay is different between

the two. Sherwin states that the standard results through the Liénard-Wiechert equation

is well supported by experiments in radar technology and disagrees with the Weber pre-

diction. On the other hand, the field model result cannot easily account for longitudinal

forces, which the Weber force can (for a discussion of longitudinal forces see earlier sec.

2.2.1), and at least the propagation delay can be introduced through a retarded time

approach, such as Wesley’s [127, 268]. From this, Sherwin concludes that neither theory

agrees sufficiently well with observable phenomena yet. This seems to be a peculiar situa-

tion and neither theory fully agrees with expectations yet, as it is likely that the inclusion

of longitudinal forces in the Liénard-Wiechert model would also change the angular depen-

dence and transmission direction closer towards the Weber force result. Certainly, more

research is needed to arrive at an answer to the problem and it would be advantageous

to give Weber’s theory a further rigorous development for signal transmission and radar

applications, also on the basis of the approaches reviewed herein [118,127,202,268].

It has been outlined how Weber’s theory offers particular value in explaining phenom-

ena arising in various areas of physics. Most of the original objections to the theory have

been answered and the criticisms that remain are not yet completely resolved. Neither the

Maxwellian field approach nor Weber’s electrodynamics are free of criticism and problems,

each theory has its own advantages and disadvantages and unreconciled inconsistencies.

In the same way that established theories are continually researched and developed further

and eventually amended, the author would like to make the argument that the same is

necessary for action-at-a-distance theories, especially considering that there are significant

parallels between both theories and many connections have been established between the

two. Several authors have presented the view point that direct-action-at-a-distance the-

ories are a valid alternative to be considered in physics and can help overcome problems

associated with field theory. None of the theories are perfect, so it is not wise to dismiss
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direct-action too early and it should be further developed to inform research and to in-

vestigate what explanations it can offer. Another useful approach might be to regard the

two theories as complementary, and depending on the application to employ whichever

theory is most suitable.
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3 Fundamentals of Weber’s Theory

In the previous chapter Weber’s electrodynamics have been introduced, including a review

of different phenomena analysed from a Weber-perspective. In this chapter a mathemati-

cal overview is now provided to familiarise the reader with Weber’s direct-action approach

which will be used for modelling and simulation in later chapters of the thesis.

Weber’s force describes the interaction of two point charges and was postulated before

the electron was even discovered. Hence, it is originally based on Fechner’s hypothesis that

a current consists of equal amounts of positive and negative charges moving in opposite

directions, which was the conventional wisdom at the time, as scientists imagined so called

“electrical fluidae” moving through wires and circuits when subjected to electromotive

forces. Fechner’s hypothesis has been addressed previously (see sec. 2.3) and it was

indicated that Weber’s theory can still be used when it is assumed that only electrons

are charge carriers in motion responsible for conduction currents in circuits. With this

restriction lifted the general workings of Weber’s theory can now be explained.

First, let us consider two charged particles, q1 and q2, in a Cartesian coordinate system

(x, y, z), at their respective positions r⃗1 and r⃗2 (see Fig. 3.1). The position of these

particles, which are time dependent spatial coordinates, can be expressed by

r⃗1 = x1(t)x̂+ y1(t)ŷ + z1(t)ẑ, r⃗2 = x2(t)x̂+ y2(t)ŷ + z2(t)ẑ, (3.1)

where the unit vectors are

x̂ =

 1
0
0

 , ŷ =

 0
1
0

 , ẑ =

 0
0
1

 . (3.2)

Their relative position is the difference between r⃗1 and r⃗2:

r⃗12 = r⃗1 − r⃗2 (3.3)

and a distance r12 given by the magnitude of r⃗12

r12 = |r⃗1 − r⃗2| =
√
(x1(t)− x2(t))2 + (y1(t)− y2(t))2 + (z1(t)− z2(t))2. (3.4)

With this the unit vector along r⃗12 can be defined as
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r⃗12
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Figure 3.1: Two charged particles q1 and q2 in a cartesian coordinate system (x, y, z) at
positions r⃗1 and r⃗2. Their relative position r⃗12 is a vector pointing from q2 to q1.

r̂12 =
r⃗12
r12

(3.5)

and both r⃗12 as well as r̂12 are pointing from q2 to q1. The relative velocity v⃗12 and

relative acceleration a⃗12 between the two charges can be calculated as first and second

time derivatives of the relative position, (3.6) and (3.7) respectively:

dr⃗12
dt

= v⃗12, (3.6)

d2r⃗12
dt2

=
dv⃗12
dt

= a⃗12. (3.7)

To arrive at the time derivative ṙ12 of r12 the chain rule is utilised:
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ṙ12 =
dr12
dt

=
d

dt
[(x1(t)− x2(t))

2 + (y1(t)− y2(t))
2 + (z1(t)− z2(t))

2]
1
2

=[2x1(t)ẋ1 − 2(ẋ1x2(t) + ẋ2x1(t)) + 2x2(t)ẋ2 + 2y1(t)ẏ1 − 2(ẏ1y2(t) + ẏ2y1(t)) + 2y2(t)ẏ2

+ 2z1(t)ż1 − 2(ż1z2(t) + ż2z1(t)) + 2z2(t)ż2]

· 1

2
√
(x1(t)− x2(t))2 + (y1(t)− y2(t))2 + (z1(t)− z2(t))2

=r̂12 · v⃗12.
(3.8)

By analogy, the same procedure can be applied to arrive at the second time derivative,

or the quotient and product rule along with the substitutions u = r⃗12, v = v⃗12, w = r12

can be used:

(u · v
w

)′
=

(u′v + v′u)w − w′uv

w2
, (3.9)

r̈12 =
d2r12
dt2

=
dṙ12
dt

=
[v⃗12 · v⃗12 − (r̂12 · v⃗12)2 + r⃗12 · a⃗12]

r12
. (3.10)

With the help of these definitions, Weber’s potential between the charges in question can

now be examined, which will eventually lead to Weber’s force. It was two years after

Weber introduced his force law that he succeeded in showing that it could be derived

from a potential, and this takes the form:

U =
q1q2
4πε0

1

r12

(
1− ṙ212

2c2

)
. (3.11)

To arrive at the force, the principle of virtual work is invoked which states

F⃗21 = −r̂12
dU

dr12

or v⃗12 · F⃗21 = −dU

dt
.

(3.12)

Now applying (3.12) to (3.11) gives Weber’s force law in the following way:
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F⃗21 = −r̂12
dU

dr12

=
q1q2
4πε0

r̂12
r212

(
1− ṙ212

2c2
+

2r12r̈12
2c2

)
=

q1q2
4πε0

r̂12
r212

(
1− ṙ212

2c2
+

r12r̈12
c2

)
=

q1q2
4πε0

r̂12
r212

[
1 +

1

c2

(
v⃗12 · v⃗12 −

3

2
(r̂12 · v⃗12)2 + r⃗12 · a⃗12

)]
,

(3.13)

where again the chain rule is necessary to derive the expression dṙ2

dr
correctly,

dṙ2

dr
=

d (ṙ(t))2

dt

dt

dr
= 2ṙ

dṙ

dt

dt

dr
= 2r̈. (3.14)

It can be seen in (3.13) that the familiar form of Weber’s force (2.9) from section 2.1.2.1

is contained within, repeated here for convenience.

F⃗21 =
q1q2
4πε0

r̂12
r212

(
1 − ṙ212

2c2
+

r12r̈12
c2

)
. (2.9 revisited)

In later chapters, the form of Eq. (3.15) will often be utilised and applied to specifically

investigate the interaction between charge carriers for a given experiment or apparatus.

F⃗21 =
q1q2
4πε0

r⃗12
r312

(
1− 3

2c2

[
r⃗12 · v⃗12

r12

]2
+

1

c2
(v⃗12 · v⃗12 + r⃗12 · a⃗12)

)
. (3.15)

It can be seen from these derivations that the force depends on the relative position,

velocity and acceleration of the particles involved. The force is along the line joining

them and follows Newton’s third law in the strong form, that is every action has an equal

and opposite reaction. Furthermore, conservation of energy as well as conservation of

linear and angular momentum are followed by this law. Additionally the principle of

superposition applies to this force law, similar to the superposition principle with electric

and magnetic fields of Maxwellian field theory.

Other formulations of Weber’s force formula exist in the literature, as in the previous

section 2.2.1 it has been shown that Weber can be formulated to incorporate electro-

magnetic fields [63, 127, 178, 179, 269] and especially in [179] the field-based Weber force

is formulated with focus on the relation between source and test charges and how they
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define current elements and densities. Further, Hamiltonian and Lagrangian formulations

of the force law have been obtained [63, 270] and expressions like this have occasionally

been used in the literature [211,212,232].
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4 Weber Applied to Electron Beam Deflection

In this chapter we will apply Weber electrodynamics specifically to electron beams and

investigate their behaviour when travelling in the presence of electric and magnetic fields

produced by electromagnets, such as coils, solenoids or toroids. In general, charged parti-

cle dynamics or charged particle optics considers the deflection of charged particles (like

electrons, protons or ions) in electromagnetic fields. Understanding the interaction be-

tween particles and electromagnetic fields or forces is of great importance in physical

sciences, engineering and life sciences, and has led to a wide range of applied technolo-

gies, such as particle accelerators [271–274], decelerators (e.g., storage rings) [275, 276],

electron microscopes [277, 278], electronics [279], nuclear fusion reactors [280, 281] and

magnetrons [282,283], through to medical diagnostics (e.g., radiation therapy) [284,285],

mass spectrometry [286] and electron beam welding [287,288], amongst many others.

For design purposes it is advantageous to predict the trajectories of particle beams

with the help of simulation as it is costly and time consuming to test experimentally the

influence of disturbing effects on different designs. Perturbations commonly arise from

space charge effects and fringe fields, especially in low energy beams within the low velocity

limit, where they can lead to sudden shifts in position, tune and chromaticity shifts [289]

which are undesired effects introducing beam instabilities. It is thus of interest for cost-

effectiveness and securing functionality to obtain accurate simulations before constructing

apparatus to manipulate charged species.

The influence of electromagnetic fields is often solved with the help of numerical meth-

ods, such as finite element (FE) [290], finite difference (FD) [291] or boundary element

(BE) methods [292]. These methods have proved very successful in the past and each have

benefits and drawbacks, broadly relating to accuracy, resolution, computational time and

memory requirements [293]. As they are all solving the field equations based on Maxwell-

Lorentz, this chapter is motivated to test the fidelity of a Weber force approach to the

deflection of electron beams.

Therefore, the influence of coils, solenoids and toroids on an electron beam will be

investigated in this chapter. These are long established and fundamental charge optical
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elements used to control and manipulate charged species, e.g. through focussing and

beam guiding. Especially solenoids are commonly employed for controlled magnetic field

generation but they can subject charged particles to non-linear effects in the vicinity of

the ends (i.e. the fringe field region) which can impact the trajectory significantly and are

difficult to accurately predict [294–297]. To this end, different models will be derived to

predict the motion of the beam, both with Weber’s force and with standard field theory.

Not only are the predictions compared to each other, but further experiments are carried

out to evaluate the performance of the models against observed electron deflection data.

4.1 Deflection Perpendicular to Solenoid Axis

The first line of investigation focuses on the generation of a magnetic field with solenoids

to deflect an electron beam travelling past the electromagnet, where the beam is per-

pendicular to the axis of the solenoid. The deflection of the beam will be modelled with

the help of Weber’s force and with conventional field models in order to compare both

approaches. Furthermore, an experiment with a Cathode-Ray-Tube (CRT) is conducted

to evaluate the validity and accuracy of the predictions.

A previous investigation by Smith et al. [175], utilising a similar setup, has reported

minor discrepancies between a Weber and a field based approach. Hence it seems worthy

to re-investigate the approach and obtain more experimental data to compare predictions

with and advance the Weber-based modelling in this area, so that full three dimensional

models can be used (as opposed to a reduced order model as used by Smith et al.). In the

current context with the relatively slow electron speeds achieved in the CRT, the modelling

could be especially relevant for low energy decelerators. It is a further incentive to test

the increasingly fringing regions of the field as these are known to cause disturbances in

the beam and its trajectory, and to check the fidelity of the modelling. The author has

previously published insights from the research in this section [176], however this chapter

can be considered more refined and provides additional insight to the initial publication.
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4.1.1 Mathematical Modelling

To predict the deflections of an electron beam caused by the magnetic field generated with

the solenoid, where the beam can pass any field region, three different models are used.

These are: i) Weber-model, where a direct force between the charges in the solenoid and

the electron beam is calculated. ii) Field-based model, where Maxwellian electrodynamics

are employed to calculate the magnetic field B⃗ with which the charges in the beam interact.

iii) The software package Charged Particle Optics (CPO) [292] where the Boundary-

Element-Method (BEM) is used with field-theory to numerically calculate the field and

beam deflections. In the following subsections these approaches will be described in detail.

4.1.1.1 Weber Model In the work of Smith et al. [175] a Weber-based approach

has been developed where electrons are deflected across a single current loop as a two

dimensional (2D) model and later a summation performed to account for an elongated

solenoid consisting of multiple loops, where the beam was also limited to only pass the

solenoid across its centre. In order to properly apply Weber’s force to the fringing field

region, the simplified two dimensional (2D) model has been refined significantly in [176],

expanding it to three dimensions (3D) to apply any arbitrary solenoid geometry and allow

for different initial positions of the beam. However, in order to transition to a 3D model,

it is still useful to assume a single current loop in a 2D plane as a first simplified step. As

shown in Fig. 4.1a, with a current loop in the xy-plane an electron beam traverses across

the loop in positive x-direction at a fixed height h with velocity v⃗1, giving it position r⃗1.

A current I passes through the coil in positive mathematical sense, with velocity v⃗2

at radius R so that it has position r⃗2 and can be represented by a current element, Idθ.

Here, θ is the polar coordinate as shown in Fig. 4.1a and dθ the associated differential.

In this definition we follow the physical direction of current flow, the physical motion

of electrons in the current element is regarded as the direction of the current, opposite

to the conventional flow of current which is often considered in engineering. When a

real solenoid geometry is considered, the model can be expanded to 3D space. The

solenoid axis elongates from − l
2

to l
2

and the coordinate system is centred in the solenoid
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Figure 4.1: Geometry and system of coordinates to model the electron beam and solenoid:
a) Simplified 2D geometry for a single current carrying loop and an electron beam travelling
parallel to the x-axis; b) Expanded 3D geometry with the coordinate origin at the centre of
the double wound solenoid with the beam at a position, z1, travelling parallel to the x-axis.

as depicted in Fig. 4.1b. The solenoids used in practice for the experiments in the next

section are all double wound, where the wire is wound once down the length of the solenoid

and then returns on top of the first layer, retaining the same handedness of helicity. Each

layer has a number of windings N per layer, where in this case both layers have the same

number of windings. This means that the current will travel from one end of the solenoid

through one layer and then back the opposite way through the other layer, as indicated

in Fig. 4.1b. The inner layer has a coil radius Ri and the outer layer radius Ro, with

corresponding forces, due to the current, Fi and Fo, respectively. For a densely wound

solenoid we can further approximate Ri ≈ Ro to simplify the calculations, and assume the

electron-current is fed to the solenoid at z2 = l
2

into the inner layer of windings, travelling

towards z3 = − l
2

and returning through the outer layer towards z2.

The path the current travels can be modelled two-fold. Option one is helical motion,

where the current follows the pitch of the windings, progressively moving along the z-axis

while exercising circular motion. Option two is a summation model, where the individual

windings are assumed as single current loops, each at a fixed position, and the sum

of the force is found by superimposing the total number of individual loops. A brief

mathematical overview about circular and helical motion can be found in appendix A.

In the helical model the current travels along the axis depending on the pitch with an
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infinitesimal element dz · θ, either in a positive or negative sense according to the layer it

is fed to or returning from, as indicated in Fig. 4.1b. Due to this motion a given current

element has a velocity component in z-direction as v2
R
dz, where now its relational position,

r⃗12, and velocity, v⃗12, for inner and outer layers respectively, are defined as:

r⃗1 =

x1
h
z1

 , r⃗2i =

R cos(θ)
R sin(θ)
z2 − dzθ

 , r⃗2o =

R cos(θ)
R sin(θ)
z3 + dzθ

 , (4.1)

r⃗12i =

x1 −R cos(θ)
h−R sin(θ)
z1 − z2 + dzθ

 , r⃗12o =

x1 −R cos(θ)
h−R sin(θ)
z1 − z3 − dzθ

 , (4.2)

r12i =
√
(x1 −R cos(θ))2 + (h−R sin(θ))2 + (z1 − z2 + dzθ)2, (4.3)

r12o =
√

(x1 −R cos(θ))2 + (h−R sin(θ))2 + (z1 − z3 − dzθ)2, (4.4)

v⃗1 =

v1
0
0

 , v⃗2i =

−v2 sin(θ)
v2 cos(θ)
−v2

R dz

 , v⃗2o =

−v2 sin(θ)
v2 cos(θ)

v2
R dz

 , v⃗12i,o =

v1 + v2 sin(θ)
−v2 cos(θ)
±v2

R dz

 .

(4.5)

Acceleration terms in this scenario are negligibly small, since the current elements move

with a constant velocity, and even if the centripetal acceleration due to circular motion,

respectively helical motion, was considered in the calculations, they would be several

magnitudes smaller than the current velocity, v2 ≫ a2R and would not have any influence

on the result. The electron beam is moving at constant speed after passing the final

anode of the electron gun and continues to travel undisturbed and is not subject to

further acceleration.

To calculate the resulting Weber force between beam and solenoid we must now con-

sider the interaction of all the charges involved and perform a superposition of the in-

dividual forces in between the charges. Specifically, there will be a force F⃗2−1− between

the electrons of the beam and the electrons in the current element and also a force F⃗2+1−

between beam electrons and the static metallic lattice charges of the solenoid. With the

additional assumptions q1− = −q1+ and q2− = −q2+, as well as v1 ≫ v2, we arrive at a

force F⃗ihelix for the inner windings and F⃗ohelix for the outer windings of the solenoid with

the helical motion model:
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F⃗ihelix =F⃗i2−1− + F⃗i2+1−

=
q1+q2+
4πε0

v1v2
c2

r⃗12i
r312i

{
2 sin θ − 3 sin θ

(x−R cos θ)2

r212i

+ 3 cos θ
(x−R cos θ)(h−R sin θ)

r212i

−3
dz

R

(x−R cos θ)(z1 − z2 + dzθ)

r212i

}
,

(4.6)

F⃗ohelix =F⃗o2−1− + F⃗o2+1−

=
q1+q2+
4πε0

v1v2
c2

r⃗12o
r312o

{
2 sin θ − 3 sin θ

(x−R cos θ)2

r212o

+ 3 cos θ
(x−R cos θ)(h−R sin θ)

r212o

+3
dz

R

(x−R cos θ)(z1 − z3 − dzθ)

r212o

}
.

(4.7)

Similarly, for the summation model, an inner and outer force can be determined. But

now the motion of the current in z-direction is omitted, so that only the circular motion

remains:

v⃗2i = v⃗2o =

−v2 sin(θ)
v2 cos(θ)

0

 . (4.8)

Instead of the axial velocity component, each single loop is now assumed to be positioned

at one distinct point on the solenoid axis p · (n − 1). With the total number of turns N

in one layer, the integer index n = 1 . . . N moves each following loop by the amount p,

which is the pitch of the coil. The inner and outer winding forces are then found to be:

F⃗isummation =F⃗i2−1− + F⃗i2+1−

=
q1+q2+
4πε0

v1v2
c2

r⃗12i
r312i

{
2 sin θ − 3 sin θ

(x−R cos θ)2

r212i

+3 cos θ
(x−R cos θ)(h−R sin θ)

r212i

}
,

(4.9)
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F⃗osummation =F⃗o2−1− + F⃗o2+1−

=
q1+q2+
4πε0

v1v2
c2

r⃗12o
r312o

{
2 sin θ − 3 sin θ

(x−R cos θ)2

r212o

+3 cos θ
(x−R cos θ)(h−R sin θ)

r212o

}
.

(4.10)

In order to transition from the discrete current sources q1,2 to linear current elements,

the following assumption is considered: while a continuous current is flowing through the

solenoid, each current element (consisting of a moving electron and a stationary lattice

charge) is immediately replaced with the next. This holds a linear charge density λ and

the transformation qv → λvd⃗l → IRdθ can be applied to replace q2v2. When this is

integrated over the entire solenoid the total force exerted on the beam can be evaluated,

yielding the forces

F⃗Whelix
=
q1+v1I

4πε0c2

� N ·2π

0

{
r⃗12i
r312i

[
2 sin θ − 3 sin θ

(x−R cos θ)2

r212i
+ 3 cos θ

(x−R cos θ)(h−R sin θ)

r212i

−3
dz

R

(x−R cos θ)(z1 − z2 + dzθ)

r212i

]
+

r⃗12o
r312o

[
2 sin θ − 3 sin θ

(x−R cos θ)2

r212o

+3 cos θ
(x−R cos θ)(h−R sin θ)

r212o
+ 3

dz

R

(x−R cos θ)(z1 − z3 − dzθ)

r212o

]}
Rdθ,

(4.11)

F⃗Wsum =
q1+v1I

4πε0c2

N∑
n=1

� 2π

0

{
r⃗12i
r312i

[
2 sin θ − 3 sin θ

(x−R cos θ)2

r212i
+ 3 cos θ

(x−R cos θ)(h−R sin θ)

r212i

]
+

r⃗12o
r312o

[
2 sin θ − 3 sin θ

(x−R cos θ)2

r212o
+3 cos θ

(x−R cos θ)(h−R sin θ)

r212o

]}
Rdθ.

(4.12)

As both forces are vector quantities with components in x-, y- and z-direction it is apparent

that three kinds of forces will act on the beam: a longitudinal force, a vertically transver-

sal force and a horizontally transversal force. This means the beam will be deflected

“vertically” due to a transverse force acting in y-direction and deflected “horizontally”

due to a transverse force acting in z-direction. These two deflections are calculated with

help of the impulse a force exerts on the beam with time t, which is the duration the

beam takes to travel from the anode to a fluorescent screen (that is excited upon electron
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collision) on which the deflection is recorded. Generally, the impulse can be expressed as:

J⃗ =

� t

0
F⃗Wdt. (4.13)

Due to the vertical and horizontal forces, there will be an accompanying change of vertical

and horizontal momentum, which is equal to the vertical and horizontal impulse

Jv = mevv, Jh = mevh, (4.14)

where me is the electron mass and vh, vv are the horizontal and vertical velocities gained

from the deflection force. With this, the total deflections in y- and z-direction can be

calculated as,

yd =
1

2
avt

2 =
1

2
vvt =

1

2

Jv

me
t, zd =

1

2
aht

2 =
1

2
vht =

1

2

Jh

me
t. (4.15)

These deflections can be accurately predicted with the help of numerical integration in

MATLAB (MathWorks, MA, USA). The beam trajectory is simulated as a straight path

across the solenoid at constant electron speed ve with a step size of 0.1 mm that is trans-

lated to a step in the time domain by dividing by the velocity the electrons travel with.

The force is then integrated with the trapezium rule twice, first for the angle θ with a

step size of 0.5° and then for the time taken to travel from cathode to detector screen.

The resulting impulse from the force is then used in eq. (4.15) to obtain the deflections,

an example code can be found in appendix C. For both helical and summation approach

the simulations show the same force for a respective deflection in y- or z-direction, which

is expected, as both models should give the same result. For the longitudinal force acting

along the propagation direction of the beam a zero value is found, which agrees with the

Lorentz force vector. From the vector cross product v⃗ × B⃗ in the Lorentz force (2.7) we

only expect transversal beam deflections to occur, which will become clear in the next

section where the field-based model is discussed. With the Weber model here it can be

deduced that the rotational direction of the current affects the direction the beam is de-

flected in, which is similar to the magnetic field direction that determines the deflection

direction in the standard model. For mathematically positive rotating electrons we find

a deflection in positive y-direction and negative z-direction and the opposite, negative

63



4 WEBER APPLIED TO ELECTRON BEAM DEFLECTION

y-direction and positive z-direction for negative rotation. This is consistent for the ex-

pected vertical deflection direction from the right-hand-rule, respectively left-hand-rule in

the standard field based approach, which will be examined next.

4.1.1.2 Field Model To calculate the deflections of the beam due to the magnetic

field, one needs to obtain the Lorentz force (2.7) acting on the beam electrons due to

the magnetic field B⃗ generated by the solenoid. To calculate the magnetic field itself,

a useful tool in the form of a MATLAB code by D. Cébron is utilised [298]. This code

incorporates the work of Derby and Olbert [299] and Callaghan and Maslen [300] who

derived the magnetic field expressions inside and outside of any finite solenoid with help

of the Biot-Savart law (2.5).

This field model has been the foundation for further work on finite solenoids that has

been further investigated and applied to solenoids with a permeable core [301], internal

magnetic fields of off-axis solenoids [302], parallel finite solenoids [303] and axis alignment

measurements of solenoids [304–306]. In their model [299], Derby and Olbert obtained

formulations for the radial component Bρ as well as the axial component Bz, where the

residual field Bres = µ0nunitI is extracted as a factor. (Here, nunit is the number of turns

per unit length, giving Bres as the idealised uniform field inside a long solenoid.) This

expression is modified for radial and axial components through complete elliptic integrals

depending on the geometry of the solenoid, and solving these gives numerical values for

the field for any given position around the solenoid. They are calculated as follows:

Bρ =
Bres

π

√
R

ρ

[
ω2
± − 2

2ω±
K(ω±) +

E(ω±)

ω±

]+
−
, (4.16)

where K and E are the complete elliptic integrals of the first and second kind and

ω± =

√
4Rρ

(R+ ρ)2 + ξ2±
, (4.17)

with ξ± = z ± L/2. Then the following definitions are made for the axial magnetic field,

γ = (R− ρ)/(R+ ρ), (4.18)
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ζ± =

√
(R− ρ)2 + ξ2±
(R+ ρ)2 + ξ2±

, (4.19)

χ± =
ξ±√

(R+ ρ)2 + ξ2±

. (4.20)

The axial field is then for ζ+ < 1

Bz =
Br

π

R

R+ ρ

1

γ + 1

[
χ±

(
K
(√

1− ζ2±

)
+ γΠ

(
1− γ,

√
1− ζ2±

))]+
−

(4.21)

and for ζ± ⩾ 1

Bz =
Br

π

R

R+ ρ

1

γ(γ + 1)

[
χ±
ζ±

(
γK

(√
1− 1

ζ2±

)
+Π

(
1− 1

γ2
,

√
1− 1

ζ2±

))]+
−

, (4.22)

with Π being the complete elliptic integral of the third kind and ρ the radial coordinate.

The total magnetic field at any point can be expressed as B =
√

B2
ρ + B2

z and is shown

in Fig. 4.2, simulated with the same accuracy as in the previous section. The white lines

in the Figure are situated at ρ = ±R and their value is undefined. This is due to the

definition of γ (4.18), which will inevitably lead to a division by zero problem and the

algorithm did not converge in this case.

Previously in [176], these field values were used to obtain the Lorentz force and then

the deflection was calculated by considering the Larmor radius. This approach has been

refined based on an impulse calculation considering the entire path of the beam, similar

to the Weber model in the previous subsection. In order to exemplify the difference,

the method of calculation in [176] is repeated and then elaborated with the improved

calculations.

To find the Larmor radius it is considered that the electric field E⃗ of a solenoid is

negligibly small, so that the Lorentz force reduces to

F⃗L = q(v⃗1 × B⃗), (4.23)

giving the deflecting force on the electrons. Next, in order to obtain the y- and z-

deflections resulting from the Larmor radius due to this Lorentz force, the Larmor radius
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Figure 4.2: Field of solenoid S2 generated with the field calculations from [298]. The field
strength (T ) is shown around the solenoid, except for the white lines at the radial position
ρ = R, as the algorithm did not converge at these points. N.B., Solenoid S2 is defined in
Table 4.1 (sec. 4.1.2).

itself has to be considered to originate from a certain point around the solenoid from

where the beam is forced onto its circular path by the Lorentz force. To this end the

point (0,−h, z1) is chosen, as the beam passes below the solenoid at −h and the field

is transformed from cylindrical to Cartesian coordinates at that point. As this point

corresponds with an angle of θ = 3
2
π the Cartesian expression for the field is found as:

B⃗ =

 0
−Bρ

Bz

 . (4.24)

This approach gives the field values only at the point of evaluation (0,−h, z1), which can

then be used to obtain the Larmor radius according to the formula

rL =
mev

2
e

FL
, (4.25)

with which deflections can be calculated as
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ydL = rL ±
√
r2L − d2, (4.26)

where d is the distance from the centre of the solenoid to the fluorescent screen. As a

means of double checking the Larmor radius based deflection results, an impulse approach

was used in [176] as well to calculate the deflections with the field values, but only over the

distance d. Over this shorter distance d, which is not the entire beam path, the impulse

and Larmor radius deflections predict the same results.

Both of these approaches incorporate the assumption that the beam is deflected at

the point (0,−h, z) directly below the centre of the solenoid, since this is where the

full circle of the circular Larmor radius path would eventually be completed, and is a

good approximation. However, this assumption is limited as it assumes a shorter path

upon which the deflection acts. Hence, a refined impulse based calculation that includes

the entire beam trajectory is utilised here, which leads to improved predictive accuracy

compared to the Larmor radius approach.

To calculate the impulse acting on the beam, the electrons are again simulated to

travel along a straight path with constant speed and transformed into the time domain

as in the Weber model. At each time step the field values of Bρ and Bz are calculated,

and Bρ transformed to Cartesian coordinates through the relations

Bx = Bρ ·
x1
ρ
, (4.27)

By = Bρ ·
−h

ρ
. (4.28)

With these the vector cross product can be performed to obtain the Lorentz force, and

since only an x-component in the velocity vector v⃗1 is assumed, there will only be resulting

deflection forces in y- and z-direction as the x-component of the force amounts to zero.

The force values obtained along the beam path are then integrated with the trapezium

rule and the time taken for the beam to travel from cathode to detector screen. Again,

an example code is shown in appendix C. The resulting vertical and horizontal impulses

are then used to calculate y- and z-deflections according to (4.15). The results of the

field model and Weber model can both be seen in section 4.1.3 where they are further
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compared with observations from experiments.

4.1.1.3 Modelling with CPO The third approach chosen to model deflections across

the solenoid is a state-of-the-art commercially available software package CPO [292]. With

this software the solenoid is modelled as a stack of current loops set along the z-axis fol-

lowing the geometry of the solenoid. As in the software conventional current is considered,

a current of 1.00 A is supplied to rotate in the mathematically negative sense, which rep-

resents positive rotation of the electrons moving through the solenoid. As in the previous

models, the solenoid is centred on the origin and the beam starts at a distance of −h

on the y-axis. The beam across the solenoid is then set to be treated as individual rays

of electrons and the direct method is chosen for tracing of the beam, where the beam is

travelling over the whole distance from emission to screen at fixed velocity in direction of

the x-axis. A plane is set to intercept the beam after it travelled from its origin across the

solenoid, where it is deflected, so that the deflection values can be read from the software

after subtracting the initial values −h and z1. A databuilder file used with the software

can be found in appendix C. Additionally, the field generated by the solenoid with this

method can be seen in Fig. 4.3 for visual representation, where field values have been

extracted from the software in steps of 2mm on the positive ρ- and z-axis respectively.

The resulting deflections from the Weber model, field model and CPO software package

are summarised in Table 4.2 showing values for both vertical and horizontal deflection.

In order to compare them with experimental data, it will now be explained how the data

is obtained with a CRT setup.

4.1.2 Experiment

The experimental setup is shown as a sketch in Fig. 4.4, where a current carrying solenoid

is deflecting an electron beam emitted from an electron gun, which then strikes a fluo-

rescent screen. A CRT from a Hameg 203-6 oscilloscope is adapted for this experiment,

comprising the electron gun and the fluorescent screen in a glass body. An external

solenoid is placed across the glass body of the CRT, so that it sits perpendicular to the

electron beam’s trajectory. The electron gun can be controlled through modified circuitry
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Figure 4.3: Magnetic field of solenoid S2 that is generated by CPO, extracted with a 2mm
granularity. Due to the symmetry of the field only positive ρ- and z-axis are shown. N.B.,
Solenoid S2 is defined in Table 4.1 (sec. 4.1.2).

of the oscilloscope, where an external cable connects the electron gun and the control

circuit.

With the electron gun operating at an acceleration voltage of 2000 V between cathode

and anode, the electrons reach a terminal velocity of

ve =

√
2eV

me
≈ 2.65× 107ms−1. (4.29)

From the point of emission the electrons pass the last anode at a distance of 6.5 cm, after

an arrangement of focussing and accelerating anodes. When propagating in a straight

line the fluorescent screen is intercepted after travelling another 21 cm, amounting to a

total distance of 27.5 cm of beam travel. The evacuated glass tube enclosing the electron

gun has a diameter of 50 mm, with the solenoid sitting directly on top of the glass and a

distance from the last anode of 3 cm. For the choice of coordinates with the origin in the

centre of the solenoid, the beam propagates at a height of h = −(25 + R) mm and the
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fluorescent screen sits at a distance of 18 cm from the coordinate origin.

Solenoid

Electron gun

Electron
Beam

Fluorescent Screen

y

z

0l
4

l
2

3l
8
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8

5l
8

3l
4

Figure 4.4: Solenoid positioned across the electron beam from the electron gun at z1 = 0
where the electrons are deflected and intercepted by the fluorescent screen with an indicated
beam spot (green). Also depicted are the positions l

8 to 3l
4 where the beam can also be

positioned with reference to the centre of the solenoid.

The fluorescent screen is factory-equipped with a graticule divided in 10 mm steps and

subdivisions of 2 mm, which can give a rough indication of where the beam is intercepted

after it has been deflected by the solenoid. With the control circuit the size of the beam

spot can be focused to roughly 1 mm diameter, and the beam spot is indicated in Fig.

4.4 as the green coloured dot. Three different solenoids are used to deflect the beam to

various degrees, they are labelled S1, S2 and S3, with different lengths, radii and numbers

of windings, all of which are documented in Table 4.1. Although the shortest solenoid

with a length of 25 mm is by definition considered a coil, it will further be referred to

as solenoid S1 for labelling consistency. The solenoids are driven by a benchtop power

supply that is supplying a continuous DC-current of 1.00 A.

To investigate the behaviour of the beam in the fringe field region, the solenoids are
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Table 4.1: Properties of the three Solenoids S1, S2 and S3 that are used in the experiments,
showing radius, length, number of windings and supplied DC current

Solenoid Radius (mm) Length (mm) Absolute number of windings
and [nunit]

Current (A)

S1 20 25 61 [2440] 1.00
S2 27 255 560 [2200] 1.00
S3 30 500 1300 [2600] 1.00

placed so that the beam can cross through different regions of the field. Relative to the

coordinate origin in the centre of the solenoid where the field is relatively homogeneous,

the field becomes increasingly fringing closer to the solenoid ends. In this way the solenoids

are set so that the beam passes at different positions z1 from the origin. For example,

when the beam crosses at position z1 = 0, which is above the coordinate origin, it passes

the per se ‘middle’ of the solenoid. The solenoid can then be moved for the beam to

cross a different point, which is done in fractions of the solenoid lengths. For S1 the

beam also passes at z1 = l
4
, z1 = l

2
where it is aligned with the end of the solenoid on

the z-axis, and then further to z1 = 3l
4

and z1 = l. For the two longer solenoids, S2 and

S3, the positions are shifted in 1
8

steps of the solenoid length, up to the point z1 = 3l
4

.

For a graphic representation, these positions are indicated in Fig. 4.4, showing where the

beam will cross through the field and travel across in relation to the solenoid’s centre and

coordinate origin.

Especially at the positions around z1 = l
2
, it is said that the field is fringing and

strongly deviates from the ideal homogeneous field associated with an infinite solenoid.

Furthermore, the shortest coil, S1, will have a very inhomogeneous field according to

theory due to its length and radius being nearly identical, with a relatively small number

of windings, which is ideal to investigate the behaviour of the beam in fringing fields.

The following procedure is adopted to obtain measurements of the beam deflection.

First, the solenoid is set so that the electron beam crosses at a desired point z1, then the

beam is focussed and centred in the middle of the fluorescent screen with the help of the

control circuit. Next, the power supply is switched on and adjusted to provide a current

of 1.00 A magnitude to the solenoid, so that the beam is deflected. The deflected position

is acquired with the help of a plastic vernier and the graticule on the screen and lastly
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the power supply is switched off again. This procedure is repeated 3 times, giving a mean

deflection of the beam, for each position z1 with the three solenoids.

4.1.3 Results

As the deflections of the beam are measured in vertical and horizontal directions, they can

be represented as points on the yz-plane. The Figures 4.5-4.7 summarise the deflections

across each of the three solenoids, where the axis of ordinates shows vertical deflection

and the axis of abscissae shows horizontal deflection. Fig. 4.5 shows the measured vertical

and horizontal deflections at each position z1 across S1 on the yz-plane, as well as the

predicted values from the simulations. Similarly, Fig. 4.6 shows the data for S2 and Fig.

4.7 shows data for S3. In these bubble charts the blue squares represent the experimental

data, with the size indicating the position z1 where the beam crossed the solenoid. Paired

to the experimental data are the predictions from the Weber model (red x), the field

based model (yellow triangle) and numerical field model using CPO (purple circle), where

each pair of predictions has the same data point size as the experimental data at a given

position z1. To identify the positions the solenoid was crossed on the z-axis, labels have

been added to the measurement data points to uniquely identify where the beam travelled.

The general trend of the observed deflections across S1 in Fig. 4.5 show that the beam

is increasingly deflected horizontally as it moves into the fringing field region, however

the vertical deflection is greatest across the centre of the coil and reduces in magnitude

the further away the beam moves from the centre. It can be seen from the simulation

results that all three models follow the general trend. Both field and Weber model predict

similar deflection values and agree well with the experimental data for z1 = 0 to l/2. In

these cases CPO seems to underestimate the deflection values, a pattern which continues

for positions z1 = 3l/4 and l, but similarly the Weber and field based predictions are now

further off from the observed value.

For S2 (see Fig. 4.6) the deflections first show an increase in both horizontal and verti-

cal direction up to z1 = 3l/8, but when the beam is crossing over the end of the solenoid at

l/2 there is almost negligible vertical deflection, however the horizontal deflection reaches
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Figure 4.5: Measured and predicted deflections of the electron beam across S1 for both
vertical and horizontal directions. In the bubble chart, the blue squares show the experi-
mental data and are labelled with the beam position relative to the solenoid centre, i.e. the
axial or “z”-position (as illustrated in Figure 4.4). For each given beam position, the size
of the data points relating to that position are uniquely the same size, so that predictions
from the Weber model (red x), Field model (yellow triangle) and CPO (purple circle) all
have the same size marker (as the corresponding blue square/experimental measurement)
for each given “z”-position.

its maximum. Beyond this point the direction of vertical deflection is inverted, with the

magnitude falling off as the beam moves further away from the solenoid while simultane-

ously the horizontal deflection also decreases. This trend is again followed by the three

modelling approaches, where generally the Weber and field model predict similar deflec-

tion values that tend to underestimate the deflection slightly while CPO is inclined to

overestimate the displacement values.

In Fig. 4.7 the data for the longest solenoid S3 is shown, where the observed values

show the same behaviour as they did for S2, with both deflections first growing as the

beam moves towards the edge of the solenoid, then the horizontal deflection peaks at l/2

and after that the vertical deflection direction is inverted. It can also be noticed that the

positions 3l/8 and 5l/8, as well as l/4 and 3l/4 are almost symmetric to the horizontal
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Figure 4.6: Measured and predicted deflections of the electron beam across S2 for both
vertical and horizontal directions. The blue squares show the experimental data, the red x
(Weber model), yellow triangle (Field Model) and purple circle (CPO) show the predictions
of the various models whereby all data points of the same, unique size relate to a given axial
(i.e., “z”) beam position.

axis, it is likely that this behaviour would become increasingly visible with even longer

solenoids where the field becomes even more homogeneous. It can further be seen that the

Weber and field model are both in close agreement with the measured deflections while

CPO visibly overestimates the fringing region, but all predictions follow the same general

trend, including the change of sign in vertical deflection.

Overall, Weber and field model show reasonable agreement with measurement, closely

followed by CPO which has a few outliers but also makes reasonable predictions, although

especially with the longer S2 and S3 it has a tendency to overestimate deflections. In the

non-fringing region z1 = 0 to l/4 the three models perform equally well. It is possible that

CPO uses a different derivation method of the field values next to the BEM characteristic

alone and this could be the reason why it tends to differ from the other two models

especially in the fringing region. For a complete comparison of the observed and predicted

values, Table 4.2 shows the mean deflection values of the experimental data with the
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Figure 4.7: Measured and predicted deflections of the electron beam across S3 for both
vertical and horizontal directions. The blue squares show the experimental data, the red x
(Weber model), yellow triangle (Field model) and purple circle (CPO) show the predictions
of the various models whereby all data points of the same, unique size relate to a given axial
(i.e., “z”) beam position.

corresponding standard deviation, next to the simulation results for each of the models.

From this table it appears clear that both field and Weber model predict very similar

deflection values, which is expected, as in the near field and for the low velocity limit both

theories are nearly identical, as reviewed in section 2, so both theories predicting the same

deflection is a sensible result. From the previous research [175,176] the models performed

similarly in terms of their predictive accuracy, given the experimental limitations and

modelling assumptions. With the improvements in modelling (especially the assumptions

made for the field model) it is further apparent that both theories perform equally well

for this experimental setup.

Upon further consideration of the simulations it was found that the Weber model can

be simplified from a double wound treatment with both Ri and Ro to instead using just the

total number of windings and a single radius. It was first not clear if this simplification is

justified with Weber’s force, but the simulations that were tested arrived at similar results.
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Table 4.2: Measured and predicted values for the vertical deflection yd and horizontal
deflection zd across all three solenoids

Vertical Deflection yd Horizontal Deflection zd
Solenoid z1 Experiment Weber Field CPO Experiment Weber Field CPO

S1

0 7.2 (±0.25) 7.0 6.9 6.5 -0.1 (±0.12) 0 0 0
l/4 6.9 (±0.12) 6.5 6.4 6.2 -2.2 (±0.06) -2.1 -2.0 -1.7
l/2 5.6 (±0.40) 5.4 5.3 5.3 -3.8 (±0.25) -3.7 -3.6 -3.1
3l/4 4.8 (±0.15) 3.8 3.8 4.1 -4.6 (±0.12) -4.5 -4.5 -4.0
l 3.1 (±0.12) 2.3 2.3 2.8 -5.0 (±0.15) -4.8 -4.7 -4.4

S2

0 8.7 (±0.25) 8.3 8.3 9.6 -0.4 (±0.17) 0 0 0
l/8 9.2 (±0.25) 8.7 8.7 10.2 -2.9 (±0.15) -1.9 -1.9 -2.3
l/4 10.4 (±0.17) 9.7 9.8 11.7 -6.0 (±0.25) -4.9 -4.9 -6.0
3l/8 10.6 (±0.12) 9.7 9.7 12.3 -12.7 (±0.20) -10.9 -10.9 -13.5
l/2 1.2 (±0.25) 1.6 1.6 2.6 -18.1 (±0.12) -17.3 -17.3 -22.1
5l/8 -7.7 (±0.20) -6.5 -6.5 -8.1 -12.5 (±0.25) -11.1 -11.1 -14.2
3l/4 -7.0 (±0.25) -6.2 -6.2 -7.7 -6.1 (±0.12) -5.4 -5.4 -6.7

S3

0 4.2 (±0.25) 4.7 4.7 5.0 0.0 (±0.15) 0 0 0
l/8 5.0 (±0.06) 5.3 5.3 5.7 -0.7 (±0.20) -0.8 -0.8 -0.8
l/4 6.9 (±0.12) 7.3 7.3 8.4 -2.4 (±0.12) -2.4 -2.4 -2.7
3l/8 11.3 (±0.17) 11.1 11.1 14.3 -8.0 (±0.25) -8.3 -8.3 -9.8
l/2 1.9 (±0.10) 0.7 0.7 2.6 -25.2 (±0.25) -24.3 -24.2 -33.6
5l/8 -9.3 (±0.17) -9.7 -9.7 -12.5 -9.6 (±0.12) -8.3 -8.3 -10.3
3l/4 -5.5 (±0.20) -5.6 -5.6 -6.7 -2.8 (±0.25) -2.6 -2.6 -2.9

This is similar to the field approach where usually only the total number of windings on

a coil is considered for field calculation along with a mean radius, regardless of it being

double or triple wound or having several more layers of windings. It seems logical that

this approximation will be justified for any number of windings as long as Rmin ≈ Rmax.

Further it can be noted that in the field-based model there is a slight conceptual

difference regarding the deflections. For vertical deflection it is the axial component Bz

that is responsible for the deviation of the beam, whereas for horizontal deflection it is

the radial component Bρ. This is of course due to the cross product in the Lorentz force

that defines the force as acting orthogonally to the field vector itself at any point in space

when the force is calculated from the magnetic field. In the Weber model the respective

force component in either z- or y-direction is calculated directly and responsible for the

deflection in the corresponding direction, but this shows that there is a general connection

between the two forces and the two have previously been related to each other [94].

Given the slight discrepancy between the model considering the entire path of beam
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travel and the Larmor radius approach, it could indicate that the Larmor radius itself is

a special case of beam deflection not manifest until the field is strong enough to force the

beam on a circular path. If it is true that the Larmor radius itself is an exception rather

than the rule this could also have consequences for experiments of the Kaufmann-Bucherer

or Bertozzi type, but further research is needed. Nonetheless, the general similarity of

Weber’s and field theory can be seen from these experiments and simulations and we will

now proceed to analyse the magnetic field further in the next section and see how Weber

and field model compare in principle for a solenoid.

4.2 Further Analysis of the Magnetic Field

Upon demonstrating the similarity of the electron deflection results with Weber’s force

and field theory alike, it appears feasible to analyse the field itself further in this chapter.

Previously, the field predicted by the model of Derby & Olbert [299] has been shown

in Fig. 4.2, where the total field B =
√
B2

ρ + B2
z is shown. It has been argued by

Slepian [307] that lines of force do not need to be continuous, individual or closed curves

and that it is enough to know only the local vectorial value of the field in direction and

magnitude to predict observable phenomena. In this sense, the field can be thought of

as a vectorial map that indicates how much interaction of charged particles is possible in

which direction at any point in space. It is possible to compare this with Weber’s theory

directly if we obtain a similar map of the force values like the map of the field values.

With the electron energy at 2000 eV, the force values in the yz-plane can be calculated,

where x = 0 and ρ = y with the electrons moving in x-direction. The values have been

obtained for both y- and z- axis in steps of 1mm, similar to the simulated field values

before. In order to compare this with the total field values B, the total force is similarly

obtained as

Fw =
√
F 2
x + F 2

y + F 2
z (4.30)

and can then be scaled by the electron velocity to the total field values according to
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Bw =
Fw

qve
. (4.31)

Here, Bw can be interpreted as the magnitude of total “force-field” values based on Weber’s

force. It must be noted that this is not a strict equivalence since only the magnitudes

have been manipulated and this does not apply in the same way to the vectorial values

themselves, which should be clear from the previous comparison with the Lorentz force

based on the cross product. Nevertheless, for the magnitudes it can be seen that Bw is

also in units of T and a comparison of the field and the Weber force becomes possible.

In Fig. 4.8a we can again see the total field from the Derby & Olbert model for easier

comparison (the same as in Fig. 4.2) and in Fig. 4.8b the values for Bw are shown next

to it.

(a) (b)

Figure 4.8: A comparison of the magnitude of field B⃗ as produced by solenoid S2 in
the ρz-plane with the magnitude of Weber force scaled to a ‘force field’ representation B⃗w;
a) field magnitudes calculated with the model by Derby & Olbert, similar to figure 4.2;
b) representation of the Weber force as a field magnitude scaled by charge q and electron
velocity ve according to equation (4.31) in units of T.

As can be seen from this juxtaposition, both field and Weber force represented by

these magnitudes are exactly the same, qualitatively as well as quantitatively. The black

lines represent the dimension of the solenoid and it can be seen that most interaction

is possible inside of the solenoid, where the field is strongest. Anywhere outside of the

solenoid (except very close to the ends) the field values are much smaller than inside. It

can also be seen that the field outside has a tendency to concentrate closer to the poles
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and falls off with increasing distance, which seems consistent with the notion that an

ideal, infinitely long solenoid only produces a field inside of itself and does not have a

field outside. (Note: Since the field values outside the solenoid are one or two orders of

magnitude smaller than the strong values inside the solenoid, the shades of blue might be

difficult to distinguish in the print version. However, their structure can be better seen

in the digital version.)

Further to the comparison of the total field values, the individual components of the

field and the force can be analysed respectively. Since the values for both field and force

have been obtained in the yz-plane, it is found that Fx = 0, Bx = 0 and of course Bρ = By.

This allows to compare the axial field values Bz (Fig. 4.9a) with the vertical force values

Fy (Fig. 4.9b) and the radial field values Bρ (Fig. 4.10a) to the horizontal force values

Fz (Fig. 4.10b). However, in this case, a scaling factor for the vectorial values cannot be

applied, so only a qualitative comparison is possible. Nonetheless, it is instructive to look

at the magnitudes of the respective field and force components. (Since the direction of

the field, respectively force, changes inside and outside of the solenoid, it is advantageous

to look at just the magnitudes again, as it allows for easier comparison of the values.)

(a) (b)

Figure 4.9: Direct comparison of individual components of field and force values, repre-
sented by their magnitude in the ρz-plane; a) axial field component Bz; b) vertical Weber
force component Fy.

Even though the magnitude of the force is much smaller compared to the field value

(as the field is in units of T while the force is in N, of course,) it is easy to see that they are
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(a) (b)

Figure 4.10: Direct comparison of individual components of field and force values, rep-
resented by their magnitude in the ρz-plane; a) radial field component Bρ; b) horizontal
Weber force component Fz.

qualitatively the same, i.e. Bz and Fy are similar and so are Bρ and Fz. These relations

are hardly surprising as it was seen in the previous section that the deflection values are

similar, so the field and force values must be similar too. Furthermore, it can be seen that

the axial field is primarily responsible for the strong field inside of the solenoid and also

contributes to the field outside of the solenoid and close to the poles. The radial field is

mostly only contributing to field values around the poles themselves which relates to the

bigger horizontal deflection values close to the ends of the solenoids that were visible in

the experiments.

4.3 Deflection Parallel to Solenoid Axis

The next investigation will examine the behaviour of the beam in the magnetic field when

it is travelling through the solenoid, i.e. it will propagate through the fringe field region,

entering into the inside of the solenoid where the field is strongest, and exit at the other

end through the other fringe field region. This can happen by having the beam travel

parallel to the axis of the solenoid or at an angle to the axis, the latter of which will

be investigated experimentally with a CRT subsequently. It should be noted that by

definition, the electromagnet used for experiments in this section is by definition a coil, as

it does not meet the formal definition of a solenoid, where the length of the coil is at least
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twice its radius. However, for labelling consistency, it will be referred to as a solenoid in

the following.

4.3.1 Modelling

Similar to the modelling applied in section 4.1.1, a Weber force model, a field based

model and the software package CPO will again be used to predict the deflections caused

by the beam travelling through the solenoid. Additionally, both Weber and field model

will receive some modification in this section to extend the modelling approach, so that

equations of motion are included. The predictions obtained from the three models will

then be compared with experimental data obtained with a longer 290 turn solenoid and

further compared with each other for a shorter 20 turn solenoid.

4.3.1.1 Weber Model Similar to the previous model in section 4.1.1.1 where the

beam was travelling past the solenoid, a 3D model is constructed based on Weber’s force.

First, we can assume the positions of the electrons in the beam and the current in the

solenoid w.r.t. the coordinate origin, set in the very centre of the solenoid and obtain the

position vectors r⃗1, r⃗2 and r⃗12 (see Fig. 4.11):

x

z

y

l/2

Solenoid

electron beam

−l/2

r⃗12

r⃗2

r⃗1

Figure 4.11: Coordinate system situated in the centre of a solenoid with an electron beam
entering at one end and exiting the other. The positions r⃗1, r⃗2 and r⃗12 are used to calculate
the force on the beam exerted by the current in the solenoid, elongating from −l/2 to l/2.
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r⃗1 =

x1
y1
z1

 , r⃗2 =

R cos(θ)
R sin(θ)
z2 + dzθ

 , (4.32)

r⃗12 =

x1 −R cos(θ)
y1 −R sin(θ)
z1 − z2 − dzθ

 , (4.33)

r12 =
√
(x1 −R cos(θ))2 + (y1 −R sin(θ))2 + (z1 − z2 − dzθ)2. (4.34)

Here, the initial position of the electron beam is kept arbitrary with the general variables

x1, y1 , z1 to allow for any desired point of emission. The current through the solenoid I is

considered as the movement of the electrons as helical motion along the windings, entering

the solenoid at z2 = −l/2 and moving towards the opposite end with infinitesimal steps

of dzθ. The motion of the electron beam itself is also kept as general velocity variables

v1x , v1y , v1z , which leads to the velocities

v⃗1 =

v1x
v1y
v1z

 , v⃗2 =

−v2 sin(θ)
v2 cos(θ)

v2
R dz

 , v⃗12 =

v1x + v2 sin(θ)
v1y − v2 cos(θ)
v1z − v2

R dz

 . (4.35)

The beam is then set to travel parallel to the axis of the solenoid by setting the initial

value of v1z equal to the electron velocity ve and can then enter the solenoid at an angle

by setting initial values for v1x or v1y . The initial values are set by an electrostatic offset

and will further be explained in section 4.3.2.

These velocities and positions can now be substituted into the Weber force (3.15) to

formulate a force F⃗2−1−between the electrons in the beam q1− and the electrons in the

solenoid q2− and respectively a force F⃗2+1−between q1− and the lattice charges q2+ . It will

again be assumed that q1− = −q1+ and q2− = −q2+ .
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F⃗2−1− =
q1+q2+
4πε0

r⃗12
r312

1− 3

2c2
1

r212

x1 −R cos(θ)
y1 −R sin(θ)
z1 − z2 − dzθ

 ·

v1x + v2 sin(θ)
v1y − v2 cos(θ)
v1z − v2

R dz

2

+
1

c2


v1x + v2 sin(θ)
v1y − v2 cos(θ)
v1z − v2

R dz

2

+

x1 −R cos(θ)
y1 −R sin(θ)
z1 − z2 − dzθ

 ·

a1x − a2x
a1y − a2y
a1z − a2z





=
q1+q2+
4πε0

r⃗12
r312

{
1− 3

2c2
1

r212

[
(v1x + v2 sin(θ))(x1 −R cos(θ)) + (v1y − v2 cos(θ))(y1 −R sin(θ))

+(v1z −
v2
R
dz)(z1 − z2 − dzθ)

]2
+

1

c2
((v21x + 2v1xv2 sin(θ) + v22 sin

2(θ)

+ v21y − 2v1yv2 cos(θ) + v22 cos
2(θ) + v21z − 2

v1zv2
R

dz + (
v2
R
dz)2)

+ (a1x − a2x)(x1 −R cos(θ)) + (a1y − a2y)(y1 −R sin(θ))

+ (a1z − a2z)(z1 − z2 − dzθ))

}
(4.36)

F⃗2+1− =− q1+q2+
4πε0

r⃗12
r312

1− 3

2c2
1

r212

x1 −R cos(θ)
y1 −R sin(θ)
z1 − z2 − dzθ

 ·

v1x − 0
v1y − 0
v1z − 0

2

+
1

c2


v1x − 0
v1y − 0
v1z − 0

2

+

x1 −R cos(θ)
y1 −R sin(θ)
z1 − z2 − dzθ

 ·

a1x − 0
a1y − 0
a1z − 0





=− q1+q2+
4πε0

r⃗12
r312

{
1− 3

2c2
1

r212

[
(v1x)(x1 −R cos(θ)) + (v1y)(y1 −R sin(θ))

+(v1z)(z1 − z2 − dzθ)]2 +
1

c2
((v21x + v21y + v21z)

+ (a1x)(x1 −R cos(θ)) + (a1y)(y1 −R sin(θ)) + (a1z)(z1 − z2 − dzθ))

}
(4.37)

It can be seen that acceleration terms a⃗1 of the beam cancel out and with the additional

assumptions of v1 ≫ v2 and a2 being negligibly small, the two forces can be summed as
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F⃗w =F⃗2−1− + F⃗2+1−

=
q1+q2+
4πε0

v2
c2

r⃗12
r312

{
− 3

r212

[
(v1x sin(θ))(x1 −R cos(θ))2

+ (v1y sin(θ)− v1x cos(θ))(x1 −R cos(θ))(y1 −R sin(θ))

− (v1y cos(θ))(y1 −R sin(θ))2 + (v1z sin(θ)− v1x
dz

R
)(x1 −R cos(θ))(z1 − z2 − dzθ)

+ (−v1z cos(θ)− v1y
dz

R
)(y1 −R sin(θ))(z1 − z2 − dzθ)

+ (−v1z
dz

R
)(z1 − z2 − dzθ)2] + [v1x sin(θ)− v1y cos(θ)−

v1z
R

dz]

}
.

(4.38)

To transition from discrete sources to continuous currents it will again be integrated over

the entire solenoid as a helical path through qv → λvd⃗l → IRdθ, replacing q2v2, which

leads to

F⃗whelix
=

q1+IR

4πε0c2

� N2π

0

{
r⃗12
r312

. . .

}
dθ. (4.39)

As in the previous Weber model, N is the total number of windings of the solenoid. Next

to just the helical model, it can again be assumed that the solenoid consists of individual

stacked loops and their action on the beam can be superposed to arrive at a summation

approach. In this case v1z = 0 and the infinitesimal dz is replaced with a position for each

loop determined by the pitch of the coil p · (n− 1), with n = 1 . . . N , so that we have

r⃗2 =

 R cos(θ)
R sin(θ)

z2 + p · (n− 1)

 , v⃗2 =

−v2 sin(θ)
v2 cos(θ)

0

 . (4.40)

This can be again substituted into the Weber force with the usual assumptions, which

then leads to the summation of all individual loops as

F⃗wsum =
q1+q2+
4πε0

v2
c2

r⃗12
r312

{
− 3

r212

[
(v1x sin(θ))(x1 −R cos(θ))2

+ (v1y sin(θ)− v1x cos(θ))(x1 −R cos(θ))(y1 −R sin(θ))

− (v1y cos(θ))(y1 −R sin(θ))2 + v1z sin(θ)(x1 −R cos(θ))(z1 − z2 − p(n− 1))

−v1z cos(θ)(y1 −R sin(θ))(z1 − z2 − p(n− 1))] + [v1x sin(θ)− v1y cos(θ)]

}
,

(4.41)
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F⃗wsum =
q1+IR

4πε0c2

N∑
n=1

� 2π

0

{
r⃗12i
r312i

. . .

}
dθ. (4.42)

Both (4.39) and (4.42) can be used to simulate the behaviour of the beam travelling

through the solenoid. The simulation first defines the initial values for v⃗1 and r⃗1 and then

utilises equations of motion to update the positions and velocities for each step. To this

end, the propagation of the beam is transitioned from the spatial to the time dimension.

The time step is set to be the total distance travelled by an undeflected beam (from

emission to detector screen) over the initial electron velocity, so that

∆t =
∆z1
ve

, (4.43)

with t0 = 0 and tlast = z1last/ve.

At every time step the force (4.39) (respectively (4.42)) is then calculated and this force

will subject the beam to a certain acceleration a⃗f . Within the low velocity limit, we can

assume the electron mass me as constant and obtain a⃗f through the Weber force acting

on the beam:

a⃗f =
1

me
F⃗w. (4.44)

With this the positions and velocities for the following time step can be calculated ac-

cording to the equations of motion

x1k+1
= x1k + v1xk∆t+

1

2
afx∆t2, (4.45)

y1k+1
= y1k + v1yk∆t+

1

2
afy∆t2, (4.46)

z1k+1
= z1k + v1zk∆t+

1

2
afz∆t2, (4.47)

v1xk+1
= v1xk + afx∆t, (4.48)

v1yk+1
= v1yk + afy∆t, (4.49)

v1zk+1
= v1zk + afz∆t, (4.50)

where k is an index value denoting the current time step and k + 1 the following time

step. The simulation itself is carried out in MATLAB where the trapezium rule is used to

integrate for θ at each time step with a step size of 0.5°. The beam position r⃗1 can then be
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read at the penultimate time step to obtain the horizontal and vertical deflections xd and

yd respectively, where they are intercepted by the detector screen. Here too, an example

code of the simulation can be found in appendix C. Both the helical and summation

approach Weber force predict the same deflection values for a given solenoid, as expected,

and the simulation results are further compared with experiments and the other models

in section 4.3.3. Further, it is again found that the force component acting longitudinal to

the beam (Fwz in this case) is again zero, similar to the previous model where the beam

travelled across the solenoid, which is in agreement with the Lorentz force.

4.3.1.2 Field Model The beam deflections based on the magnetic field will again be

obtained with the Lorentz force (2.7) and the field inside and outside of the solenoid is

calculated with the help of the model by Derby & Olbert [299] and the corresponding

MATLAB script by Cébron [298]. As this model and how the axial field Bz and radial

field values Bρ are obtained has been explained previously in section 4.1.1.2, it will not

be repeated here.

The beam is simulated to travel from source to detector screen in the time domain,

with the same time step, distance of travel and initial beam position and velocity as the

Weber model in the previous section. The field values are then obtained at every time

step and substituted into the Lorentz force, with which the acceleration values can be

obtained similar to (4.44), as

a⃗f =
1

me
F⃗L. (4.51)

Through this the same equations of motion (4.45) can be applied to calculate beam

position and velocity for every time step. Horizontal deflection xd and vertical deflection

yd are thus obtained at the positions of the penultimate time step of the simulation, an

example code of which can be seen in appendix C.

4.3.1.3 Modelling with CPO Lastly, beam deflections through the solenoid are also

predicted with the software package CPO [292]. As in the previous CPO model in section

4.1.1.3 the solenoid is modelled as a set of stacked hoops which are fed with conventional
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current. The solenoid is again centred on the origin and the initial parameters, such

as position and velocity of the beam, are defined in the software. After travelling from

source through the inside of the solenoid, the beam is intercepted by a test plane where

the detector screen would be, so that the horizontal and vertical deflections xd and yd

can be read. Here, the beam is also set to be treated as individual rays of electrons and

traced with the direct method in the software, and this time it is travelling parallel to or

at an angle to the z-axis.

4.3.2 Experiments

An experiment has been performed to obtain deflection values from the magnetic action

exerted on the beam by a solenoid. The beam is emitted by an electron gun in a CRT

(similar to previous sec. 4.1.2) and its position recorded on the fluorescent screen of the

CRT. A single wound solenoid with 290 windings has been placed around the glass body

of the CRT, with a radius of R =159.5 mm and a length of l =170 mm, which is supplied

with a current of 1 A. A sketch of the cross section of this setup can be seen in Fig. 4.12.

z

y

x

Electron Gun

Anodes

Deflection Plates

Solenoid

Fluorescent Screen

CRT

Figure 4.12: Cross section of the experimental setup comprising a CRT with fluorescent
detector screen, surrounded by a solenoid through which an electron beam is deflected. The
electron gun emits the beam, it is accelerated by a set of anodes and then imposed with an
initial deflection by the deflection plates to enter the solenoid at an angle.

With the present setup the screen is located at the end of the solenoid after the beam
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has travelled a total distance of 27.5 cm from the point of emission at terminal velocity ve

(4.29). The electrons are accelerated over a distance of 2.5 cm until they pass the anode

and from there travel another 25 cm to the detector screen. As the centre of the solenoid

aligns vertically with the point of beam emission (see Fig. 4.12), the beam is given an

initial deflection with the electrostatic deflection plates of the CRT so that it will enter

the solenoid at an angle to the z-axis, which allows to investigate different magnitudes of

deflection. The beam that is initially travelling in a straight line is off-set on the y-axis

in steps of 5 mm, which gives the beam an additional velocity component v1y . Due to the

beam travelling a distance of 250 mm after the anode where the vertical deflection plates

sit, the ratio of vy/ve is obtained in steps of 1/50, reaching from the least initial deflection

of 5 mm as 1/50 to 40 mm as 8/50.

These initial deflections however, necessitate a slight simplification in the simulations

so that the deflections can be included through the velocity component v1y accordingly.

It must be assumed here that the beam travels in a straight line from the cathode for the

first 25 mm up to the anode and is only deflected by the deflection plates from this point

onwards, and respectively not noticeably affected by the magnetic field of the solenoid

up to this point. The closer end of the solenoid is 80 mm away from the anode and the

assumed deflected path of 250 mm is ten times the assumed straight path. It will be seen

from the results (in the following section) that this assumption appears reasonable for

the present setup and the beam is not significantly deflected by the field for the initial

acceleration phase up to the anode.

With this consideration experimental values can be obtained with the following pro-

cedure. First the beam is focused and centred in the middle of the graticule on the

fluorescent screen. Then it is offset vertically through the deflection plates by the desired

amount and lastly the power supply is turned on to deflect the beam with the magnetic

field. The vertical and horizontal deflection are both read from the screen with the help of

a plastic vernier and the power supply is switched off. This process is repeated five times

for each initial deflection value on the y-axis, which allows for obtaining mean values and

standard deviations of the experimental data.
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4.3.3 Results

The observed and predicted deflections in horizontal and vertical direction can be shown

as points on the xy-plane and are depicted together in Fig. 4.13 as a bubble chart. Here

horizontal deflection is represented on the axis of abscissae and vertical deflection on the

axis of ordinates. The observed data from the experiments is shown as a blue square and

they are directly contrasted with the simulation values in the figure. Results from the

Weber model are shown as a red x, field-based values as a yellow triangle and deflections

obtained with CPO as a purple circle. Additionally, the data points have different sizes

for each of the initial offsets and have been labelled with the ratio of vy/ve that initially

deflected the beam so it would enter the solenoid at different angles, resulting in different

deflection values.
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Figure 4.13: Horizontal and vertical deflections of the beam travelling through a solenoid
with 290 windings. The blue squares represent experimental data, while the red x shows
predicted values from the simulations with the Weber force, the yellow triangle predictions
with field theory and the purple circle simulation results from CPO. Each data point is
labelled with the respective ratio of vy/ve.

From this figure it can be seen that the deflection values follow a trend of increasing
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vertical and horizontal deflection that seems to grow linearly for stronger initial offset

values. The deflection through the magnetic field is minimal for a vertical velocity of

1/50 of the electron velocity, but greatest for the maximum offset value of 8/50 utilised

in this experiment. Further, the vertical deflection value yd can be seen to be nearly half

of the initial offset value in mm. The predictions of the three models all follow the overall

trend equally well and they are additionally presented in Table 4.3, where numerical values

from the simulations can be compared with the observed experimental data readily.

Table 4.3: Deflection results for an electron beam traversing through the 290 turn solenoid
showing simulation results for Weber, field and CPO model next to the observed data
acquired from experiment.

vy/ve Weber Field CPO Observed

xd yd xd yd xd yd xd yd
1/50 3.27 2.51 3.27 2.51 3.23 2.52 2.6(±0.28) 2.5(±0.23)
2/50 6.53 5.02 6.53 5.02 6.53 5.03 5.9(±0.12) 5.3(±0.18)
3/50 9.80 7.53 9.80 7.53 9.80 7.52 9.3(±0.31) 7.8(±0.25)
4/50 13.07 10.02 13.07 10.02 13.07 9.99 12.9(±0.04) 10.1(±0.20)
5/50 16.33 12.50 16.34 12.49 16.35 12.42 15.6(±0.30) 12.4(±0.27)
6/50 19.60 14.96 19.60 14.96 19.63 14.82 19.1(±0.23) 14.8(±0.18)
7/50 22.86 17.40 22.88 17.39 22.92 17.16 22.5(±0.27) 16.7(±0.19)
8/50 26.13 19.81 26.14 19.81 26.22 19.44 25.6(±0.23) 19.1(±0.48)

From this table and Fig. 4.13 it is clear that all three models, CPO, field and Weber

approach give the same deflection results and agree well with measurements for this

setup. For the biggest offsets 7/50 and 8/50 Weber and field model seem to marginally

overestimate the deflection compared to CPO which is very slightly closer to experimental

values in these two cases, but with a difference of only about half a millimetre the values

are still almost virtually the same. This also indicates that CPO has a slightly better

performance for predicting deflections of beams that are deflected or focused inside of

solenoids rather than crossing over the outside, as seen earlier in section 4.1.3. But with

Weber and field-based model predicting identical deflection results we find agreement with

the earlier outcome in section 4.1.3 that field and Weber theory are the same within the

low velocity limit, which is a reasonable result.

Further to the 290 turn solenoid where experimental values have been obtained, a

short coil with 20 turns was additionally simulated to check the behaviour of the beam
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when travelling through an inhomogeneous field. The hypothetical coil has a radius of

52 mm , length 10 mm and is sitting 100 mm away from the emitting electron gun and

75 mm from the anode respectively, with the coordinate system still considered in the

centre of the electromagnet. With a current of 1 A and the same offset values for vy/ve

simulation results are obtained in exactly the same way as described in chapter 4.3.1, the

results of which are presented in the following table 4.4.

Table 4.4: Predicted vertical and horizontal deflections for an electron beam traversing
through a 20 turn coil where only simulation results are presented for Weber, field and CPO
model.

vy/ve Weber Field CPO

xd yd xd yd xd yd
1/50 0.39 4.87 0.39 4.87 0.39 4.87
2/50 0.78 9.73 0.78 9.73 0.78 9.73
3/50 1.17 14.60 1.17 14.60 1.17 14.60
4/50 1.56 19.46 1.56 19.46 1.57 19.46
5/50 1.95 24.33 1.95 24.33 1.96 24.32
6/50 2.34 29.19 2.34 29.19 2.35 29.19
7/50 2.72 34.05 2.73 34.05 2.75 34.05
8/50 3.11 38.91 3.11 38.91 3.15 38.90

It appears from these results that, even though the coil is relatively short with only

20 windings and producing a rather inhomogeneous field, there is barely any noticeable

deflection on the beam. As the vy/ve ratios correspond to initial offsets in 5 mm steps,

the beam is almost not shifted from the vertical y-offset at all. Further, only a slight

displacement is predicted for the position on the x-axis, so overall the electron beam is

barely moved. Nevertheless, all three models predict very similar deflection values and

are in good agreement with each other, which serves to further confirm the similarity of

Weber force and field theory.

4.4 Toroids

A Toroid is a coil that is wound on a ring instead of a cylinder, this makes it similar to a

solenoid where both of its ends are connected, effectively emulating an infinite solenoid.

Due to this property, toroids have little to no magnetic field outside and the field is

entirely confined on the inside and they respectively have little to no leakage fields [308].
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This characteristic of toroidal transformers is beneficial in applications where leakage flux

is undesired, e.g. in audio systems, as compared to other transformers with rectangular

cross sections. However, this can also be disadvantageous for high-power applications

where a larger leakage inductance is desired, and applications and design are discussed

in [309].

This chapter will investigate the influence of toroids on electron beams travelling

outside of the electromagnet, with the limitation that the field is produced by a steady

DC-current. Initially the expectation is that there is no significant influence on the beam

due to the magnetic field being confined inside of the toroid. Nevertheless, it has been

considered by Hernandes et al. [310] that a steady poloidal current still produces an

electric field around the toroid and this can potentially have an effect on the electron

beam passing by the toroid.

4.4.1 Modelling

In order to predict how an electron beam will behave due to a toroid, a Weber and field-

based model have been derived for this situation. The models share some similarities

with the previous modelling approaches and use equations of motions again to describe

the beam, but they have of course also been modified to fit the toroid geometry. To this

end the parametrisation of a toroid in Cartesian coordinates is a valuable tool and will

be explained in the following section and another mathematical summary thereof can be

found in appendix B.

4.4.1.1 Weber Model To calculate the interactions of the current in the toroid with

the electrons in the beam we first have to define positions and velocities for the particles.

The toroid itself has a radius R1 that defines the size of the individual turns and a radius

R2 that defines the size of the ring the individual turns follow. Therefore, a Cartesian

coordinate system is placed in the centre of the toroid, where the angle θ is locally defined

to describe the smaller radius R1 and the angle φ is chosen between the x- and the z-axis,

with which the bigger circle of radius R2 can be described. This geometry can be seen in

Fig. 4.14.
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Figure 4.14: A toroid centred on a Cartesian coordinate system, it can be parametrised
with the help of radii R1 and R2. Here, θ is defined as the local angle within the smaller
circle of size R1, and ϕ is defined as an azimuthal angle between x- and z-axes.

The beam is then allowed to have any arbitrary initial position r⃗1 and can define the

position of a current element r⃗2 within the toroid wire through the parametrisation of the

toroid, with the chosen geometry this leads to

r⃗1 =

x1
y1
z1

 r⃗2 =

(R2 +R1 cos(θ)) cos(φ)
R1 sin(θ)

(R2 +R1 cos(θ)) sin(φ)

 , (4.52)

r⃗12 =

x1 − (R2 +R1 cos(θ)) cos(φ)
y1 −R1 sin(θ)

z1 − (R2 +R1 cos(θ)) sin(φ)

 , (4.53)

r12 =
√
(x1 − (R2 +R1 cos(θ)) cos(φ))2 + (y1 −R1 sin(θ))2 + (z1 − (R2 +R1 cos(θ)) sin(φ))2.

(4.54)

Further to the arbitrary initial position of the beam, it will also be allowed to have any

desired velocity v⃗1. For this particular model, we will follow a summation approach so

that the toroid is considered as a stack of individual loops that follow along the radius

R2. This means that we can find the velocity components for the electrons in a current

element as v⃗2, giving
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v⃗1 =

v1x
v1y
v1z

 , v⃗2 =

−(v2 sin(θ)) cos(φ)
v2 cos(θ)

−(v2 sin(θ)) sin(φ)

 , v⃗12 =

v1x + (v2 sin(θ)) cos(φ)
v1y − v2 cos(θ)

v1z + (v2 sin(θ)) sin(φ)

 . (4.55)

These positions and velocities can now be used to calculate the forces F⃗2−1−, between

beam electrons and current electrons, and F⃗2+1−, between beam electrons and lattice

charges, where the lattice charges have a velocity of zero, as they are stationary. This

allows us to calculate the Weber force on the electron beam due to the current similar to

the previous models, utilising the same assumptions of v1 ≫ v2, negligible acceleration

terms and transitioning to continuous current elements:

F⃗w =
q1+R1I

4πε0c2

� 2π

0

r⃗12
r312

{
− 3

r212

[
(v1x sin(θ) cos(φ))(x1 − (R2 +R1 cos(θ)) cos(φ))

2

+ (v1y sin(θ) cos(φ)− v1x cos(θ))(x1 − (R2 +R1 cos(θ)) cos(φ))(y1 −R1 sin(θ))

− (v1y cos(θ))(y1 −R1 sin(θ))
2 + (v1z sin(θ) cos(φ) + v1x sin(θ) sin(φ))

· (x1 − (R2 +R1 cos(θ)) cos(φ))(z1 − (R2 +R1 cos(θ)) sin(φ))

+ (−v1z cos(θ) + v1y sin(θ) sin(φ))(y1 −R1 sin(θ))(z1 − (R2 +R1 cos(θ)) sin(φ))

+(v1z sin(θ) sin(φ))(z1 − (R2 +R1 cos(θ)) sin(φ))
2
]

+[v1x sin(θ) cos(φ)− v1y cos(θ) + v1z sin(θ) sin(φ)]

}
dθ.

(4.56)

The integration along θ from 0 to 2π gives the force for an individual loop and is carried

out in the MATLAB simulation with the trapezium rule and 0.5° step size. This force

is calculated for each individual loop at its respective position along the toroid, where

the position is given through the azimuthal angle φ = [0, 2π]. Through this angle the

positions of the individual loops are set in discrete steps of 2π
N

, where N is the number

of turns in the toroid, which allows to calculate the sum of the individual forces on the

electron beam as

F⃗sum =

2π∑
φ=0

F⃗w. (4.57)

This gives the total force of the toroid on the beam and is consequently obtained at every

time step of the simulation to predict the trajectory of the beam. Similar to the previ-

ous model where the beam was traversing through the solenoid, the simulation is again

transformed into the time domain to calculate the acceleration on the beam electrons and
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update the positions and velocities with the same equations of motion for each following

time step. This way the deflection of the beam at the detector screen can be obtained.

Next to the summation model, a simulation model based on helical motion of the

current has been tested, but this approach predicted extremely large deflections in the

vicinity of the toroid, which is presumably due to artificial asymmetries introduced into

the model by the helical motion for the toroid. As this is in contradiction with the

expected zero deflection, this unphysical result is a shortcoming of that particular model,

but could be overcome by using the summation model.

4.4.1.2 Field Model A field model has been derived to predict the influence of the

toroid on the electron beam that follows in parts the approach taken in [311]. The Biot-

Savart law will be used to derive an expression for the magnetic field of the toroid that

is then used with the Lorentz force to calculate the action on the beam. As the toroid is

supplied with a steady DC current of fixed magnitude, the current can be taken outside

of the integrand and the Biot-Savart law can be written as

B⃗Toroid =
µ0I

4π

�
d⃗l × r⃗12
|r⃗12|3

. (4.58)

Here, r⃗1 is the position of the electrons in the beam and r⃗2 is the position of the current

element in the toroid, so that we have, with the same coordinate system as in Fig. 4.14,

r⃗1 =

x1
y1
z1

 , r⃗2 =

(R2 +R1 cos(θ)) cos(φ)
R1 sin(θ)

(R2 +R1 cos(θ)) sin(φ)

 . (4.59)

We can then find d⃗l as the derivation of the position of the current element:

d⃗l =

∂x2
∂x
∂y2
∂y
∂z2
∂z

 =


∂x2
∂θ + ∂x2

∂φ + ∂x2
∂ρ

∂y2
∂θ + ∂y2

∂φ + ∂y2
∂ρ

∂z2
∂θ + ∂z2

∂φ + ∂z2
∂ρ

 , (4.60)

where ρ is the radial coordinate defined by the magnitude ρ =
√
x2 + y2 + z2. That leaves

the differential line element as

d⃗l =

−R1 sin(θ) cos(φ)dθ − sin(φ)(R2 +R1 cos(θ))dφ
R1 cos(θ)dθ

−R1 sin(θ) sin(φ)dθ + cos(φ)(R2 +R1 cos(θ))dφ

 . (4.61)
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We can then extract dθ from the brackets and find with the help of the winding ratio the

relation between the angles θ and φ

φ =
θ

N
→ dφ

dθ
=

1

N
, (4.62)

where N is the number of windings on a single wound toroid. This relation (4.62) is sub-

stituted into (4.61) and only an integration along θ is left. Following this, d⃗l is substituted

back into the Biot-Savart-law (4.58) and the cross product can be calculated to obtain

the magnetic field:

B⃗Toroid =
µ0I

4π

� N2π

0

1

|r⃗12|3

XT

YT
ZT

 dθ, (4.63)

where

XT = R1 cos(θ)(z1 − (R2 +R1 cos(θ)) sin(φ))

− (−R1 sin(θ) sin(φ) + cos(φ)(R2 +R1 cos(θ))
1

N
)(y1 −R1 sin(θ))

(4.64)

YT = (−R1 sin(θ) sin(φ) + cos(φ)(R2 +R1 cos(θ))
1

N
)(x1 − (R2 +R1 cos(θ)) cos(φ))

− (−R1 sin(θ) cos(φ)− sin(φ)(R2 +R1 cos(θ))
1

N
)(z1 − (R2 +R1 cos(θ)) sin(φ))

(4.65)

ZT = (−R1 sin(θ) cos(φ)− sin(φ)(R2 +R1 cos(θ))
1

N
)(y1 −R1 sin(θ))

−R1 cos(θ)(x1 − (R2 +R1 cos(θ)) cos(φ))
(4.66)

The integration for θ is carried out from 0 to N2π to account for the total number of

windings of the toroid and φ is replaced with θ
N

according to (4.62). After the magnetic

field is obtained it is respectively used to calculate the Lorentz force, where the simulation

is transformed to the time domain as in previous models and the field and force calculated

at every time step. With this the positions of the beam can be updated for the next time

step up to the beam being intercepted by the detector screen.
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4.4.2 Results

The simulations were carried out with electrons at 2000 eV, similar to all previous calcu-

lations. Both the summation based Weber model and the field model predict an effective

zero deflection for a beam passing through a given toroid, or at most on the order of

1 × 10−5 m. As the field is confined mostly to the inside of the toroid and near zero

outside, this is consistent with the expectation of negligible deflection of the beam.

A test was carried out to examine the influence of the toroid on the beam experimen-

tally, where a toroid was placed around the glass body of the CRT described in previous

chapters, so that the beam would pass through the central hole of the toroid. No signif-

icant beam deflection could be observed upon supplying current to the toroid, although

a minimal displacement of the beam was noted, which is suspected to originate from an

electric field influence. However, with the current setup, the given number of windings,

the magnitude of current and slow electrons, the deflection due to the electric field was

barely quantifiable and no useful results could be obtained. It could also not be clarified

in experiment if the electric field was the intrinsic field caused due to the current (which is

strongest close to the origin of current supply according to Hernandes et al. [310]) or due

to winding inconsistencies in the toroid itself. While the author of the present work be-

lieves that the observed disturbance of the beam was caused by an electric field in nature,

the influence was small in this case and future research is needed to quantify the influence

of the electric field in a charged particle scenario. Still, no magnetic influence on the beam

outside the toroid was found, which agrees well with expectations and simulations.
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5 Unipolar Induction with Weber Electrodynamics

The phenomenon of unipolar induction was first discovered by Michael Faraday [312] after

his prior discovery of the general principle of electromagnetic rotation [313]. This was, of

course, one of the most important discoveries during the early 19th century as it would

lead to the development of the electromagnetic motor and generator. Faraday continued

to investigate a generator configuration comprising a conducting disk rotating around its

cylindrical axis in the magnetic field of one pole of a bar magnet. As only one magnetic

pole is involved in the induction of a voltage, the term unipolar induction (or sometimes

homopolar induction) was coined by Weber [314] and the apparatus is also often referred to

as a Faraday generator or homopolar generator. Figure 5.1 depicts a typical configuration

for a unipolar induction machine, with either a magnet (usually a permanent bar magnet)

or electromagnet (e.g. a solenoid or coil), a disk and a measurement device, a voltmeter

in this case, forming the circuit ABCDA.

Magnet/CoilDisk

Figure 5.1: Sketch of a unipolar induction machine (also known as a Faraday generator),
comprising a permanent magnet, a conducting metal disk and a measurement device (in
this case a voltmeter).

The phenomenon of unipolar induction is also titled “Faraday’s paradox” and is de-

bated among scientists and engineers even to this day with no clear consensus as to how

the observed voltage is physically caused and what the underlying mechanism of induc-

tion is. In this regard, physicists are divided about the seat of induction, if the magnetic

field co-rotates with the magnet or if it remains stationary upon the magnet’s rotation,

and about the applicability of Faraday’s flux rule. This chapter aims to investigate the

phenomenon further, based on theoretical aspects of Weber’s direct-action theory and

conducting experiments to test the theory, and addressing the questions about the seat
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of induction and rotation of the magnetic field.

First, we will have to recall the phenomenon and the usually discussed situations that

involve disk and magnet spinning around their axes, these are categorised as:

(i) The disk is rotating and the magnet remains stationary. A voltage can be measured

across the radius of the disk.

(ii) The disk remains stationary and the magnet rotates. No voltage can be measured

across the disk.

(iii) Both disk and magnet rotate at the same speed and direction, and again a voltage

is observed across the disk.

Originally, Faraday imagined the field lines of the magnet remaining stationary when

the magnet rotates and it is the disk (DA) cutting the field lines that is responsible for

the appearance of an Electromotive Force (EMF). At a later point he changed his mind

and instead considered the field lines as co-rotating with the magnet. In this case it is

the cutting of the external part of the circuit, the closing wire and measurement device

(BC), that results in an induced voltage. It seems like a logical deduction on Faraday’s

part to regard the field lines as co-rotating when one considers rectilinear motion of a

magnet, where the field must clearly follow the magnet’s movement. Or similarly, one

could consider a horseshoe magnet rotating or a bar magnet rotating around any other

axis apart from its cylindrical one – it seems only logical that the field lines would follow

the movement of the poles. However, if that is the case, then it also appears odd that

a voltage is not induced in case (ii) where the magnet is rotating on its own. On the

other hand the one-piece Faraday generator (where the disk and magnet always rotate

in unison, e.g. as a conducting magnet) has been interpreted as the field remaining

stationary upon rotation and the magnet cutting its own field lines, as researched by

Crooks et al. [315]. This creates an apparent paradox: unipolar induction seems better

explained with the field remaining stationary upon the magnet’s rotation, but there are

obvious other situations where the magnetic field must follow the magnet’s movement.
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Additionally, a contradiction with Faraday’s flux rule is often discussed, with the flux

rule stating

V = −dΨ

dt
(5.1)

meaning that a varying magnetic field induces a voltage, V , with Ψ being the magnetic

flux. Since the field of the bar magnet is rotationally symmetric, there is no obvious change

in magnetic flux, yet a voltage is induced across the disk despite the lack of change, which

seems to violate the flux rule. However, much of this confusion can be avoided when the

(5.1) is restated as the general case

V =

�
C
E⃗ · d⃗l =

�
C
(v⃗ × B⃗) · d⃗l − ∂

∂t

�
S
B⃗ · dS⃗ (5.2)

as reviewed in [316]. Due to the relationship (5.1), Feynman went as far as to label

unipolar induction as an exception to the flux rule [197]. There also exist a number of

other paradoxes that fall into the same category of violating the flux rule, e.g. Hering’s

paradox [317,318] and Cullwick’s experiment [79,319], but it seems particularly interesting

that the paradox surrounding unipolar induction is linked to the rotation around the

symmetry axis. If we consider the example of the horseshoe magnet again, spinning its

poles in succession, there would be no doubt that the field moves and follows accordingly

with the position of the poles. This is further exemplified by an investigation of Leus and

Taylor [316] where a quadrupole magnet was rotated and it was concluded that the field

rotates with the magnet. So unipolar induction seems to be a special case of rotation

that creates a paradox because the rotation happens around the field’s symmetry axis.

But even further than this peculiarity, there is a fundamental underlying question related

to these paradoxes, that is whether the electromagnetic field is physically real or not?

If the field is not a tangible physical entity then a discussion about its movement with

the magnet cannot be had, as it is not real and discussing its movement is meaningless.

Instead, if it is only a mathematical tool then it is rather the motion of charges that give

rise to the hypothetical field responsible for the observed phenomenon. It seems therefore

feasible to investigate unipolar induction, as a typical low velocity application involving
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rotating magnetic fields, from a Weber-perspective, and probe what deductions can be

made about the phenomenon, the seat of induction and the magnetic field from this point

of view.

As unipolar induction is roughly 190 years old by now, the phenomenon has been

repeatedly treated in the literature, theoretically as well as experimentally. Different ex-

planations have been proposed and discussed, but between both experimentalists and the-

orists there largely seem to be two popular view points: (i) the Moving Field Hypothesis

(MFH), which regards the field lines as co-rotating with the magnet and (ii) the Stationary

Field Hypothesis (SFH), which maintains the field lines as stationary upon the magnet’s

rotation. SFH has support [55, 66, 197, 320–327] as well as has MFH [316, 328–332]. But

other discussions exist about the applicability of Faraday’s law, especially with Feynman

taking the position that it is not applicable [197, 333, 334], as well as others taking the

contrary stance that it is applicable [322, 335, 336]. It has been further argued that SRT

explains the phenomenon [79, 337–340] with the counter-argument that SRT cannot be

used in rotating frames of reference [341] and instead GRT must be used [322, 342], and

even quantum mechanical approaches exist [343–345]. For a further discussion of expla-

nations for unipolar induction based on SRT, a review by Bordoni [346] is recommended.

Special focus is given to the Wilson experiments [347, 348] on induction in a rotating di-

electric in a magnetic field, and the Einstein-Laub paper [349]. On this matter the views

of Laue, Föppl and Becker are summarised, which are in support of a special relativistic

explanation of unipolar induction.

The problem has also been analysed mathematically by different authors, showing

that the EMF and induced voltage can be obtained in several ways [350–354] Especially

the review by McDonald focuses on the correct formulation of Faraday’s law and re-

states its applicability [354]. Among the theoretical explanations, an approach exists by

Montgomery [355, 356] where instead of the magnetic field, the motion of the conductor

charges and energy conservation are considered in order to predict the EMF. Further to

this charge based approach, unipolar induction has of course seen treatment with We-

ber electrodynamics [48, 63, 128, 357, 358] and Weber himself derived Faraday’s law from
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his force formula [48, 63, 357] as was acknowledged by Maxwell in his Treatise [1, arti-

cle 856, p. 486]. Wesley has also shown how Weber’s force can predict unipolar induction

in general [128], and more recently, Weber’s force has been successfully applied specifically

to a spinning disk and stationary electromagnet setup by the author [358], which will be

further explained in section 5.1.

Next to the extensive theoretical treatments, several experimental studies have tried to

investigate the phenomenon of unipolar induction, Faraday’s law, rotating magnetic fields

and related topics [312,315,316,330,333,338,339,341,359–373] and an even more extensive

list of references regarding the phenomenon can be found in McDonald’s review [354].

Despite these many studies and great efforts the results are still inconclusive as to whether

MFH or SFH is correct. Supporting evidence for MFH has been reported from recent

investigations [316, 330], whereas other recent results support SFH [371–373] and the

debate is still ongoing.

Kelly [330] has tested unipolar induction with special focus on the return wire, the

wire was arranged in such a way that it would run partially parallel to the disk and form

what he called a “zig-zag” pattern. He reports a reduction of magnitude in observed EMF

and claims this can only be explained with the magnetic field lines cutting the multiple

wire segments upon their rotation. This leads to locally opposing EMFs from one wire

segment to the next, resulting in an overall effective reduction of the magnitude as the

flow of current is reduced by the segments that are polarised in the same direction by the

magnetic field.

However, Macleod [371] has challenged these findings and reports that different wire

routing configurations have been tested in an attempt to repeat Kelly’s experiments,

but are found to be not reproducible and no form of wire routing had any influence

on the measurement results. Even so, Macleod did not report exactly how and what

configurations of wire routing were tested and if Kelly’s setup was recreated or if the

routing was tested with Macleod’s original setup. The original setup of Macleod was a

twin-disk assembly where a ring magnet was attached to each disk so that they would

be in opposite polarity. With this the voltages induced in the disks could be measured
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individually and combined. From the results of these measurements, Macleod concluded

that the observations agreed with the field remaining stationary.

In the experiments of Leus and Taylor [316] a ring magnet and annular iron yoke

with an air gap were rotated in unison to measure induced voltages. A stationary probe

through the air gap connected a voltmeter outside to a copper cylinder sitting inside

the ring magnet, but isolated from the same. The cylinder was connected inside of the

assembly to a brass ring sitting at the opposite end of the magnet and the brass ring was

in turn connected to the voltmeter. Additionally, they rotated a quadrupole ring magnet

and used a current loop to observe the induction. From the results obtained they conclude

that the field is spinning with the magnet.

Müller [372] has experimented with an assembly where conducting magnets would

perform oscillatory motions – instead of a full rotation, they would only rotate back and

forth on a short circular arc. The magnets were situated in a yoke confining the magnetic

field, so that the external part of the circuit was effectively shielded from the field. The

external part was then connected to an amplifier circuit and measurements of the induced

voltages taken. From the results Müller concluded that the field remains stationary upon

the magnet’s rotation.

The same conclusion was reached by Chen et al. [373], after investigating a twin-disk

setup. Each disk was sitting next to a ring magnet and could rotate in opposite directions,

either independently with the magnets remaining stationary or rotating together with the

magnets in unison. They measured the induced voltages for individual and combined

rotations and found that their results agreed with the field remaining stationary.

Further, from a slightly older investigation, Valone [374] has devised a one-piece Fara-

day generator where he allowed the measurement device to rotate with the conducting

magnets. He utilised a circuit with an indicator LED for threshold voltage detection.

The circuit was designed so that the LED would be powered continuously by a battery,

only when a voltage over an arbitrarily chosen threshold of 15 mV in his apparatus was

exceeded would the LED turn off, signalling the presence of a potential difference. First

the detection circuit was kept stationary and upon connecting it to the spinning magnets,
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a voltage was detected. Next he attached the detector to the magnets so that they would

spin in unison and no voltage was detected. Although Valone does not comment on this

result in regards to the motion of the field itself, he still states his opinion that the field

remains stationary upon rotation in the introduction of the same work.

But from only the recent experiments summarised here, it can be seen that there exists

supporting evidence for MFH and SFH in the literature and no clear conclusion can be

drawn about which hypothesis is correct and the debate remains ongoing. But instead

of only focussing on the field, Assis and Thober [194] have further analysed unipolar

induction from the perspective of Weber’s theory and they have put emphasis on a part

that is often overlooked in the discussions surrounding the field: the closing wire (BC)

of the circuit. They state that when the entire circuit ABCDA is taken into account,

the appearance of an EMF will be determined solely by relative motion between the disk

(DA) and the closing wire (respectively measurement device (BC)). As this can correctly

predict the typically discussed cases i), ii) and iii) this seems a promising approach and

the influence of the closing wire will be researched further in this work.

To investigate unipolar induction using Weber electrodynamics, this chapter is divided

into two main parts for better presentation and to investigate specific aspects of the phe-

nomenon. First, in section 5.1, we will assume the measurement device (BC) to be always

stationary, where mathematical models are derived and quantitative measurements are

carried out to compare predicted induction values with experiments. Following, in section

5.2, the measurement device (BC) will be allowed to rotate to investigate qualitatively the

influence of the closing wire and a novel experimental design is devised to test the claims

of Assis and Thober. Finally, after reporting those results it will be discussed what in-

sights have been gained and what implications can be derived for the general phenomenon

of unipolar induction.

5.1 Stationary Detector

First we will focus on unipolar induction with the restriction of the measurement device

(BC) always being stationary in the laboratory reference frame. With this we will consider
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unipolar induction with the help of Weber electrodynamics and see how Weber’s force can

mathematically model the induced voltage. Similarly, a field based model is derived and

subsequently experiments carried out with a Faraday generator to obtain data against

which the predictions will be compared.

5.1.1 Mathematical Modelling

This section will focus on the modelling used to predict the induced voltages in a Faraday

generator where the magnet and measurement device are kept stationary and only the

disk is allowed to rotate. We will first show the direct-action approach based on Weber

electrodynamics, which is then followed by the calculations employing field theory and

the respective magnetic field B⃗ of the magnet.

5.1.1.1 Weber Model Unipolar induction has previously been related to and anal-

ysed with Weber electrodynamics in the literature [48, 63, 128, 357, 358], and Weber him-

self derived Faraday’s law from his force formula [48,63,357], which was acknowledged by

Maxwell in his Treatise [1, article 856, p. 486]. Wesley has also shown in a more general

fashion how Weber’s force can predict unipolar induction [128], but without applying it to

any specific case or setup. However, the present author believes that such considerations

are necessary since the distribution of charges is paramount to the Weber force and might

also be especially important when trying to predict other types of induction phenom-

ena. The Weber model in this chapter and associated experiment as well as results have

previously been published in [358], and the derivations will follow the same structure.

For a stationary coil and spinning disk, we consider the charges both in the disk and

the coil. For any arbitrary coil centred on the origin of a Cartesian coordinate system

we can use the Weber force in the laboratory reference frame and determine the usual

vectorial quantities according to Figure 5.2.

As in the previous sections modelling solenoids (sec. 4.1.1.1), a continuous current

I flows through a coil with radius R1, length L and number of windings N in helical

motion, with the negative charge of the current q1− moving and the positive lattice charge

q1+ stationary. The disk next to the coil has a radius R2 and the charges are equally
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r⃗1
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Figure 5.2: Diagram of coil geometry with radius R1 and length L centred on a Cartesian
coordinate system. A disk with radius R2 is spinning with angular velocity ω and positioned
on the z-axis at z2. Vectors r⃗1 and r⃗2 describe the position of charges in the coil or disk
with the help of polar angles θ1 and θ2, where θ2 is the polar angle in the plane of the disk.

distributed, and we can designate the positions:

r⃗1 =

R1 cos(θ1)
R1 sin(θ1)
z1 − dzθ1

 , r⃗2 =

R2 cos(θ2)
R2 sin(θ2)

z2

 , (5.3)

r⃗12 =r⃗1 − r⃗2 =

R1 cos(θ1)−R2 cos(θ2)
R1 sin(θ1)−R2 sin(θ2)

z1 − z2 − dzθ1

 , (5.4)

r12 =|r⃗1 − r⃗2|. (5.5)

Due to the disk’s rotation its charges q2+ and q2− will move with angular velocity ω; and

the negative charge of a current element q1− travelling through the coil will move with

velocity v⃗1, so that we obtain:

v⃗1 =

−v1sin(θ1)
v1cos(θ1)
−v1dz/R1

 , v⃗2 =

−ωR2sin(θ2)
ωR2cos(θ2)

0

 , (5.6)

v⃗12 =

−v1sin(θ1) + ωR2sin(θ2)
v1cos(θ1)− ωR2cos(θ2)

−v1dz/R1

 , (5.7)
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while the lattice charges q1+ in the coil remain at rest, so their velocity is zero.

For the acceleration terms in this case we can find that a⃗1-terms, seen by the current

element’s negative charges due to the helical motion, are negligibly small, since R1a⃗1 ≪

ωR2 and any acceleration terms a⃗2 of charges in the disk cancel out in the calculations.

Based on the distribution of the charges q1+, q1−, q2+ and q2− in the coil and in the

disk we can formulate the four interaction forces F⃗2−1−, F⃗2+1−, F⃗2−1+, F⃗2+1+ to predict the

induced voltage. Of these, the forces F⃗2+1−, F⃗2+1+ are acting on the lattice charges of the

disk and thus they will be counteracted by the lattice itself. However, the electrons in

the disk are free to move and so the forces F⃗2−1−, F⃗2−1+ will act on them accordingly:

F⃗2−1− =
q1q2
4πε0

r⃗12
r312

1− 3

2c2
1

r212

R1 cos(θ1)−R2 cos(θ2)
R1 sin(θ1)−R2 sin(θ2)

z1 − z2 − dzθ1

−v1sin(θ1) + ωR2sin(θ2)
v1cos(θ1)− ωR2cos(θ2)

−v1dz/R1

2

+
1

c2

−v1sin(θ1) + ωR2sin(θ2)
v1cos(θ1)− ωR2cos(θ2)

−v1dz/R1

−v1sin(θ1) + ωR2sin(θ2)
v1cos(θ1)− ωR2cos(θ2)

−v1dz/R1


+

R1 cos(θ1)−R2 cos(θ2)
R1 sin(θ1)−R2 sin(θ2)

z1 − z2 − dzθ1

a1x − a2x
a1y − a2y
a1z − a2z

 ,

(5.8)

F⃗2−1+ =− q1q2
4πε0

r⃗12
r312

1− 3

2c2
1

r212

R1 cos(θ1)−R2 cos(θ2)
R1 sin(θ1)−R2 sin(θ2)

z1 − z2 − dzθ1

 ωR2sin(θ2)
−ωR2cos(θ2)

0

2

+
1

c2

 ωR2sin(θ2)
−ωR2cos(θ2)

0

 ωR2sin(θ2)
−ωR2cos(θ2)

0


+

R1 cos(θ1)−R2 cos(θ2)
R1 sin(θ1)−R2 sin(θ2)

z1 − z2 − dzθ1

−a2x
−a2y
−a2z

 .

(5.9)

The total force on the electrons is then given as the sum:

Fsum = F⃗2−1− + F⃗2−1+. (5.10)

We can once again transition from discrete charges q1v1 to continuous current elements

IR1dθ1 and utilise the assumption ωR2 ≫ v1, since the conduction electrons in the coil

are much slower than the electrons moving with the disk, which holds
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F⃗w =
Iq2R1

4πε0c2
r⃗12
r312

{
−3

2

1

r212

[
−2ωR2sin(θ1)sin(θ2)(R1cos(θ1)−R2cos(θ2))

2

+(2ωR2cos(θ1)sin(θ2) + 2ωR2sin(θ1)cos(θ2))(R1cos(θ1)−R2cos(θ2))(R1sin(θ1)−R2sin(θ2))

−2 ωR2cos(θ1)cos(θ2)(R1sin(θ1)−R2sin(θ2))
2
]

+ [−2ωR2sin(θ1)sin(θ2)− 2ωR2cos(θ1)cos(θ2)]} dθ1.
(5.11)

From the force (5.11) acting on the electrons, the corresponding EMF can be obtained by

dividing the equation by q2 and integrating along the disk’s radius R2, as this is the path

along which the potential difference manifests and the voltage can be measured, giving

EMF =

� Rdisk

0

� N ·2π

0

IωR1R2

4πε0c2
r⃗12
r312

{
−3

2

1

r212

[
−2sin(θ1)sin(θ2)(R1cos(θ1)−R2cos(θ2))

2

+(2cos(θ1)sin(θ2) + 2sin(θ1)cos(θ2))(R1cos(θ1)−R2cos(θ2))(R1sin(θ1)−R2sin(θ2))

−2 cos(θ1)cos(θ2)(R1sin(θ1)−R2sin(θ2))
2
]

+ [−2sin(θ1)sin(θ2)− 2cos(θ1)cos(θ2)]} dθ1dR2.

(5.12)

Formulation (5.12) predicts the induced voltage for any arbitrary stationary coil and

rotating disk at any position r⃗2 in a typical Faraday-generator (Fig. 5.1). With the help

of MATLAB (release 2020a, Mathworks, MA, USA) (5.12) is numerically integrated by

the in-built integral2 function for the variable θ1 in the bounds of 0 to N · 2π and the

radius R2 from 0 to Rdisk. As the voltage measurement across the disk’s radius is a one-

dimensional line and the problem is rotationally symmetric, the angle θ2 is a fixed value

between 0 and 2π that can be chosen arbitrarily. For convenience the value π/4 has been

chosen which regards the EMF along the y-axis. This means that the entirety of the EMF

will be visible in the y-component of (5.12) and the x-component is zero. This means

generally the EMF along the radius can then be found as

EMFR =
√

EMF 2
x + EMF 2

y , (5.13)

which gives the expected value of induced voltage for any choice of θ2. An example code

of this calculation is found in appendix C.

Further to this calculation based on the current through a coil, it is possible to ap-

proximate a permanent magnet when the integral in (5.12) is estimated as:
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� N2π

0
(. . . ) ≈ N ·

� 2π

0
(. . . ) , (5.14)

and including the definition of remanence Br (the field of an ideal, long solenoid, similar

to section 4.1.1.2):

Br = µ0I
N

L
, (5.15)

which allows (5.12) to be expressed as

EMF ≈ BLωR1R2

4π

� Rdisk

0

� 2π

0
{. . . } dθ1dR2. (5.16)

However, this is only an approximation and there might be further modifications necessary

before the equation can be fully applied to any permanent magnet setup.

5.1.1.2 Field Model With a field based approach, there is more than one possible

way to calculate the induced voltage across the disk in the Faraday generator. The

methods are usually based on Faraday’s flux rule, the Lorentz force or SRT and they have

been reviewed in [350,352–354] and especially McDonald emphasises using the “complete

flux formula” in his review.

Here we will only show one possible way, utilising the Lorentz force acting on the

charges in the disk to obtain numerical simulations in MATLAB to predict the induced

voltages. The Lorentz force acting on the conduction electrons in the disk will be set up

in such a way that there is an equilibrium between the radial electrostatic field E(r) and

the magnetic field the charges are subject to, such that the total force on the charge is

zero. By virtue of the right-hand rule it can also be identified that it is only the axial field

component Bz that is contributing to the radial EMF acting on the charges, thus giving:

F = −qE(r)−Bz(r)ωR2q = 0 (5.17)

and solving for the radial electric field

E(r) = −Bz(r)ωR2. (5.18)

To obtain the EMF, once again we have to integrate between the centre and radial dis-
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tance, R2, giving

EMF (R2) = ω

� Rdisk

0
[Bz|R2,z2 ·R2]dR2. (5.19)

To calculate the axial field component the same field model by Derby & Olbert [299]

is employed as in the previous section 4.1.1.2, so that equations (4.21) and (4.22) can

be used. Field values for Bz are evaluated with the corresponding MATLAB tool [298]

along the radius R2 of the disk and at distance z2. The radius is divided into 100 equally

spaced points between 0 and desired value of R2 = Rdisk, giving 100 values for Bz at

each point R2, z2 which are then used to numerically integrate (5.19) with the trapezium

rule. It is found that a hundred points along the radius gives sufficient accuracy and no

further increase in accuracy is found by using additional points. The code used for these

calculations can again be found in appendix C.

The predictions for both field and Weber model are thus found with the help of

numerical tools, although it can be seen that the value of Bz itself is independent of the

variables R2, z2 and has a constant value at each individual point on the radius. Thus we

can find for the integral of (5.19):

EMF (R2) =
ωR2

2

2
(Bz|Rmax,z2−Bz|Rmin,z2) (5.20)

where the values for Bz are found at the points on the radius Rmax, Rmin representing the

inner and outer point between which the potential difference across the disk is obtained.

With the common choice of Rmin = 0 coinciding with the z-axis of the coil where Bz = 0,

this simplifies the formula to

EMF =
ωBzR

2
2

2
. (5.21)

This is the well known expression for the induced voltage where Bz is the value of field at

the outer point of the disk where the potential difference is measured. With predictions

ready for both models, experimental measurements have been performed as described in

the subsequent section 5.1.2 to compare the predictions of both Weber and field model to

observed values.
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5.1.2 Experiment With a Standard Faraday Generator

In order to measure induced voltages across a disk a standard Faraday-generator con-

figuration has been chosen. A DC motor is rotating a brass disk at 1100 RPM (ω ≈

115 rad s−1). Voltage is measured from the centre of the disk to different radial distances

R2 (0.5 , 1 , 1.5 , . . ., up to the edge of the disk at 4 cm) and grooves have been cut into the

disk at each distance. A short coil with mean radius R1 = 68 mm, length L = 2 cm and

N = 320 windings is used to generate a magnetic field by being supplied with a continuous

DC current of 3 A. The disk is positioned at two different locations w.r.t. the coil, so

that voltages are measured across the disk sitting at z2 = 0, in the centre of the coil and

also at z2 = 1 cm, aligned with the end of the coil. A drawing of the apparatus can be

seen in Figure 5.3. To measure the induced voltage at each radius for both locations of

the disk a Rhode & Schwarz HMC8012 digital multimeter (accuracy ≈ 0.01 mV) is used

with two copper wires that are pressed against the disk. Upon pressing the wires against

the disk no reduction in rotation speed could be observed as the DC motor provided a

sufficient torque to compensate the perturbation. The voltage measurement is repeated

20 times at each point to obtain a statistical average and standard deviation, with the

readings showing good reproducibility. Further, the friction of the copper wires on the

brass disk was not significant enough to produce any noticeable thermoelectric effects,

within the given measurement accuracy and time frame no voltage was observed due to

the copper wires making contact with the spinning disk. The control test in absence of

the coil further revealed that no measurable voltage is induced in the rotating disk up to

the range of measurement, which excludes potential sources of error such as the Earth’s

magnetic field or stray electromagnetic fields present in the laboratory. All reported val-

ues are obtained with the positive probe of the multimeter in the centre of the disk and

the negative probe placed in the respective groove. This is due to the direction of the

magnetic field forcing the electrons to the periphery of the disk and a positive sign can

be obtained on the voltage readings this way. A control test revealed that changing the

positioning of the probes (negative probe in centre, positive on periphery) changed the

sign of the observed voltage, as expected.
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Figure 5.3: Experimental setup of a brass disk with grooves rotated by a DC motor and
a short coil with 320 windings

5.1.3 Results of Standard Faraday Generator Experiment

The results of the measurements are shown in Table 5.1 and Table 5.2 where they are

also compared to the predictions obtained from the Weber model and field model for the

different radii along the brass disk. For the disk located in the centre of the coil (z2 = 0),

Table 5.1 shows observed and calculated values and Table 5.2 shows results for the disk

located at z2 = 1 cm, where the edge of the coil and the disk are aligned.

Table 5.1: Predicted and observed values of induced voltage in mV. Measurements were
taken at the centre of the coil for different radii as indicated.

Radius
in cm

Weber model
EMF in mV

Field model
EMF in mV

Measured
EMF in mV

0.5 0.01 0.01 0.01(± 0.002)
1 0.05 0.05 0.05(± 0.008)
1.5 0.12 0.12 0.12(± 0.008)
2 0.21 0.21 0.23(± 0.009)
2.5 0.33 0.33 0.35(± 0.012)
3 0.49 0.49 0.49(± 0.011)
3.5 0.69 0.69 0.66(± 0.012)
4 0.94 0.94 0.92(± 0.018)

With the help of these tables we can compare the predicted values of the Weber model

to the predictions of the field model. It appears immediately obvious that for any location
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Table 5.2: Predicted and observed values of induced voltage in mV at the edge of the coil
for different radii.

Radius
in cm

Weber model
EMF in mV

Field model
EMF in mV

Measured
EMF in mV

0.5 0.01 0.01 0.01(± 0.003)
1 0.05 0.05 0.05(± 0.005)
1.5 0.11 0.11 0.14(± 0.007)
2 0.2 0.2 0.24(± 0.010)
2.5 0.32 0.32 0.36(± 0.009)
3 0.47 0.47 0.49(± 0.009)
3.5 0.66 0.66 0.67(± 0.010)
4 0.89 0.89 0.92(± 0.008)

z2 of the disk and any radial distance along the disk R2 both approaches predict the same

induced voltages. The predictions show further good agreement with the measurements

obtained from experiment both in the centre of the coil and at the end of the coil. The

observed voltages are shown as a function of radius R2 for z2 = 0 in Figure 5.4a and for

z2 = 1 cm in Figure 5.4b. The trend of the data points in both plots shows a clear R2

dependence, as is expected from theory.
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Figure 5.4: Predicted and observed values of induced voltage shown as a function of Radius
R2. a) In the centre of the coil, b) at the edge of the coil

113



5 UNIPOLAR INDUCTION WITH WEBER ELECTRODYNAMICS

5.2 Rotating Detector

Now we will extend considerations by allowing the measurement device to be free to rotate

in the laboratory reference frame as well, this allows for an analysis of the influence of the

closing wire on the phenomenon (sec. 5.2.1) and this can be investigated experimentally

(sec. 5.2.2) to check if there is an influence on the system as a whole.

5.2.1 Influence of the Closing Wire

In their analysis, Assis and Thober [194] consider each of the elements, disk (DA), magnet

and closing wire (BC) to be free to rotate around a common axis and consider the full

circuit ABCDA in the process. As there are now 3 components in 2 states of motion

(stationary or rotating) they analyse all 8 possible cases of induction instead of just the

usual 3. As they analyse these configurations only from a Weber-perspective, we would

like to extend the analysis to include MFH and SFH and predict the possible inductions

with these two approaches as well. Table 5.3 summarises the predictions, with ω indicating

the rotation of a component and 1 (i.e., true) indicating an expected voltage induced in

the circuit. The expected results can now be explained for each individual case:

Table 5.3: Predicted EMF in 8 possible cases for three different theoretical interpretations. BC
and DA relate to the parts of the measurement circuit that can move, where BC is the closing wire
and DA the disk, as illustrated in Fig. 5.1.

Case DA BC Magnet SFH MFH Weber

1 0 0 0 0 0 0
2 ω 0 0 1 1 1
3 ω ω 0 0 0 0
4 ω 0 ω 1 1 1
5 0 ω 0 1 1 1
6 0 ω ω 1 1 1
7 0 0 ω 0 0 0
8 ω ω ω 0 0 0

Case 1: None of the parts move, therefore no voltage can be induced.

Case 2: Only the disk (DA) is rotating. For both stationary and co-rotating field perspec-

tives the disk cuts the field lines once, the disk gets polarised due to the magnetic

force, whereas the closing wire (BC) stays neutral. Thus, a current can flow and
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an induced voltage can be observed. In Weber’s theory, the charges in the disk are

moving and consequentially see an EMF from the magnet which polarises the disk

while the closing wire stays neutral and a current can flow, so a voltage is observed.

Case 3: Disk (DA) and measurement circuit (BC) are rotating. The field lines are being cut

twice in this case, once by the disk and once by the closing wires of the measurement

device. This means that both parts of the circuit are polarised in the same way as

they both see a magnetic force, however, current cannot flow in this case as the

polarisation is in the same sense, so the circuit is never completed and the voltage

cannot manifest. Similarly in a direct-action approach, both parts of the circuit are

polarised in the same way and current cannot flow.

Case 4: Disk (DA) and magnet are rotating. Considering the field remaining stationary,

the disk is cutting the field lines and in turn polarised while the closing wire (BC)

remains neutral. So a current flows and the voltage is induced across the disk. If the

field is regarded as co-rotating with the magnet, the field lines now cut the closing

wire and polarise it while the disk remains neutral. But again, a current can flow

and a voltage is induced. With Weber’s force, the charges moving with the disk see

an EMF, the disk is polarised, the closing wire stays neutral, a current can flow and

the voltage appears.

Case 5: Only the measurement circuit (and its associated closing wire (BC)) is moving.

Similar to case 2, the field lines are cut only once, this time by the closing wire,

which gets polarised while the disk (DA) remains neutral, a current can flow and a

voltage is induced. With a direct force approach, the force is acting on the moving

charges in the closing wire and causing it to polarise. As the disk remains neutral,

a current can flow and a voltage is observable.

Case 6: Measurement device (BC) and magnet are rotating. If the field remains stationary,

then the closing wire is cutting the field lines and gets polarised, while the disk (DA)

remains neutral and a voltage is induced. Vice versa, should the field be moving

with the magnet, the field lines cut the disk, polarise it and induce a voltage. With
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Weber’s theory, it is the charges in the closing wire that experience a force due to

their movement. The closing wire will then be polarised while the disk is neutral, a

current can flow and a voltage is induced.

Case 7: Only the magnet rotates. For the field remaining stationary this is the same as case

1. For the field co-rotating this is similar to case 3 where the field lines cut the

circuit twice and no voltage appears. Considering the Weber force, disk and closing

wire will be polarised the same way, a current cannot flow and a voltage cannot

appear.

Case 8: For each of the approaches, there is no relative motion and thus no EMF is expected.

As we can see from this analysis, even with the closing wire included in the deductions

the three approaches MFH, SFH and Weber electrodynamics all predict the same results.

However, they disagree on the physical reasons as to why an EMF is appearing in certain

cases. This is especially apparent when case 4 and 6 are compared, both field approaches

predict the appearance of an EMF but for opposite physical reasons. In case 4, from the

perspective of SFH the voltage appears due to the disk (DA) cutting the stationary field

lines, while with MFH the moving field lines cut the stationary closing wire (BC). In case

6, SFH predicts the moving closing wire (BC) cutting the stationary field lines, while

MFH sees the moving field lines cutting the stationary disk (DA). Nonetheless, the three

theories still agree on the fact that a voltage can only be observed when there is relative

motion between the disk (DA) and closing wire (BC).

The specific influence of the closing wire has not been tested experimentally to a suf-

ficient degree prior to this work. Some of the previously reviewed experiments, like those

of Kelly [330], Müller [372] and Valone [374], are the closest known to the author of the

present work to consider the influence on the results, but do still not rigorously inves-

tigate the relative motion between magnets, disk (DA) and closing wire/measurement

device (BC). Kelly’s results with different wire routings were contended by Macleod [371],

however, neither allowed for rotation of the measurement device itself. Müller allowed

an external portion of the circuit to rotate, but the measurement device was also still
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stationary and the external portion was effectively shielded from the magnetic field. Val-

one allowed the entire measurement circuit to spin with the conducting magnets in the

one-piece Faraday Generator, however this only examines cases 4 and 8 of the analysis

above. Thus, a new experimental setup has been devised for this work to investigate

whether the closing wire has an influence on unipolar induction and test all 8 possible

configurations of relative motion in a Faraday generator. The apparatus is explained in

the following section 5.2.2 and results from this investigation have also been published

previously in [375].

5.2.2 Experiment to Test the Influence of the Closing Wire

In order to investigate the influence of the closing wire and where the induction occurs

experimentally, a new setup has been used in [375]. It consists of a mini lathe with a

brass shaft, two permanent ring magnets, a brass disk and a PCB with a measurement

circuit. A sketch of the assembly is shown in Figure 5.5 and a photograph in Figure 5.6.

The three major components, magnets, disk and PCB, are all situated on an individual

aluminium sleeve each running on a bearing. This allows for a component to be held

stationary with a stop screw or to rotate it with the shaft by tightening two grub screws

in the sleeve. With this mechanism each part of the assembly can be held stationary or

rotate independently so that the 8 possible cases of induction can be tested.

Two permanent neodymium ring magnets of type N42 (part number F2516-1) were

acquired from Bunting eMagnets (Hertfordshire, UK). Their outer diameter is 25 mm and

inner diameter 16 mm, with an individual thickness of 5 mm and a remanence Br=0.4 T.

They have been glued to the sleeve with the help of epoxy resin to secure their position.

The brass disk has a similar thickness of 5 mm and an outer diameter of 42 mm. The

PCB with the measurement circuit is likewise manufactured to be circular with an outer

diameter of 43 mm. The measurement circuit utilises an LED as a visual indicator light

to detect the presence of a voltage across the disk and is driven by an amplifier. Contact

with the disk is made through two relay contacts that are soldered onto the PCB and then

bent into a Z-shape, which spring loads the contacts and ensures a continuous connection
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Figure 5.5: Sketch of the experimental setup to test the rotation of the three individual
parts: magnet, disk and measurement circuit (respectively closing wire).

Figure 5.6: Photograph of the experimental setup. A right-handed system of coordinates is
placed so that the brass shaft is coaxial with the z-axis. Neodymium magnets and brass disk
are each glued to an aluminium sleeve, the measurement PCB is screwed to an aluminium
sleeve with nylon screws. Each of the sleeves sits on bearings and can rotate with the shaft
or be fixed with the help of dedicated stop screws as indicated in the photograph.

between the brass tip of the contact and the disk, even when either part is spinning. The

contacts are separated by roughly 10 mm to 12 mm along the radius of the PCB and the
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tracks they are soldered onto are 3 mm wide and connect to the inputs of the amplifier.

The PCB and circuit have been specifically designed to qualitatively test the existence

of an EMF in the assembly, where the copper tracks connecting the relay contacts to the

inputs of the amplifier form the closing wire. A differential In-Amp LTC2053 amplifies

the input voltage induced in the circuit ABCDA and outputs it to a yellow high efficiency

LED (ROHM SML-D11YWT86, 1.85 V, 2 mA) with a current limiting resistor, while two

button batteries BR1225 power the amplifier. A schematic of the circuit is shown in

Figure 5.7.

Figure 5.7: Circuit Diagram of the detector circuit with amplifier and LED

In order to determine the necessary amplifier gain, a first test was run with the disk

rotating in the magnetic field and the induced voltage measured with a Rhode & Schwarz

HMC8012 digital multimeter. Across the entire radial distance of 14 mm on the backside

of the disk a maximum potential difference of about 2 mV was observed. But as the

separation of the relay contacts is slightly less (10 mm to 12 mm) the voltage between the

contacts is closer to ≈1.5 mV. The contacts are also subject to some slight positional

inaccuracies as they can’t be soldered onto the PCB at an exact 90° angle and when the

PCB is rotating they will experience centrifugal forces. Due to these constraints the gain

was chosen to be set at 2000, which ensures the operation of the LED even with slight

fluctuations of the induced voltage due to slight positional shifts of the contacts.
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The trade-off however, is that with this high gain factor the relay contacts pick up

surrounding noise from the laboratory environment due to them acting like antennae,

which results in the LED turning on weakly in its base state. However, when the contacts

are touching the brass disk they are short-circuited and the LED turns off in consequence,

giving an expected “0” base state of the circuit. As an additional means of controlling

the noise picked up, a low pass filter was included in the circuit, attenuating 3 dB at

620 Hz, which gives roughly 5 to 10 times the bandwidth of a single rotation, depending

on the speed of the lathe. However, no significant noise reduction could be achieved with

the additional filter, only the spring loaded nature of the contacts achieved a continuous

connection to the disk, even upon rotation, which guaranteed the turned off base state of

the LED.

The rotational speed of the lathe could be varied by changing the magnitude of the

supply voltage VS and the included power supply comes factory-equipped with seven

different settings. The rotational speeds of the lathe have been measured in the no-

load configuration through two distinct methods. Method one measured the acoustic

frequency emitted by the lathe in each setting with a microphone and spectrum analyser,

and method two determined the rotational speed through a strobe light. The measured

speeds are listed in Table 5.4.

Table 5.4: Measured rotational speeds of the lathe in no load condition, via the emitted
acoustic frequency and with the aid of a strobe light.

VS facoustic RPMacoustic ωacoustic RPMstrobe

12 V 80 Hz 4800 502.65 rad s−1 4800
15 V 99 Hz 5940 622 rad s−1 5960
16 V 106 Hz 6360 666 rad s−1 6360
18 V 119 Hz 7140 747.7 rad s−1 7180
19 V 125 Hz 7500 785.4 rad s−1 7550
20 V 131 Hz 7860 823.1 rad s−1 7960
24 V 156 Hz 9360 980.2 rad s−1 9450

Before the main test of checking the 8 cases was conducted, the working condition

of the apparatus was checked with several control tests. The polarity of the DC motor

driving the lathe could be easily switched, which also reversed the rotational direction

the shaft was spinning in. It was first determined how the disk would be polarised by
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the magnetic field depending on the rotational direction. With the magnets glued to

the sleeve, their orientation remained the same for all experiments throughout, making it

possible to control the polarity (and thus the sign) of the EMF by means of the rotational

direction only. Further, the two rotational directions are called clockwise (CW) and

counter-clockwise (CCW) and are determined by the coordinate system indicated in Fig.

5.6. With the help of the HMC8012 multimeter the sign of induced voltage can be

observed upon rotation of the disk which ascertained the polarisation. For CCW rotation

the disk polarises with the negative charges on the perimeter and the positive charges in

the centre. When rotated CW, the opposite occurs with the negative charges now in the

centre of the disk and the positive charges on the periphery.

With the knowledge of polarisation direction, two PCBs were manufactured with a

detector circuit each but in opposite polarities. For the first circuit the relay contacts are

connected to the In-Amp so that the outer contact is connected to the inverting input of

the amplifier, while the non-inverting input is connected to the relay contact closer to the

centre of the PCB, further called “Normal Polarity” (NP). In the second configuration,

called “Inverted Polarity” (IP), the outer contact connects to the non-inverting input

and the central contact connects to the inverting input. Photographs of the two PCBs

manufactured in NP and IP configuration can be seen in Figure 5.8.

(a) (b)

Figure 5.8: Photograph of the circuit board with LED and amplifier circuit a) Normal
Polarity (NP), b) Inverted Polarity (IP).
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Next, an external voltage source was used to test the functionality of the NP circuit.

The outer contact (inverting input) was connected to the negative terminal of the source

and the central contact (non-inverting input) to the positive terminal, which simulates the

voltage across a disk when polarised with the negative charges on the circumference and

positive in the centre. Upon connecting the cables to the relay contacts, it was observed

that the picked up noise increased too, which resulted in an increased brightness of the

LED. However, when the voltage supply of 2 mV DC from the source was switched on to

test the circuit, it further raised the intensity of the LED. Supplying a negative voltage of

−2 mV switched the LED off completely, as the In-Amp cannot output negative voltages

due to the chosen design with the negative side of the batteries as the 0 V reference, so

this result was expected. With these two tests the correct functionality of the amplifier

circuit could be confirmed.

As the last control test, disk and PCB were rotated in absence of the magnet. The

disk was spun first while the PCB was kept stationary and inversely the PCB was spun

while the disk was kept stationary. Performing these checks with both amplifier polarities

and spinning in CW and CCW directions, it was found that the LED remained switched

off in absence of the magnet.

5.2.3 Results From Rotating Detector Experiments

With the functionality of the setup confirmed, the 8 configurations of unipolar induction,

as given in Table 5.3 could now be tested. The first series of tests was performed with

the NP amplifier and spinning the components in CW as well as in CCW direction. The

second series of tests was conducted with the IP amplifier and again spinning CW and

CCW, and the results for both test series are summarised in Table 5.5. It can be seen

from these results that in CCW rotation and NP amplifier setting an induced voltage is

observed in cases 2 and 4 only, where the disk (DA) is rotating on its own (case 2) and

together with the magnet (case 4). No voltage could be detected for any of the other

cases. For the IP amplifier in CCW rotation, a voltage is observed only in cases 5 (PCB

(BC) spinning on its own) and 6 (PCB (BC) and magnets spinning), whereas the other
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cases did not alight the LED. When the rotational direction is inverted to CW direction,

it is now the IP amplifier showing a voltage in cases 2 and 4 and the NP amplifier showing

a voltage in cases 5 and 6.

Table 5.5: Results for testing cases 1 to 8 in both rotational directions with both polarities
of the amplifier. An ω indicates movement of the respective part and a 1 (true) represents
an observed “on” state of the indicator light, meaning a voltage is observed.

Observed State of LED
CCW Rotation CW Rotation

Case DA BC Magnet NP IP NP IP

1 0 0 0 0 0 0 0
2 ω 0 0 1 0 0 1
3 ω ω 0 0 0 0 0
4 ω 0 ω 1 0 0 1
5 0 ω 0 0 1 1 0
6 0 ω ω 0 1 1 0
7 0 0 ω 0 0 0 0
8 ω ω ω 0 0 0 0

From the predictions in Table 5.3 one could have been led to expect cases 5 and 6

to show a voltage in CCW rotation and NP amplifier setting as well, but as this is not

the case and they only show for IP operation, some deeper analysis of the results is in

order. With the IP amplifier and CCW rotation, the disk (DA) will polarise as determined

above, for all the cases where it is rotating, with the electrons on the perimeter and the

positive charges in the centre. However, the amplifier remains off in these cases as it

would need to output a negative voltage w.r.t. the zero volt reference, so consequently

the LED will remain off as well. Intuitively, we would now expect that the closing wire

(BC) polarises the same way as the disk (DA) due to the magnetic field and a voltage

would be observable for CCW rotation and NP amplifier, but not for the IP amplifier.

However, this expectation is erroneous, as it is not the polarisation alone that needs to

be examined, it is rather the electron flow in circuit ABCDA that needs to be considered in

these results. When the PCB (BC) is spinning CCW in the magnetic field and polarises

with the electrons on the perimeter and the positive charges in the centre, then the

electrons will flow away from the inverting input, along the copper track to the periphery,

into the relay contact, back through the disk (DA) and back up the copper track towards
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the non-inverting input (see Fig. 5.9a). But this means for the NP amplifier that the

electrons are flowing the wrong way, as it cannot output negative voltages. So it is

precisely because the closing wire (BC) gets polarised in the same sense as the disk (DA)

that the LED does not turn on in this case. If, however, we use the IP amplifier with CCW

rotation, the electrons can flow into the inverting input (Fig. 5.9b) and the voltages in

case 5 and 6 are observed. When the rotational direction is reversed to CW rotation, disk

(DA) and closing wire (BC) will now polarise the opposite way (negative in centre, positive

on perimeter), leading to exactly the opposite results of CCW rotation. That is, in cases

2 and 4 where the disk (DA) is rotating, electrons will flow away from the inverting input

on the NP amplifier (LED remains off) but into the inverting input of the IP amplifier

(LED turns on). For cases 5 and 6 where the closing wire (BC) rotates, electrons will

flow into the inverting input in NP configuration, but away from the inverting input in

IP configuration. The possible operational states in which the amplifiers can and cannot

output a voltage are shown in Fig. 5.9.

Amplifier cannot operate
(a)

Amplifier can operate
(b)

Figure 5.9: The electron flow in circuit ABCDA determines the operation of the amplifier,
which in turn depends on the polarisation of the disk (DA) or closing wire (BC) due to the
rotational direction in the magnetic field, a) states in which the amplifiers cannot operate
in and no voltage can be observed; b) states the amplifiers can operate in and a voltage can
be observed.

To further investigate the induced voltages in cases 5 and 6 and check that these

are indeed caused by an EMF acting on the closing wire, two additional tests have been

performed. i) It was considered that perhaps the magnetic field was too weak at the

position of the closing wire, as it was further away from the magnet than the disk, hence

the field strength was increased by adding two additional magnets to the setup. ii) The
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intensity of the LED in case 5 was measured.

Two additional N42 neodymium magnets were added to the setup and set closely

behind the closing wire, so that there distance would be approximately the same as the

distance between disk and regular magnets and have the same polarity. They had larger

radii (OD 40 mm, ID 25 mm) but similar field strength (Br = 0.34 T) and were sitting

on an extra bearing running on the sleeve the PCB is fixed to. Testing the PCB (BC)

rotating in CCW direction with NP in the now significantly increased field revealed that

the LED still remained switched off in both case 5 and 6. Further turning the additional

magnets to have the opposite polarity to the regular magnets did not show any indication

light, likely due to the fields resulting in opposite EMFs and cancelling their effects on

the closing wire in the process. When the NP amplifier was rotated CW with the extra

magnets in the same polarity as the regular ones to increase the field strength; in both

case 5 and 6 the LEDs turned on again, this time with significantly increased brightness.

Similarly for this rotation having the extra magnets in opposing polarity, reducing the

filed strength, the brightness of the LED was decreased in consequence, as the additional

EMF counteracted the other.

The second additional test involved radiation intensity measurements of the LED to

further investigate the induced voltage and confirm that it is indeed the result of an EMF

acting on the closing wire. For this, only the regular magnets were used in the assembly

and the whole setup was put into an enclosure to block surrounding light. Images were

then taken for case 5 with a Thorlabs scientific camera D1024G13M at each rotational

speed setting of the lathe. Intensity values were obtained by image analysis in MATLAB

to gauge the intensity of the trace left by the LED in the camera image. The mean of the

greyscale values of every image was calculated and scaled against a value of 255 (which

would represent every pixel in the image being white) and so a relative intensity value

was obtained for each speed setting. The relative intensities Irel are plotted against the

angular speed ω in Fig. 5.10, where a clear linear dependence between the two values can
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be seen. A linear fit was found as

Irel = ω · 2.04 × 10−4 − 0.0193

with an R2 of 0.969 with the intensity data. Further it was also observed that moving

the magnets away from the disk (and thus the closing wire) would decrease the brightness

of the LED, due to the field strength decreasing at greater distance. This was especially

noticeable at higher rotational speeds where the LED is relatively bright and further

confirms, additionally to the brightness measurements, that in case 5 it is indeed the

closing wire that is experiencing an EMF and where the voltage is induced.

500 600 700 800 900 1000
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Figure 5.10: Relative Intensity of the LED in case 5 for different speeds of rotation. An
intensity value of 1 represents an entirely white picture.

5.3 Discussion of Unipolar Induction Experiments

The experimental results of section 5.2.2 clearly show that the closing wire and measure-

ment device have an influence on unipolar induction. This is especially evident from the
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results of case 5 and the respective intensity measurements. Consequently, any analysis

and description of the problem must consider the entire circuit ABCDA to avoid the

creation of paradoxes and obscure physical causes and mechanisms responsible for the

phenomenon. As these experiments show, it is the relative motion between disk (DA)

and closing wire (BC) that determines the appearance of an induced voltage and not the

motion of the magnet or the magnetic field per se, and it rather plays a secondary role.

For the seat of induction it is found that in cases 2 and 5 it is clearly situated in the part

of the circuit that moves through the magnetic field (case 2 the disk (DA) and case 5 the

closing wire (BC)).

When analysing cases 4 and 6 however, it is found that a clear distinction of the

induction’s seat is not possible anymore. This is due to the fact that both SFH and MFH

lead to the same prediction and the relative motions make it impossible to tell apart

which portion of the circuit will be subjected to the EMF. For example, if we assumed

SFH in case 4 where disk and magnet are spinning in CCW direction and observed

with the NP amplifier, the result would be the disk polarising in the stationary field so

that the electrons flow into the inverting input, thus operating the LED. If instead we

assumed MFH, the field lines which are rotating CCW would cut the closing wire (which

is stationary in the lab frame for this case), but relatively speaking, this motion is the

same as the closing wire rotating CW through a stationary field. This means that, while

the closing wire polarises due to the field motion, it polarises with the electrons flowing

into the inverting input which results in an observed voltage. Figure 5.11 illustrates this

relative equivalence of the co-rotating magnetic field motion for cases 4 and 6, both shown

for CCW rotation.

We can find the same relative equivalence not only for case 6 in CCW rotation (where

field and closing wire rotating CCW is the same as the disk spinning in a stationary field in

CW direction), but also inversely for cases 4 and 6 when the field is first assumed moving

CW. Consequently, because of this relative equivalence, it is not possible to distinguish the

seat of induction between the moving and stationary portion of the circuit and similarly

it is impossible to tell if the field is co-rotating with the magnet or stationary with the
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x
y

z

case 4

case 6

Figure 5.11: Relative motion of the magnetic field (which is assumed as co-rotating)
compared to the circuit and disk for cases 4 and 6. The absolute motion in the lab frame
is shown on the left for each case, whereas the relative equivalent motion for the respective
stationary part is shown on the right.

current results. At least with this setup, the predictions and the outcome of both SFH

and MFH assumptions is the same and it cannot be determined which hypothesis is the

correct one. It appears that both theories are valid alternatives that can explain the

results of the experiment, even though the question of the field’s movement cannot be

answered at this point, and it is unclear if the rotation around the field’s symmetry axis

can be detected in the future.

This means that the field’s motion around the symmetry axis is ambiguous, and it

is likely this ambiguity that is responsible for the ongoing debate in the literature where

both views of SFH and MFH are argued and supported. Especially the one-piece Faraday

generator [315] has been interpreted to be explainable with the field remaining stationary

and the magnet cutting its own field lines upon rotation, which is used as an argument in

favour of SFH. Another argument against the fields motion has been made on a theoretical
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basis by Cramp et al. [367], who have argued that, if the field were to rotate with the

magnet, its field lines would move faster than the speed of light at infinity, therefore

it must remain stationary. However, we can find counterexamples where the field must

clearly follow the magnets movement, such as rectilinear motion or magnets of different

shapes (such as quadrupole or horseshoe magnets) or even a bar magnet spinning about

a different axis than just the symmetry axis. If, for example, a bar magnet was spun so

that its poles chased each other in succession (around its radial axis) there would be no

doubt that the field lines would follow the position of the poles. This raises the question

as to why rotation of a magnetic field around its symmetry axis should be an exception

to the rule? What is the physical reason causing this peculiar behaviour?

In order to answer those questions it might be feasible to modify the experimental

apparatus. A possible extension of the experiment presented here could include the mod-

ification to allow the permanent magnets to spin independently from disk and detector.

If the magnets were seated on a separate shaft, it would be possible to rotate them in the

opposite direction of the circuit components DA and BC, respectively. Especially in cases

4 and 6 investigating whether the magnet’s rotational velocity would have an additional

effect on the induced voltage could hint at the movement of the field and respectively the

seat of induction. As the relative velocity between moving magnets and circuit compo-

nent would increase for rotation in opposite directions, a proportional increase in induced

voltage could be related to the field moving with the magnet.

Further experiments with one-piece Faraday generator setups could also show evidence

about the field’s movement and potentially elucidate the seat of induction in the future.

Investigating, for example, how the measurement device behaves in the far field of the

one-piece generator and how different wire routings effect it could be valuable. It is also

conceivable that a non-contact detection method could grant further insight into the field’s

nature. If a rotating conducting magnet does indeed cut its own field lines, an electric

field would be generated on the surface of the magnet regardless of the detection method,

such that a non-contact electric field measurement could be employed to detect the charge

separation. This is, however, not a trivial task as the movement of capacitive elements
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is utilised in electric field meters, and the movement of these conductive elements in the

magnetic field can cause parasitic induction in the detector and obscure the sought after

radial field of the Faraday generator. Nonetheless, should these types of measurements

be successful they might grant compelling evidence for or against the field’s state of

movement, field lines and even the physical reality of the field.

Astonishingly, it seems to be the ambiguity of the physical field model that leads to the

creation of paradoxes and consequently sparks debates in the literature, but perhaps the

better question to ask might be: “Is the field physically real or not?” Because if the field

is not real it can neither co-rotate nor remain stationary and paradoxes are thus avoided.

As of yet, no stand-alone proof exists that confirms the physical reality of a field directly,

the action of a field cannot be measured independently of the associated force. But it is

certain that the force acting between the charge carriers is real and instead of ascribing the

action of the charges to a field that in turn gives rise to a force, it might be advantageous

to regard the field as a book-keeping device. For example, Montgomery’s approach [355]

to unipolar induction considers first and foremost the motion of the conduction electrons

and the conservation of energy. The field is still utilised for the calculations, but as a

mathematical tool, like a vectorial map indicating how much interaction is possible in

a certain direction and it does not necessarily need to be a physical entity to that end.

It was further argued by Slepian [307] that field lines or “lines of force” do not have to

be continuous, individual or closed curves and that only the knowledge of a local vector

field is necessary to describe the observable phenomena. In his review about unipolar

induction, Miller makes a similar argument [376], saying that “lines of force” are merely

a tool for visualisation, but that does not necessarily make them a ‘fruitful approach’.

Instead their sources must be considered and Miller also questions ‘whether lines of force

have physical characteristics’ at all. He states that shifting the focus away from the lines

of force helps explain other forms of induction, where magnet and conductor are in relative

motion as well, e.g. the Barnett experiment [341, 359, 364, 365]. It was commented by

O’Rahilly [62, Vol. 2, p. 603], that saying the field is stationary only means that the

vectorial field B⃗ ‘remains the same at every point of space round a rotating symmetrical
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magnet’ and that stationary lines of force are ‘merely an out-of-date invention adopted

for those who are supposed not to be able to grasp the mathematical idea of a vector

field.’ In this sense, O’Rahilly is making the same argument as Miller, such that the lines

of force can be a misleading approach, distracting from the actual cause of induction and

the field.

But despite just the field approach, we have seen that the problem can also be analysed

from the perspective of the Weber force. With the simulations of the Weber model (sec.

5.1.1.1) agreeing with both the experimental results of section 5.1.2 and the field model

(sec. 5.1.1.2) we can find confirmation that a connection exists between Weber’s force and

Faraday’s law. Additionally, Weber also correctly predicts for cases 1 to 8 the appearance

of an induced voltage based on the relative motion between disk (DA) and closing wire

(BC) and agrees with the experimental results of section 5.2.2. Weber’s force can readily

explain unipolar induction without paradoxes as it is the microscopic circulating charges

(i.e., Ampèrian currents) in the magnet that give rise to permanent magnetism and thus a

magnetic force that is felt by the parts of the circuit in motion. With this concept of direct-

action the field as an entity is absent in the explanation and the question of its movement

does not arise naturally which avoids the conceptual problems of the field’s motion in

this context. The EMF is instead a consequence of forces between electrical charges

in relative motion, which is unambiguous for a given frame of reference and coordinate

system. The typically conceived “field lines” or “lines of force” of the field are replaced

with a Newtonian force acting along the line joining the particles interacting. Since

the direct interaction with Weber’s force can equally well explain the unipolar induction

phenomenon and leads to accurate predictions of the EMF, the question is raised whether

the motion of the field lines and the magnetic field itself is important to the problem,

further to the line of argument issued by Miller and Montgomery. If, at its core, it is first

and foremost the relative motion of charges that is important, then the magnetic field

can be thought of as a useful metaphor [62] and the principle of Ockham’s razor can be

invoked. As a direct-action model avoids the field as a mediator, this principle favours

direct-action as the theory with least assumptions and minimal complexity since entities
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are not multiplied beyond necessity.

Related to a direct-action mechanism to explain unipolar induction is a discussion

in the literature about the applicability of Ampère’s force versus Grassmann’s force to

homopolar induction machines, in the generator as well as the motor configuration. Es-

pecially in connection with experiments performed by Guala-Valverde et al. [339, 377]

investigating homopolar motor configurations, the associated authors have argued that

only Ampère’s force can explain the generation of torque in these machines and the Bar-

nett experiment [159–161], accrediting field theory a failure to explain the mechanisms. In

contrast to this opinion, it was argued that these experiments, as well as the experiments

of Kennard and Bartlett, can very well be explained in a classical framework [378,379]. In

the opinion of the present author, it is likely that when these experiments are re-analysed

with the full picture of the closing wire, both a direct-action/Weber force approach and

field theory will correctly predict these experiments and similar to the unipolar induction

experiments in this chapter, it will not be possible to distinguish between the two. Es-

pecially with the earlier review about the existence of longitudinal forces existing in the

field model similar to the longitudinal forces of Ampère (sec. 2.2.1), it is likely that both

theories can rather be regarded as complementary than exclusive. Nonetheless it can be

said that Weber’s theory, respectively a direct-action approach does present an elegant

way to resolve associated paradoxes with unipolar induction. Furthermore, the magnetic

field motion question is settled by the Weber approach which effectively sidesteps the field

question completely.
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6 Discussion

While some aspects of the results obtained from the electron beam deflection experiments

(sec. 4) and unipolar induction experiments (sec. 5) have already been discussed in the

associated chapters, a more general discussion will follow reflecting on the most important

findings of this work. While the core of this work has focused on Maxwell’s and Weber’s

theory specifically, this chapter will discuss these theories in relation to fundamental,

conceptual and ontological aspects, but will not be limited to the two theories alone, as

these aspects apply to the broader spectrum of field theories, direct-action and particle

theories in general.

6.1 Similarities of Weber and Field Theory: Can They Be Dis-

tinguished?

From the experiments in section 4 with low velocity charged particle beams and in section

5 with unipolar induction and rotating magnetic fields, we have seen the similarity of both

approaches and how they predict similar, if not the same results in these specific cases.

This tendency is also demonstrated and emphasised in the literature review (sec. 2) where

it was shown that Weber electrodynamics can account for phenomena usually explained

with the Maxwellian theory of fields. This raises the question of where they differ from

each other, and indeed we can ask: is there a so called “experimentum crucis” that can

distinguish between the two theories?

This work has made an attempt to address this issue, as one of the key questions

formulated in the introduction was whether experimental evidence can be found for or

against any of the two theories or respectively if they can be proved or disproved. Other

researches have attempted to find an answer, as shown by the works of Mikhailov or Taj-

mar et al., and some comments will now be offered in regards to this question. Whether

or not the theories can be distinguished has been asked indirectly before by Assis, dis-

cussing the direct-action transmission of force in Weber’s theory and the transmission

of force through a mediator in the field theory. Assis, who is arguably the world leader
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with regards to Weber electrodynamics, eventually comments ‘we do not know and maybe

we will never know’ [63, p. 228], which relates to the famous ignoramus et ignorabimus

suggested by du Bois-Reymond, accepting that scientific knowledge will always be limited.

One might of course argue that it seems that the crucial evidence has already been

found with recent work by Tajmar and Weikert on negative mass behaviour, the failure

of Weber to predict radar equations correctly, the failure to predict mass change with ve-

locity and the failure to predict certain behaviour in cold plasma and problems with fine

structure splittings. But it must be re-iterated that, while these are admittedly current

limitations of Weber’s theory, what we have seen from this work and the literature review

shows once each theory is developed sufficiently and given the right treatment, they pre-

dict the same results. This is already true for the longitudinal forces which was originally

thought to be in favour of Ampère’s and Weber’s forces but has since been shown to be

present in field theory as well (see sec. 2.2.1). Limitations surrounding the radar equation

and the cold plasma are partially due to the longitudinal forces in Weber’s theory and the

absence thereof in the field model. However, since these forces can be found in the stan-

dard model as well, given the right treatment, it remains to be re-examined how these two

situations would compare with both field and Weber’s theory under these circumstances.

It is likely that, with further research and development of Weber’s electrodynamics, the

current limitations surrounding the negative mass behaviour, high speed electrons, radar

equation and cold plasma will yield the same outcome as the classic theory. For example,

O’Rahilly [62, Vol. II, p. 622] argues with the help of Ritz’s theory that variable mass

behaviour can be explained equally well with a variable force dependent on relative ve-

locities. Also there exist other ideas to account for the observed results of mass change

with velocity that involve the manipulation of mechanics [110, 260], treating it as a dy-

namical effect [380] or the idea that instead of variable mass variable charge can account

for the observed effects [205]. These developments also hint at Weber’s force being an

approximation up to second order of a more fundamental underlying force law.

To this date, there appears to be no single experiment that can decisively distinguish

Weber and Maxwell electrodynamics and there might even be the possibility that we may
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never be able to distinguish between them. When both theories are developed far enough

and treated rigorously they might always give the same result, however, further research

is needed. In that sense it must be said that both theories have the same goal, they are

both aiming to describe the very same electromagnetic phenomena and it would not be

surprising if, for that reason, both theories turn out to be (almost) exactly similar to each

other, so similar that they cannot be distinguished from one another. To this end, both

of these theories are just models, they are representations of physical reality and used

for a common goal, which is the description and prediction of the observable effects of

electricity and magnetism. As models, each might have its own benefits and drawbacks

and one might be more effective or efficient to use in a certain situation than the other.

But it would be inappropriate to say that one is better than the other. Considering that

both theories can work equally well in most scenarios, it might be beneficial to use both

theories in conjunction and apply whichever one is more appropriate for a given situation.

From a pedagogical perspective we can then offer two alternative explanations which can

advance the understanding of electricity and magnetism, as some might find the field more

intuitive and some the direct particle interaction.

As these theories are just descriptive models of natural phenomena they can always be

altered and adjusted with new experimental insight and evidence from observation which

is the iterative process of research in general. The vast majority of research is conducted

as incremental additions from a wide variety of contributors. As physics is concerned with

not only the qualitative but also the quantitative scientific prediction of phenomena, this

is a necessary process and every theory needs to be juxtaposed to relevant experimental

data. This is also rooted in the original empirical nature of physical discoveries whose

laws were derived from experiments, such as Ampère’s force. One could say that there

is a traditionalist view to regard physics as an empirical science that is solely dictated,

informed and altered based on the experimental results it aspires to recreate, where the

theory is a slave to the master of practice. In contrast, the modernist view is to construct a

nearly perfect theoretical framework first which then dictates the experiments performed

and makes predictions unknown to the experimentalist beforehand and the practice of

135



6 DISCUSSION

experimentation is slave to the master of theory. (This can be seen, for example, in the

cosmology debate between MOND and the Λ-CDM model. MOND informs and alters the

theory, in this case Newtonian gravitation, to explain the observations, whereas cold dark

matter cosmology with dark energy is mostly derived from the theoretical framework

of GRT and then set out to seek the existence of dark matter particles by designing

suitable experiments.) At it’s core this discussion about which is more necessary, theory

or experiment, and which of the two rules superior over the other, can seem like an

argument of belief, where the theorist as well as the experimentalist will each promote

their own agenda. While large collaborative experimental institutions like CERN have

developed a tendency to receive guidance from theoretical physics to limit the range of

feasible experiments based on predictions, it is evident that laws of nature can only be

deduced from and confirmed by observable and repeatable results of experiments.

For an engineer it will always suffice to have a working tool that will give the desired

results with a certain accuracy for a given application, whereas for a complete understand-

ing of nature and the universe, as the physicist or philosopher is said to desire, a more

contrived model might be necessary. This also relates to a discussion between Heisenberg

and Dirac over whether physical theories should be “open” or “closed” theories [381].

While Heisenberg was of the opinion that theories are “closed” – meaning that a given

theory is accurate and sufficient in its respective field and progress only happens in leaps

that break with what was before. By contrast, Dirac was a proponent of “open” theories,

meaning that every existing theory can be revised and adjusted at any point. With the

arguments presented beforehand, it should be evident that the present author agrees with

Dirac on this matter.

This is equally true for electromagnetics, where the theory should be adjusted to new

insights, which is how scientists have originally derived the laws of electricity and mag-

netism. This duality of theory and experiment informing and influencing each other can

already be found in both field and Weber electrodynamics, where each has constructed pre-

dictions from the theoretical framework that have then been investigated by experiments,

and likewise adjustments have been suggested to the theory where they disagree with
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observations. That means if, in the future, evidence is found for or against a fundamen-

tal concept these theories are based on, then the mathematical and physical descriptions

should be adjusted accordingly to conform to the observations.

6.2 The Ether Concept

When we speak of these fundamental concepts, we usually think of two categories, theo-

ries based on direct-action and theories based on the ether concept or a similar form of

mediator through which the interaction is transmitted. It is therefore of interest to discuss

the ether concept itself and its relation with field theory in order to better understand

the underlying premise. The ether concept has been debated by physicists at different

stages in history and looking back we can roughly identify three distinct phases relating

to the modern understanding of electromagnetic theory. That is: i) the historical role of

ether (sec. 6.2.1) and how the views of Maxwell and Faraday have influenced the scientific

consensus, ii) how the belief in the ether and the terminology changed among scientists in

the post-Maxwellian era related to relativity (sec. 6.2.2) and lastly iii) the re-introduction

of the ether with GRT and modern QFT (sec. 6.2.3).

6.2.1 Historical Role of Ether in Field Theories

Originally, field theory was based on the ether during the mid to late 19th century,

when the theories describing electromagnetism were developed and scientists commonly

believed in the existence of a fundamental substance permeating the universe. Even pre-

Maxwellian, i.e. earlier than the mid-1800s, there was a general intuition among scientists

and philosophers about a fundamental all-pervading substance, e.g. Newton seemed to

believe in a form of ether himself [382]. But as this predates the birth of electromagnetic

theory as we know it, our discussion will not be concerned with scientists’ views preceding

the middle of the 19th century, since Maxwell, Faraday, Lorentz and others largely adopted

those views. O’Rahilly, in his discussion of the ether [62, Vol. II, Chap. XIII], specifically

attributes Fresnel’s work as responsible for replacing Newton’s views about the emission

of light with the nature of light as a wave instead. The ether was generally viewed
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as a mechanical substance possessing a certain elasticity and density and the vibration

thereof would be the propagation of light similar to that of sound in air, hence the term

luminiferous ether was often used at the time, and the electron had not been discovered

yet. Maxwell, of course, believed in the ether and was also largely influenced by Faraday’s

work and views about electric and magnetic fields and lines of force in conceiving his

field theory [60]. These fields would act in space and matter, respectively the ether,

to act as the mediator and transmit the action between the charges and also seen as

displacements in the ether. How important the ether was and the use of its assumed

mechanical properties can be seen in Maxwell’s earlier work [383] and emphasised with

the following quotation (original emphasis kept): ‘The velocity of transverse undulations

in our hypothetical medium, calculated from the electro-magnetic experiments of MM.

Kohlrausch and Weber, agrees so exactly with the velocity of light calculated from the

optical experiments of M. Fizeau, that we can scarcely avoid the inference that light

consists in the transverse undulations of the same medium which is the cause of electric

and magnetic phenomena.’ The belief in the ether was similarly shared by Lorentz and

there is reason to believe that the velocity in the associated force equation was viewed

by Lorentz as relative to the ether as well [63] and O’Rahilly strongly argues that this

is indeed the case. Even Weber also originally believed in the ether, and in a way his

force formula attempted to model the interactions of particles within it, however the

equation does not necessarily depend on it conceptually, since it contains only the relative

velocity between interacting particles. Scientists also tried to detect the presence of the

ether experimentally, as in the famous Michelson-Morley experiment or the Trouton-Noble

experiment, which is the electric equivalent of the former. The Maxwellian phase of the

ether with great emphasis on the experimental works of Michelson, Morley and colleagues

between 1880 and 1930 is further reviewed in Swenson’s book [384].

Even to this day, it seems to have not been possible to independently prove the ether

or a similar fundamental substance, even though some authors claim some experiments as

demonstrating its existence [70]. Since it is an important concept many of the theories are

based on, we will need to briefly discuss the ether. If today the field has effectively replaced
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the ether, it is still important to remind ourselves what the field and its associated theory is

based on. As a general principle of physics, the ether appears intuitive and also necessary,

since light clearly possesses the properties of a wave and wave propagation requires a

medium. Hence, the medium which light travels through was historically conjectured as

the luminiferous ether. But accepting a substance with the qualities of a medium for

transmission, be that an ether or a field, will always raise the ontological question of what

does it consist of, where did it come from and how did it come to be? (These philosophical

questions of course also apply to particles and fields but we will discuss their ontological

aspects later in section 6.3.2.) While these questions are not easily answered, we can, for

now, accept the definition that it is the carrier substance in which all electric and magnetic

interactions take place, and a concept which 19th century scientists generally believed in

and largely based their theories on its existence. However, the general belief in the ether

began to be doubted at the start of the 20th century with the lack of experimental evidence

for its existence and of course the arrival of Einstein’s SRT, where the ether concept was

abandoned in favour of relativistic interactions with inertial reference frames all of equal

importance.

6.2.2 Change of Ether Terminology and its Replacement by the Electromag-

netic Field

O’Rahilly discusses the ether concept at length [62, Vol. II, Chap. XIII] and shows with

many quotations how in the early 20th century more scientists were starting to question

and abandon the idea of an ether, at least verbally. According to O’Rahilly, there were

generally two factions among scientists at the time: the ones that abandoned the ether and

still used Maxwell-Lorentz field theory regardless, and ones that believed in the ether but

felt compelled to apologetically justify its existence and their use thereof. For example,

he quotes Eddington who says that all physical properties of the ether that made it like

a real fluid had to be abandoned. This shows how the lack of experimental evidence

of the ether and its supposed properties led scientists to discard the concept and form

the opinion that it is not needed for the Maxwell-Lorentz equations to work. However,
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O’Rahilly strongly argues the other position, that the ether is intrinsic and necessary

in those equations, because it is a required reference system with respect to which the

velocity terms in the Lorentz force equation are defined. This necessity of an absolute

reference frame is, of course, one of the reasons why in O’Rahilly’s opinion the field

theory should be dismissed. He then discusses how the field has effectively replaced the

ether, that the word ‘field’ was a compromise between the ether, attempting to describe

the properties of space, and the void emptiness contained in the word “space” itself,

and has thus been subsequently accepted by scientists as the new governing terminology.

However, O’Rahilly emphasises that the underlying equations depending on the ether

have not been altered and a re-naming has not changed the physical properties, as the

equations depending upon that fundamental concept remained unchanged and a mere

verbal adjustment is devoid of physical meaning. Therefore, the field is still the same as

the ether from O’Rahilly’s perspective, which reinforces his dismissal of the field concept,

containing absolute velocities. O’Rahilly in general promoted Ritz’s theory or that of

Weber, as they contain relative velocities only and do not depend on the ether as part of

their conception.

Even though this shows that O’Rahilly was an opponent of the ether, he provided

a useful overview of what scientists thought in the early 20th century about the ether,

and the discussion about the ether itself was still ongoing in the middle of the 20th

century. We can generally see from this that the debate about the ether had at that

point passed through two stages. The first stage is the original conception and belief in

the all-pervading ether as a medium carrying all interactions up to and including 19th

century science. The second stage was during the early 20th century, where the concept

was largely dismissed in the scientific world due to lack of experimental evidence and a

shift in terminology strongly influenced the opinions of scientists.

So at that point, the “field” replaced the ether in its terminology, however one must

consequently ask what the “field” itself then is. O’Rahilly [62, chap. XIII], as well as

Assis [225, chap. 3], [385], have discussed that there seems to be no clear definition of what

the “field” as a scientific agency is, in particular O’Rahilly presents many quotations from
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manuscripts and textbooks to illustrate this point. The most basic definition given is, that

the field is a region of space in the vicinity of a magnet or electrified body, as this was the

view Maxwell commonly utilised. But we also find statements about the field being just

lines of force, the field being a real physical entity, the field existing without test bodies

being present, the field only being introduced as a visual aid and not having physical

meaning, the field being a change in the surrounding ether, the field being transformed

space or properties of space, the field being a fundamental concept in its own right; to

name a few. One must conclude that the definition of this important concept is indeed

inconsistent, as there exist a multitude of associations of the field’s nature. But regardless

of this disparity, the field terminology has superseded the ether, and fields have become

a central aspect widely used in physical sciences today.

6.2.3 Re-introducing Ether in Modern Theories

What followed after the change in terminology however, is a stage three, which we want to

call the re-introduction of the ether, that in turn was tied to two important factors. Firstly,

we have Einstein’s GRT, which re-introduced the “new ether” as space-time properties

into the theory after SRT had originally dispensed with it [386]. The increasing success

of GRT has then led scientists to re-consider the ether and it has been discussed in that

context how the ether concept is reconciled with the effects predicted by SRT and how

they can be described as effects relative to the ether [387]. The second factor important for

the re-introduction of the ether as a fundamental concept in physics is the development

of QED and QFT, and especially Dirac has argued that in electrodynamics based on

quantum mechanics, it is necessary to re-consider the ether as a medium in empty space

[388]. Infeld [389] has argued against this in response to Dirac, making a mathematical

argument by removing a coefficient in Dirac’s equations that prevents the necessity to re-

introduce the ether. However, Dirac replied in return that a full dynamical theory from

his electrodynamics can only be obtained with the ether velocity included. The inclusion

of quantum mechanics into electrodynamics has generally led to a shift in perspective

and discussion away from the 19th and 20th century views and nowadays physicists are
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more focused on the interaction of small fundamental particles in accelerators and the

respective quantum fields and waveforms instead of the presence or absence of the ether

as a whole.

When today we speak of fields that fill space and give empty space or the vacuum

properties of a dielectric, that is in a way the same as having a medium with these

properties, hence the thought of an ether-like field in which all charges interact does not

appear as abstract. Although it could of course be argued that this is a misleading concept,

if we think for example of the dielectric property of the vacuum, defined by the vacuum

permittivity ε0 and permeability µ0, one should also remember that these were originally

introduced as a ratio between what was called electric and magnetic charges. It is thus

only a factor that enters the equation, stating a property of how strongly charges interact

electrically or magnetically. Therefore empty space is the reference or default value where

the interaction is not changed, due to the absence of other charges in the interaction, if we

suppose, for the sake of argument, that there are no other charges in empty space. One

could argue that in this sense the ether would not be needed, when the charges interact

directly and the interaction is then influenced by other charges (a material) present in

the interaction. But the field remains a useful and successful tool to define properties

of space and particles, such as spin or electric and magnetic field strength and describe

the interactions occurring therein. So a modern discussion of the ether concept should be

informed by the nature of quantum fields, as the ether has evolved beyond the original

medium it was conceived as into a quantum physical entity with properties of fields

and waves. This enables a more sophisticated analysis and discussion involving those

properties that would not have been possible in the past.

Take for example, the principle of Ockham’s razor. This logical principle has been

invoked by the author of this work in section 5.3 to make an argument in favour of

Weber’s theory over field theory in explaining the behaviour of unipolar induction and

rotating magnetic fields. The original point made was, that a direct particle interaction

explanation of the phenomenon is favoured by Ockham’s razor, as the additional entity

of the field is avoided. However, once we try to apply this principle in the quantum
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realm, will the same still be true? We are not dealing with “simple” particles and fields

any more, a quantum physical object is also described by its wave-function due to the

wave-particle dualism. In that sense, the most reduced model for an elementary particle

– a point particle – would be disregarding the wave properties, and we cannot make a

clear argument with Ockham’s razor any more in favour of just the reduced point particle,

since the undulatory nature of the quantum object cannot be dismissed. So rather than

thinking of the ether as a “classical” medium, we can find a modern interpretation within

the quantum fields of different spin values that govern the interactions of particles and

the properties of space-time. As another example, Cornille [70] interprets the ether as a

type of neutrino sea.

6.3 The Fundamentality of Fields and Particles

This leads us to the remaining and fundamental key difference between the field theory

approach and the direct-action approach: the conception of fundamental fields versus the

conception of fundamental particles. It inevitably raises the question which of the two

concepts is more fundamental and if charges give rise to the field or if the field gives rise

to the charges. Einstein clearly viewed the field as the more fundamental concept, saying

‘the elementary particles of matter are in their essence nothing else than condensations of

the electromagnetic field.’ But of course the question is not resolved as quickly and simply

as this, we will need to consider several aspects of particles and QFT and modern particle-

field theories in QED and QFT apply a hybrid model of both point particles and fields

at a fundamental level. It should be mentioned though, that particle physicists imply

quantum mechanical objects and waves when they speak of particles, rather than the

conception of point particles underlying Weber’s force, for example. When it is spoken

of particles in the following, it is implied that there is an underlying assumption of a

materialistic entity that constitutes said particle, i.e. it consists of matter, rather than

immaterial space which constitutes the field. It is not entirely clear yet if the particles in

direct-action approaches are necessarily point particles or if they can also have quantum

mechanical properties, e.g. Wheeler-Feynman direct-action theory has been developed for
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quantum mechanics, whereas Weber’s force has not.

6.3.1 The Size of the Electron

One aspect that should be considered in the debate about the fundamentality of fields and

particles is the size of one of the fundamental particles we know: the electron. Since there

is more than one way to deduce the electron’s size, it will add to the discussion but not

resolve it. So far, the electron has not been discovered to consist of smaller constituents

(unlike the proton) and is still treated as an elementary particle in the standard model of

physics. In many models and applications it is regarded as a point particle, meaning it is

treated as an infinitesimal object in dimension 0. Its size and shape has been of interest

to scientists, observations by Dehmelt of electrons in a Penning trap [390] find its radius

to be smaller than 1× 10−22 m. Hudson et al. [391] have investigated the electron’s shape

and deviation from a perfect sphere by measuring the electric dipole moment and found

an upper boundary of its roundness of 1×10−30 em, at which it is still perfectly spherical.

This bound has been improved again by an order of magnitude a few years later [392] and

was then independently confirmed [393], affirming that it is indeed a spherical particle

within those bounds.

However, even with experimental limits determining electron size and shape, due to the

wave-particle dualism we know that the electron exhibits both point-particle and wave-like

behaviour, as shown by scattering experiments. If instead of a point particle we regard

the electron from the quantum mechanical perspective, then we can use the Compton

wavelength to find the size to which the wave-function of the electron can be confined

(and thus effectively determine its quantum mechanical size). This leaves λc = ℏ/mec for

its wavelength and is on the order of 1×10−12 m, which means that the electron as a wave

can probabilistically be located on the entire wavelength and only when the wave collapses

(e.g. through collision) will it be at one specific point in space as a particle. The spin

property of the electron is also an important factor to consider when trying to determine

its size. The name stems from the original belief that the particle is indeed spinning

around its axis, giving it angular and magnetic momentum. However, if the electron is
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a dimensionless point then it cannot spin around its own axis, as it lacks the additional

dimensions and degrees of freedom to do so. If instead it is a (tiny) sphere of finite size, its

size will put limitations on its angular velocity. For example, the classical “Bohr”-electron

radius originally derived from its energy content is on the order of 1 × 10−15 m, and for

it to be actually spinning would mean its equator having to spin faster than the speed

of light to obtain the right angular momentum. While this problem can theoretically be

resolved by regarding the electron not as a single spherical particle but as a distribution

of charge and mass in the Dirac field [394], it instead leads to a self-repulsion problem

as the internal repulsive forces of the charge distribution inside the electron should cause

it to explode. Furthermore, if the electron is treated as a point particle in a field theory

then this will of course lead to the self-energy problem of the electron interacting with its

own field.

6.3.2 Ontological and Philosophical Aspects of Models

So even to the seemingly simple question of “what is the size of the electron”, a straightfor-

ward answer cannot be readily found considering all these different aspects and properties

of the electron. It follows from this that the discussion about the fundamentality of par-

ticles and fields incorporates quantum mechanical aspects and beyond the classical field

and direct-action theories modern insights of QFT are perhaps essential in the debate.

We can generally categorise the theories into three classes: pure field theories, pure par-

ticle theories and combined particle-field theories, both within the classical as well as

the modern quantum mechanical framework. An academic discussion has emerged about

which of these approaches is more fundamental and preferable over the others, as well

as if fields (respectively quantum fields) are real physical entities [47,71,74,395–399] and

even further ontological aspects of QFT are discussed [400–404]. In a way, this discussion

is an evolution of the debate about the ether concept, where in the late 19th and early

20th century scientists have argued for or against the all-pervading ether as a fundamental

substance of the universe, and at the start of the 21st century scientists have now fully

transitioned to argue about the fundamentality of the field which has replaced the ether.
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Feynman was very aware of the importance of this discussion, as he said in his Nobel

lecture that classic electromagnetism has problems that do not disappear when quantum

mechanics is introduced into the problem. He is of course talking about the self-energy

divergence here, and it is very true that this difficulty stems from classic field theory and

the debate is now continued in the realm of QED and QFT as well as the philosophical

aspects thereof. The self-energy divergence is only one of the aspects that the argument

around the fundamentality of the different approaches is concerned with, it also entails free

fields, the reality and existence of photons and their mechanism of interaction as waves

or particles and similarly all fundamental particles and their existence as waves, particles

and the respective quantum mechanical excitation states. The reader is encouraged to

engage with the references [47, 71, 74, 395–404] if they are interested in the details of the

debate. For this present discussion only a brief general overview is given and it shall

suffice to say that the three categories, pure particles, pure fields and combined approach

exist, and that each category has their respective proponents and arguments in favour of

one and against the others. It can be concluded from this argument that an answer to

the question of what the fundamental concept is, has not yet been found, and that the

problems which each individual approach faces are still unresolved. At this point in time it

seems unlikely that such problems can be solved solely from either a classical or quantum

perspective and it will take significant advancements in all approaches and disciplines

involved to find appropriate answers and solutions. To that end it may be possible to

gain new insight if Weber electrodynamics or Ritz’s electrodynamics, as examples of

particle-based approaches, are successfully extended to incorporate quantum mechanics,

which would allow for a deeper understanding of the underlying principles of particle

theories. Of course, it is also possible that neither particle, field nor combined approach

can be the answer to the fundamentality question, and an even more fundamental concept

might underlie these approaches. Such a concept is suggested by string theory, where the

vibrating strings comprise the smallest building blocks of the universe from which the

rest emerges. Unfortunately it is not yet possible to test string theories experimentally.

In addition, we are once more faced with the ontological question: where then did the
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strings come from and how did they arise? Krause and Bueno [404, p. 4] even go as far

as stating: ‘in the end, there does not seem to be a definitive answer to the question of

the ultimate ontology of physics’.

6.4 Language, Philosophy of Science and Basic Assumptions in

Specific Theories

There are several aspects to the philosophy of science and a wider discussion thereof can

be found in [405], but for this discussion we will only focus on some relevant aspects

that relate to the theories and their underlying concepts. First, it is important to note

that these discussions about the ontology of the building blocks of the universe and the

fundamentality of particles, fields and waves should not just be based on mathematical

arguments and should always incorporate philosophical aspects because of both Gödel’s

incompleteness theorem and Haag’s theorem. Due to these implications, no mathematical

framework can ever be perfect or complete, and even if it was, it is just a tool that

works on purely mathematical grounds and thereof multiple different working tools can

be constructed. However, to resolve ontological questions, physical and philosophical

arguments always need to be considered. It is likely that even the best physical theory

will face some limitations due to its intrinsic incompleteness, and so it is possible that one

theory might not be enough to describe all mechanisms and phenomena, and so another

second approach is needed to make up for its shortcomings. This is also coupled to the

very limitations of science itself and the instruments we have to observe what is before us.

All these theories are models that try to describe our experiences, but this will always be

limited by the context in which it is observed and the confined interpretation of reality by

the observer. After all, the human mind cannot describe an objective reality, it can only

perceive a filtered version of impressions of the outside, subject to its own physical senses,

biases and previous experiences. Some might be inclined to argue that this is the reason

that sophisticated instrumentation for scientific measurement is developed to observe in

human’s stead, but the premise remains that the data and observations obtained need to

be interpreted by a human that is trying to make sense of and translate the world into a
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framework one can grasp, which in turn confines the observation to this very frame.

Next to the limited means of observation available to us, there is another boundary

imposed onto our scientific knowledge and advancement by the limitations of language.

For example, quantum mechanical objects exhibit very different behaviour from what

was observed classically on the macro scale that the very discovery of quantum mechanics

caused a drastic and radical shift in physics to what was before. However, because of

this difference we struggle to describe the quantum object with the words available to us

from the macroscopic world, we assign it wave-particle dualism, a probabilistic nature,

different excitation states, colours and flavours, when these are all mere attempts to

grasp the concept and describe its behaviour with the limited vocabulary we have, when

in reality we do not know what the quantum mechanical object looks like and struggle to

put it into words.

It is therefore of interest to examine the language terms used to describe electro-

magnetic phenomena. The essential feature is the interaction between electric charges

which in the case of a Weber-type theory is concerned with the direct transmission of

force, whereas in field theory the interaction is through a form of mediation between the

charges. As Brown [103] has argued, especially when referring to light, our minds are con-

ditioned by “thing-language” in the context that we feel intuitively that “something” (as

in, some thing) is travelling between source and receiver to carry the action, such as a ray

of light or a photon is said to travel through the ether or field. However, in reality ‘noth-

ing has ever been found travelling’ [103, p. 33]. Even though Brown is mainly reasoning

this for light, we would like to argue that the same concept applies to electromagnetic

action, any test particle in the path between source and receiver will simply experience a

force. This advises us to exercise linguistic care and be critical about scientific phrasing.

The same is true with the use of mathematical terminology and Brown comments on the

seemingly unavoidable use of the term energy in physics. Energy is not a causal agent,

it is essentially a textbook definition in terms of force and distance. Moreover, “energy

conservation” is no more than a book keeping operation.

In describing action-at-a-distance theories, not requiring the concepts of ether or fields
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but constituting a direct interaction force, Brown introduces the term c, not as light

velocity but as a retardation constant in the basic transmission process. One might

conclude that what is fundamental is the word force. However, from the point of view of

philosophy of science, Hertz in his ‘Principle of Mechanics’ refers to the mysterious concept

of “force” as used in Newtonian physics. He suggested that the problem should be dealt

with by re-stating Newtonian physics without using force as a basic concept. Newton, it

appears, was certainly aware of the problem in his careful wording of the law of gravitation:

‘there are observed phenomena between two bodies in space which can be described by

presuming that the bodies attract one another with a force directly proportional to the

product of their masses and inversely proportional to the square of the distance separating

them.’ In the popular formulation it simply reads: ‘two bodies attract one another [. . . ]’

We must remind ourselves how the premise of the words we use to explain a mechanism

shapes our understanding thereof and that some of the descriptive terms used are not

necessarily physically real entities and can only be viewed as explanatory metaphors

instead of attributing them a causal nature and that therein language itself can be biased

and flawed.

It is also appropriate to comment briefly on the assumptions which underlie theories

of electrodynamics. The field theory associated with Faraday, Maxwell and Einstein is

characterised by the ether assumption. Maxwell himself is on record in remarking that

without an ether the symbols in his equations have no physical significance, he states, [1, p.

158]: ‘If the action of the system E2 on E1 does in reality take place by direct action at

a distance, without the intervention of any medium, we must consider the quantities [...]

as mere abbreviated forms for certain symbolical expressions, and as having no physical

significance.’ Then Einstein following Maxwell, has postulated the field as a fundamental

entity rather than charges. By contrast action-at-a-distance theories, which do not assume

an ether and associated fields, deal only with relative velocities and accelerations between

charges. However, as Assis has commented [63, p. 236] ‘Despite these positive aspects it

should be emphasized here that Weber’s electrodynamics is only a model of interaction

between charges which describes certain classes of phenomena.’ In general, any theory
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or model can be likened to attempting to fit a template to the behaviour of nature with

limited success. Or as Cullwick has commented in a more poetic sense [79]: ‘the gap of

ignorance which we now leave between charge and charge should not dismay us, for it

is but a small part of the unfathomed mystery of experience which embraces all things,

measurable or not, of which we are conscious.’

Therefore, a more general discussion about the role that assumptions play in the

construction of theories of science appears adequate. It should be pointed out that this too

is a limiting concept intrinsic to every theory. That is, the assumptions might sometimes

be implicit in the pursuit of facts that scientists strive for, but we must remind ourselves

of their nature and their importance as they define the premises a theory is built on

from which so called facts are extracted. Brown [103] describes a fact as ‘an assertion

that can be verified’ – and often we will find that this assertion has some underlying

assumptions. We can generally distinguish assumptions into two categories. These are

provable assumptions and unprovable assumptions, where respectively an assumption that

can be disproven belongs to the category of provable assumptions. Further, we can say

that an assumption, regardless of its category can be either a justifiable assumption or an

unjustifiable assumption. For example, the assumption of quantum fields is a justifiable

one, in that it works very well as a description of the universe, however, as of yet it is still

an unprovable one as an independent proof of the field itself does not exist. And this leads

us to the core limitation of an assumption, as every assumption that is made introduces

either a simplification or an associated cost at the expense of something more complex or

another assumption of equal quality. Any proof is only as good as its assumptions and

they are sometimes made unconciously, so it is important to be aware of what assumptions

are made and what their associated cost is. Hossenfelder actively encourages to state and

track those assumptions to evaluate if they later become justified or unjustified [406, p.

234]. The associated cost might be negligible for a given application, so that based on

that assumption the desired outcome is achieved, however, this does not mean that the

simplification and cost are non-existent. This will always put a limitation on knowledge

and the knowability in science, as there could be an even more complex structure hidden
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beyond these assumptions and theories. But of course we have to make some assumptions

somewhere in order to know anything in the first place and the ontological question will

always feed back into the problem of how did the even more complex thing arise? We

must start (or stop) somewhere with an assumption and then use our limited means to

try and prove or disprove this assumption in the pursuit of further knowledge.

Regardless of whether humans are equipped well enough in mind and observation to

understand the world they live in, they will try anyway. And through this very act of

trying they will be faced with all of these limitations. If eventually, the knowledge and

discoveries within those limitations are still sufficient to arrive at a complete explanation,

there will still be many iterations on the journey ultimately leading there, and it is, for

that reason, crucial to be aware of and discuss those limitations on a philosophical basis.

Only this way can it be judged whether the conclusion reached is a sufficient one or if

further attempts at observation and interpretation need to be made and philosophy will

have to decide at what point a sufficient degree of knowledge has been reached. Even

though the fundamental questions have not yet been answered and at the present time it

seems not possible to settle on any of the three categorical approaches between fields and

particles and not decisively distinguish between Weber’s and Maxwell’s theories, we must

remember that none of these theories and models are absolute and that for the limitations

discussed herein, there might not be one single theory of everything and instead we can

benefit from a hybrid approach incorporating the strengths of each individual approach.

Further, it is easy to get lost in the discussion of the details over which theory is better

than the other, but we must remind ourselves that they are just models and as long as

they can deliver accurate results, regardless of the exact underlying premise, then that

may be sufficient for the desired outcome. Moreover, it may well be advantageous to

approach a problem from multiple perspectives and consider different viewpoints, as it

would increase the generation of knowledge.
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6.5 Additional Remarks

Finally, some general comments are offered about experimental research, the state of

physics in general and the role of philosophy in physics. From the author’s perspective as

an engineer, it is necessary to re-state the importance of experimental research, as partly

emphasised by the overproduction crisis in cosmology mentioned by Hossenfelder [54].

Only experimental data can in the final instance decide about physical theories. After all,

practical experiments deliver results that can actually be observed whereas theories can

only attempt to describe what might be observed. To underline this statement, consider

the words of Brown [103, p. 3]: ‘Thought-experiments can only produce conclusions from

premises; genuine experiments yield conclusions from Nature.’

Modern physics, or perhaps it is more apt to say post-modern physics, is faced with

some problems and some authors have accredited physics as being in a crisis [407–409].

Those problems partly stem from supersymmetry, naturalness and the pursuit of “math-

ematical beauty” and are addressed by particle physicist Hossenfelder in her book ‘Lost

in Math: How Beauty Leads Physics Astray’ [406]. (For a brief reflection on the book the

review by Butterfield is recommended [410].) Those aspirations to “beauty” present in the

guiding principles of physical research nowadays is in turn shaping the experiments and

their interpretation. Interestingly, Crowther [408] suggests some solutions to resolve the

crisis with philosophical principles, and similarly, one can see Hossenfelder’s critique on

using “mathematical beauty” as a methodology as a philosophical approach to address

these problems. Field theory is the foundation that all subsequent theories (i.e. SRT,

GRT, QFT) were developed from, but instead of re-examining the foundation on which

the house is built, the trend tends to add more and more to it, and “new physics” are

expected to emerge as a solution. This may or may not seem like a case of positivity bias,

but maybe it is actually not “new physics” that is needed, maybe it is old physics in a

new guise. Nowadays action-at-a-distance and Weber-type theories are often dismissed a

priori, but they may offer solutions to some of those problems. We should remind our-

selves that some of the significant advancements that led to “new physics” have happened

in leaps, because the novel discoveries were so radically different that they did not fit the
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existing template. In the case of SRT and quantum physics this was achieved by solving

mathematical inconsistencies – so in a way it might not be a bad thing that Weber’s

theory still has some mathematical inconsistencies with respect to experiments yet to be

resolved. From the author’s perspective, joining Weber-type theories and particle physics

would certainly be a welcome way forward in research and it might offer some new insight

into the current puzzles surrounding supersymmetric expectations.

Further, the late Stephen Hawking had remarked ‘philosophy is dead’ because ‘phi-

losophy has not kept up with modern developments in science, particularly physics.’ It

was first expressed in his book ‘The Grand Design’ in 2010 [411], in the context that in

Hawking’s opinion only physical data, such as from particle accelerators, can answer fun-

damental questions about the universe. Other physicists have expressed similar opinions,

for example Steven Weinberg and Neil de Grasse Tyson. Further, this trend to dismiss

philosophy seems to be not exclusive to physics, a similar notion has been observed and

commented on among the life sciences [412].

While the dismissal of philosophy has, of course, instigated reactions by philosophers

[413–415], it has similarly seen critique expressed in the physics community by Rovelli

[416]. Most interestingly, Rovelli has pointed out that the dismissal of philosophy is an age

old problem, dating back to ancient Greece, where Isocrates had argued against Plato’s

Academy. Rovelli then presents several arguments why philosophy is needed in physics,

refuting the claims about the morbid state of the discipline. Further, several historic

examples of the influence of philosophy on scientific developments present in physics are

invoked, showing the connectedness and influence between the two, eventually concluding

that one needs the other. While the author does indeed share the belief that experimental

data is of great importance to science in general, some more commentary seems adequate

about the importance of philosophy to natural sciences. We have clearly seen in the

literature review and the previous sections of this chapter that philosophers are discussing

the fundamentality and other aspects of physical and quantum mechanical theories, and

that these considerations are necessary to approach ontological questions. This means

that either philosophy has caught up with physics nowadays or it is possible that it was
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actually physics that has not kept up with philosophy. There seems to be generally a rift

present between different disciplines of science, which is not unexpected, because scientists

nowadays are much more specialised in a narrow field, which is a result of the great

advancement in all scientific disciplines and the sheer amount of knowledge that is readily

available in each respective discipline. So instead of the “universal genius” or scientists

commonly researching multiple disciplines, as was the case up to and including the 19th

century, it has become rare for scientists to deeply engage with disciplines outside of their

own field. In and of itself this is not a bad thing, as the requirement for specialisation

and expertise is to dedicate oneself to a narrow field. But the specific focus often entails

a loss of broader perspective and so it is easy to overlook other perspectives or “the

bigger picture”. This may also be linked to a general trend of the natural sciences and

engineering not valuing the humanities to the same extent as they value other natural

sciences.
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7 Conclusion and Future Work

This work has investigated Weber electrodynamics with a special focus on experimental

topics and also carried out tests to compare Weber’s theory and field theory with observed

experimental data. In the literature analysis both Maxwell’s theory of fields and Weber’s

electrodynamics have been introduced, together with other alternative descriptions of

electrodynamics. It was then reviewed how Weber is capable of explaining several elec-

tromagnetic phenomena, including Coulomb’s force, Ampère’s force, field equations, the

telegraph equation and induction, and explored even beyond how Weber can further be

related to concepts in general physics, such as the strong nuclear force, Newton’s second

law and Mach’s principle. Moreover, Weber’s theory has been applied to gravitational

effects and relativistic phenomena such as the bending of light or frame dragging. On this

basis it was suggested that Weber electrodynamics might well be a candidate for a unified

theory and that it offers many explanations to known phenomena and can be considered

as an alternative to the standard approach. But even with the several strengths of We-

ber’s formula presented, the present limitations of the theory have also been explored and

criticism of the theory addressed.

Several experimental tests have been performed and their results compared with both

field theory and Weber’s theory. In section 4 an electron beam was deflected using several

current carrying solenoids, with the beam travelling across the solenoid as well as through

the solenoid. The deflections were measured in each case and found to show good agree-

ment with the predictions obtained from the simulations based on both Weber’s force and

field theory. In section 5 qualitative and quantitative unipolar induction experiments have

been conducted. First, the quantitative measurements of an induced voltage across a spin-

ning disk in the field of a bar magnet were obtained and compared with predictions from

field and Weber theory. Again, both theories showed good agreement with the measured

values. Following this, qualitative tests were carried out to resolve open questions about

the phenomenon of unipolar induction and deduce its working mechanism. This involved

a novel apparatus where each of the individual components, including magnet, disk and

measurement circuit, were allowed to rotate independently from each other. It was found

155



7 CONCLUSION AND FUTURE WORK

that the relative motion of disk and measurement circuit is crucial for the observation of

an induced voltage, and that this new experimental evidence allows “Faraday’s paradox”

to be resolved. The paradox arises from considerations of the magnetic field’s movement

and the apparent absence of a change in magnetic flux which would be necessary for

the applicability of Faraday’s law. This is connected to an often present omission of the

measurement circuit in the literature when analysing the problem. However, the results

show that consideration of the entire circuit is required to restore the flux cutting for the

applicability of Faraday’s law.

Finally, some aspects were discussed about the underlying fundamental premises of

Weber and field theory and the limitations faced when trying to distinguish between them.

The discussion focuses on the ether concept and the development thereof in the framework

of modern physics, where the role of particles and quantum fields are discussed instead of

the original ether with regard to philosophical and physical aspects. But the ontological

questions in the debate, encompassing the fundamental concepts, are still to be answered

and philosophers are in disagreement about which of the approaches between particles,

fields and combined particle-fields is preferable in physics.

7.1 Review: Contrasting Weber and Field Approaches

From the literature review we have seen the capabilities of Weber’s electrodynamics,

how it successfully models electromagnetic phenomena and that it has similar qualities

to the Maxwellian field approach, in that it is consistent with field formulations and

explains transmission through the telegraph and wave equations. For point particle inter-

action the Weber force can be used directly, whereas in field theory the Liénard-Wiechert-

Schwarzschild force or Darwin Lagrangian needs to be utilised. When current elements

are interacting, Weber’s force is transformed into Ampère’s force, while in field theory

Grassmann’s force is commonly used. In this context we have also emphasised the im-

portance of longitudinal forces and their role in Weber electrodynamics as well as their

analogy in field theory, as they have been claimed to exist in both approaches. When

regarding the conservation laws it is found that Weber’s force follows Newton’s third law
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in the strong form, thus conserving linear momentum, and additionally conserves angular

momentum as well as energy. In the field approach it is usually argued that conservation

laws are not violated when the energy content of the field is taken into account, i.e. the

field can obtain energy from a system and store it as well as release the same energy.

Further to just explaining electricity and magnetism, Weber’s theory provides a basis

for other physics disciplines and has a unifying character connecting several branches

of physics. It has been shown how Weber’s force connects to gravity and the strong

force, however it is not yet known how the weak force relates to Weber’s force. For

standard field theory it is well known that strong force and weak force can be related

to the electromagnetic force but it is still unknown how gravity can be unified with the

other forces in that approach, although it is being researched (e.g. quantum gravity).

Lastly, field theory is compatible with SRT as well as quantum mechanics, but there is no

extensive research yet how Weber’s theory can be related to these topics. We can see from

this juxtaposition that both theories are similar, yet different, and a table is given below

summarising some of the similarities and differences of both theories, giving an overview

of their parallels (Tab. 7.1).

In the experimental sections we found that both Weber’s force and field theory are in

good agreement with experimental observations in the near field and low velocity limit.

From both the literature review and conducted experiments it is found that, while both

theories have some definitive conceptual differences, more than often they make the same

predictions and arrive at the same results and are in fact very similar.

7.2 Revision: Can the Theories be Distinguished?

From the results of this work we cannot distinguish between the theories and it might

be nigh impossible to distinguish between the two theories in the future, due to their

similarities. In terms of philosophy of science, both theories are just models that represent

nature only to a certain degree and attempt to describe observable phenomena, but neither

of them is perfect and the theories themselves are subjective and limited. Field approach

and direct-action approach are similar, yet different, and the discussion about which
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Table 7.1: A comparison between field and Weber theory in selected categories

Category Field theory Weber electrodynamics

Point Particle Interaction
Liénard-Wiechert-
Schwarzschild force

Weber force

Current Element Interac-
tion

Grassmann’s force Ampère force

Longitudinal Forces
Can be obtained in various

ways [165,166,182]
Intrinsic

Magnetic Force Lorentz force Weber-Ampère force

Conservation laws
Energy is stored or

dissipated by the field to
restore conservation laws

Follows linear momentum,
angular momentum and

energy conservation

Field Equations Maxwell equations
Can be obtained in various

ways [63,127,178–180]

Induction
Through changing electric
and magnetic fields and

flux

Through particle
movement(velocity and

acceleration)

Wave Equations Arise from moving fields
Can be obtained through

retarded time and also
predicts telegraph equation

Compatibility with other
forces of nature

Weak force, Strong force,
Gravity not yet known

Gravity, Strong force,
Weak force not yet known

Compatibility with SRT
Compatible through

Lorentz transformation

Incompatible with Lorentz
transformation, but may

not be necessary
Extension to Quantum
Mechanics

QED, QFT
Initial connections, but not

yet fully known

of these is conceptually more fundamental is still ongoing, with an associated discussion

about the fundamentality of particles and fields. Either theory has its respective problems,

limitations, benefits and drawbacks and neither is necessarily better than the other on

these grounds, it is rather a trade-off between these theories depending on the application

for which they are intended. On this basis, the approaches can be seen as complementary

rather than competing, and their utilisation depends on the boundary conditions, the

desired outcome and which approach models a specific problem better than the other,

or for that matter more effectively in terms of the explanation offered for the underlying

mechanism of the application. In a practical sense and from an engineering perspective,

this would tend to favour the approach that can enhance design capabilities. “Truth” or

the origin of a certain phenomenon might lie somewhere in the middle of the theories in
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question.

One can conclude that Weber’s theory is not without limitations (but neither is field

theory) and is only valid within the low velocity regime, with standing problems in rel-

ativistic physics (special as well as general), radiation and plasma applications as well

as quantum electrodynamics. The direct-action approach still offers a viable alternative

that can be considered for the explanation of electromagnetic and physical phenomena in

general. Although Weber’s theory still needs development and has not been developed to

the same level as field theory (such as its extensions in relativity and quantum mechan-

ics have), it might be a valuable asset for science to consider, as it can offer a different

perspective but yields similar outcomes to the standard approach. Neither theory can

exclude the other completely and they can in fact complement each other.

7.3 Reflection: Limitations and Advantages

We can now address the questions prompted in the introduction and try to find suitable

answers, repeated here for convenience: can Weber electrodynamics be considered as a

viable alternative to describe electromagnetic phenomena? What, if any, experimental

evidence can be found for or against Weber’s theory? Can the theory be proved or

disproved? Can limits be put on the validity of the theory? Does the direct-action

approach provide certain advantages or disadvantages? Could it even be beneficial to use

both theories in conjunction within the right set of constraints?

With the results and arguments presented in this work, it is concluded that Weber

electrodynamics should not only be considered as an alternative but also as a desirable

addition to Maxwellian field theory. It offers from a particle perspective an equally valid

explanation of observed phenomena, as well as the prediction thereof (albeit currently

within limitations). In this sense Weber’s theory can be regarded as an important com-

ponent of electrodynamic theory. While experimental evidence has not been found that

can wholly prove or disprove either of the theories, it has been demonstrated that Weber

agrees with experiments in the near field and low velocity limit, and it is suggested that

it will continue to do so with the right development, similar to field theory, in all cate-
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gories of electromagnetism. While experimental evidence in relativistic electrodynamics

and QED supports Maxwell’s field theory, with the present state of affairs it seems that

Weber’s force in its standard form only agrees with experiments in the near field and

low velocity limit. This suggests, along with recent studies, that Weber’s force is a low

velocity approximation up to second order in v/c of a more fundamental underlying force,

and needs further development. Several modifications are conceivable, with possible gen-

eralisations of the Ritz-type or corrections to the Weber potential as suggested by Li [260]

and it will be subject to future work to investigate the full capabilities and boundaries of

the theory and its modifications.

A benefit of Weber’s force is that it follows Newton’s third law of motion, thus conserv-

ing linear momentum, and additionally conserving angular momentum as well as energy,

so it does not violate conservation laws. In the field approach it is usually argued that

conservation laws are not violated when the energy content of the field is taken into ac-

count, i.e. the field can obtain energy or momentum from a system and store it as well

as release energy and momentum. Further, Weber’s force accounts for longitudinal forces

intrinsically, however, the absence of longitudinal forces seems to be desired in radar and

plasma applications where the field approach benefits from this quality instead and Weber

seems to fail to predict the expected results. But Weber’s force can be calculated directly

from the movement of the charges involved in an interaction and does not necessitate the

calculation of one or more fields of those charges from which the force is calculated, which

offers a clear force and particle-based approach, which avoids problems such as the self-

energy divergence. Another benefit in Weber’s theory is that charge velocities are clearly

defined, whereas in field theory there may be some ambiguity left as to what velocities

are to be used in the Lorentz force equation. This is correlated with the fact that Weber’s

force is completely relational and thus has the same value for any observer. Further to

this, it can offer clear charge-based explanations for observable phenomena, as in the case

of unipolar induction where the field can be ambiguous and terms like ‘lines of force’ or

Faraday’s ‘tubes of force’ can be unrewarding concepts offered to explain the working

mechanism clearly (see sec. 5.3). Lastly, Weber’s force offers the possibility to unify
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gravitational forces with those of electromagnetism. It is thus considered constructive to

use both theories in cooperation with each other, as each can compensate for the other’s

weakness and regarding a specific problem in question from both perspectives can lead to

new insight. Examples for this can be found not only in the flux cutting analogy of unipo-

lar induction, but also transformer induction where the particle perspective considers the

acceleration of the current electrons whereas the field perspective links the magnetic flux

of either side of the transformer. Similarly, the magnetic field of a solenoid deflecting an

electron beam has been shown in this work from a particle perspective, where it is again

the movement of the charges exerting an influence on the test body rather than the field

mediating the force.

7.4 Future Work and Speculation

It will briefly be discussed in this last section what future research might be undertaken

in relation to Weber electrodynamics, which may also relate directly to applications cur-

rently governed by field theory and thus could lead to new insights. After suggesting

certain topics that could be worked on directly, it will be speculated what other capabil-

ities Weber’s theory might hold if given treatment in the right framework and with the

necessary physical and mathematical rigour.

7.4.1 Future Work

On the basis of the present work, one can identify certain aspects of Weber’s electrody-

namics that would be especially interesting to research further. Firstly the importance

of Ampère longitudinal forces and determining how they influence specific applications.

While their existence has been reviewed and discussed in this work, it remains to be de-

termined how relevant they are in specific experiments. For example, it was mentioned in

the discussion that the present limitations surrounding the radar equation and cold plas-

mas are related to the longitudinal forces and that this is a topic for future investigation.

As discussed in section 2.3, further development of Weber’s force for signal transmission

and radar applications would be of interest. Further, the general relevance of longitudinal
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forces to nuclear fusion applications has been suggested [151,166,417], and based on this

it remains to be determined how longitudinal forces could be applicable to plasma physics

on a wider scale, especially as plasmas typically have a positive ion charge density and a

negative electron charge density. But there is not yet extensive experimental work giving

a quantitative estimate of the influence of the longitudinal forces on plasmas of which

the present author is aware. It remains a task for the future to find if they influence

the state of the plasma in any way or if their contribution is negligible, some recent ex-

periments [170] suggest that the influence is frequency dependent but relatively small.

Further research into longitudinal forces would certainly be of general interest to clarify

their overall role in electrodynamics.

Another aspect that should be further investigated is charged particle optics based

on Weber’s electrodynamics, in particular the deflection of high-speed electrons as in

the Bertozzi experiment and further exploring how Weber relates to mass change with

velocity and SRT. With this work the modelling of electron beam deflection based on

Weber’s force has been advanced to a more rigorous three dimensional model in the low

velocity regime and in the future this work may be extended to the high velocity limit

as well to compare it with existing experimental data, as in the Bertozzi experiment

or to obtain new experimental data. In order to advance the simulation in the high

velocity regime, Weber’s force will likely need modifications, such as suggested by Wesley,

Assis, Montes and Li along with other types of modification and generalisation still to be

explored. Further, it would be of interest to not just investigate modifications of Weber’s

force or Weber’s potential for their compatibility with relativity and a speed limit, but also

give them a more rigorous examination following the example of Bunchaft and Carneiro

and investigate a given modification for energy conservation, the bending of light and

perihelion precession, but also in relation to the negative mass and infinite acceleration

behaviour to find the respective limitations of a chosen modification. Although the goal

is not to just test the limitations of a given modification, the main interest lies in finding

what predictions can be made and if new insights can be gained by modifying the force

in a certain way.
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It could be valuable to research further electrostatic induction and its connection to

Weber’s force, Assis notably mentions the experiments performed by Jefimenko and Ed-

wards et al. [418–420]. Nowadays, there are more modern experiments that have been

performed and extended the work of Edwards et al. with superconductors and electrostatic

induction in general, but it seems like they have not yet been analysed from a Weber-

perspective and similar experiments could help to further investigate the boundaries and

validity of Weber’s and field theory in these cases. Next to electrostatic induction, of

course, investigating other induction experiments further and how Weber’s force can pre-

dict them seems logical. We have seen in this thesis how Weber can successfully predict

the working mechanism of unipolar induction, so it would be a rational next step to ex-

pand the research to other induction based experiments. For example those of Barnett,

Kennard, Pegram or Bartlett and also relating this back to longitudinal forces which may

be present in those cases as well, as they have been suggested to be present in the genera-

tor and motor configurations of unipolar machines by Guala-Valverde and Achilles. Some

direct follow-up experiments on unipolar induction have also been suggested to further

investigate the possibility of the magnetic field’s movement, such as allowing the magnet

to rotate opposite the circuit components and utilising a field detection instead of contact

detection.

7.4.2 Speculation

These five aspects, longitudinal forces, a relativistic speed limit with Weber, the general

modification of Weber’s force and potential, electrostatic induction and induction effects

in general, are clearly identifiable areas of research in which Weber electrodynamics can

be advanced. But next to these relatively obvious categories, there might well be much

more that Weber’s force is capable of and where we do not yet realise its possibilities as

a theory. For that reason, it is speculated how Weber’s force might develop in the future,

or what it should be able to predict in order to move beyond its framework of classical

electrodynamics and incorporate quantum mechanical considerations, so that it may be on

par with QFT, depending on the right development. This will also entail the suggestion of
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some new possible modifications that could be applied to Weber’s theory, which seem to

have not been considered previously in the literature. But since the following remarks are

speculative, they might not necessarily be successful in their nature, however, the author

of the present thesis feels the need to mention and offer these ideas to the scientific

community.

Given that Weber’s theory seems to have at least some loose connections to quantum

mechanics, it would be extremely interesting to investigate how it can be further related

to other quantum mechanical effects, as this could resolve existing problems with Weber’s

force. For example, if it tries to emerge as a successful quantum mechanical theory, it

should be able to explain the photoelectric effect, and it was mentioned in the literature

review, section 2.2.2, how Weber and Zöllner speculated a connection between light and

electricity, as well as spectral lines based on Weber’s planetary model of the atom. So

it does seem entirely plausible to also find a connection based on Weber’s force with

the photoelectric effect. It is also possible to speculate about other quantum mechanical

effects as well, and it can be pointed out in this context, that intrinsically Weber does not

seem able to account for the spin property of particles yet. So this might be an idea in and

of itself, to find and research how or if Weber can account for spin of particles and what

predictions it might make about the particles with a suitable extension to encapsulate

spin. One possible idea in connection with spin and quantum mechanical phenomena in

general could be to allow complex valued inputs in Weber’s formula, or respectively allow

particles to be represented by complex numbers. Or maybe it is somehow possible to use

Weber’s force with wave functions as well, which would come closer to actual quantum

mechanical objects than the point-particle formulation of Weber’s force. It could be

conceivable that, if Weber can account for the dipole moment of particles, it would able

to predict the Stern-Gerlach experiment, for example.

By extension, Weber could then also be applied to semiconductor technologies and

particle physics. Semiconductor technology has emerged in the second half of the last

century and has seen great success and advancement since. So far the technology has

only been viewed from a position of field theory (but also admittedly with quantum phys-
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ical considerations) and it would be interesting to consider this field of study with Weber

electrodynamics instead, or re-investigate effects such as the Quantum-Hall-effect from a

Weber perspective. In terms of particle physics, it is straightforward to see a connection

to Weber’s force, since gluons are particles that model the transmission of a force, repre-

senting the interaction of fundamental particles, and it would be interesting to see how

Weber treats the same interactions and how it could relate to gluons and respectively,

what particles are predicted by Weber’s theory in the quantum realm. And further con-

nections can be conjectured based on a quantum mechanical version of Weber’s force. We

have discussed how the telegraph equation, which is a wave equation for the transmission

of electromagnetic signals, can be derived from Weber’s force. Similar to this, it might

be possible to derive a Schrödinger-type equation with a quantum mechanical treatment

of Weber’s force, a recent study by Zhao [421] has derived a quantum mechanical wave

equation that shows interesting similarities to Weber, in the sense that both theories can

account for precessing electron orbits. But this might not only apply to quantum mechan-

ics, the opposite may be possible on a macroscopic scale, if a Weber-type gravitational

force is utilised, it might be possible to derive a wave equation for gravitational waves as

well. Another topic that could further be investigated and is usually connected to quan-

tum mechanical considerations is the AB-effect, but other than the brief work by Wesley

mentioned in the literature analysis, no further exploration of the effect based on Weber’s

force has been undertaken. It seems useful to re-investigate the AB-effect based on We-

ber’s electrodynamics, which could then also lead to insights about a possible connection

to quantum physics.

It is also possible to imagine further novel modifications of Weber’s force, next to the

ones that have been discussed in the literature review and suggested earlier in this section.

One idea could be to explore the capabilities of Weber’s force in higher dimensions. In its

standard form, it is restricted to three spatial dimensions and one temporal dimension,

but we know from relativity theories, QFT or even string theory that sometimes higher

dimensions are required. Thus it could be instructive to test the capabilities of Weber if

it is treated in more dimensions or if it can merge spacetime similar to relativity, maybe
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also in a quaternion representation, or other dimensional manifolds known from QFT

or string theories. But there might be even more ways to extend, modify or generalise

Weber’s force and potential that have not yet been thought of.

Beyond the facets of modern physics however, there are older effects and other dis-

ciplines where Weber’s force can be speculated to have a connection. Weber himself

speculated about explaining thermoelectric effects based on his theory [63,204], although

he was not able to explore the idea further before his death and to this day it does not

seem like anyone has attempted to pursue this train of thought further. A possible ap-

proach to modelling thermoelectric effects with Weber could be done with the help of

statistical treatments, e.g. considering the average thermal speed in a restricted volume

of a conductor for a given volume charge density or individual charges within that volume,

which would in turn lead to an electric potential in that volume element based on the

speed of the charges. If that volume element is juxtaposed with another element of differ-

ent velocity, a net electromotive force could be derived from Weber’s force in that case.

He also speculated further that his force law might be able to explain chemical catalytic

forces [63,204] and related to these two ideas, one can also speculate that there may be a

connection between Weber’s force and the reaction energy of chemical reactions, maybe

also based on the thermal speed and intermolecular forces of the constituents.

While on the subject, there might be a wider connection between Weber’s force and

intermolecular forces as well. The different types of intermolecular forces, e.g. London

dispersion forces, the Keesom interaction giving rise to Van-der-Waals forces, dipole inter-

action, hydrogen bonding and ion interaction are at their core all based on electrodynamic

attraction, so it appears straightforward to speculate that these could be modelled with

the help of Weber’s force. This could lead even further to the very origin of cohesion and

adhesion forces, as all the fundamental attraction of atoms and particles is electromag-

netic in nature. A general electromagnetic origin of capillary forces of water has been

speculated by Pollack [422], and it would certainly fit the idea of Weber’s force being able

to explain intermolecular interaction. This can be further extended to related concepts

that are known to be influenced by the presence of electric forces and potentials, such as
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electrocapillarity, the surface energy of liquids and associated electrowetting, electroos-

motic flow, electroviscosity or the ζ-Potential in electric double layers of electrolytes and

liquids. It is conceivable that with quantum mechanical advancements in Weber’s theory,

it can be even further applied to other applications in chemistry, as for example density

functional theory that is trying to predict the distribution of shared electrons in complex

molecules, especially relevant in organic chemistry [423].

While at the moment the relation of these topics to Weber’s force are speculative, we

can generally appreciate the fundamental idea of the attraction of charged particles in

all of these applications and it appears coherent to contemplate their connection on this

basis. It also shows that there is still a lot of potential research to be pursued in Weber

electrodynamics and that Weber’s force might hold even greater value than currently

known. Future research will hopefully show if and how Weber’s force can offer more

insight into what is currently known based on the classic interpretations of phenomena.

7.5 Closing Remarks

While it remains to be determined whether a field or a direct-action, particle based ap-

proach is philosophically more agreeable, one can conclude that the force law of Weber is

comprehensive yet wonderfully simple and successful in explaining electromagnetic phe-

nomena. It is thought that further developments of this theory and critical reasoning can

open up new and exciting opportunities in physics, engineering and beyond. In relation to

electromagnetic theories, philosophical considerations are and must remain a core aspect

of scientific knowledge and the pursuit of fundamental questions. As Rovelli [416, p. 484]

reminds us: ‘philosophy can provide methods for producing new ideas, novel perspectives,

and critical thinking. Philosophers have tools and skills that physics needs, but do not

belong to the physicists training: conceptual analysis, attention to ambiguity, accuracy

of expression, the ability to detect gaps in standard arguments, to devise radically new

perspectives, to spot conceptual weak points, and to seek out alternative conceptual ex-

planations.’ Certainly, these tools are paramount if the fundamental questions in physics

are to be resolved. One can argue that every scientific attempt to understand the world
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better is, at its core, a philosophical one, and in order to do so, one must continue to ask

scientific and philosophical questions. If one stops asking questions, one abandons the

scientific method itself. Because after all, science is not about having the right answers.

Science is about asking the right questions.
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[195] H. Härtel, “Unipolar induction-a messy corner of electromagnetism,” European
Journal of Physics Education, vol. 11, no. 1, pp. 47–59, 2020.

[196] A. K. T. Assis, J. Fukai, and H. Carvalho, “Weberian induction,” Physics Letters
A, vol. 268, no. 4-6, pp. 274–278, 2000.

[197] R. Feynman, Lectures in Physics, vol. II. California Institute of Technology, 1963.
Chapter 17. The Laws of Induction.

180



REFERENCES

[198] T. C. E. Ma, “Field angular momentum in Feynman’s disk paradox,” American
Journal of Physics, vol. 54, no. 10, pp. 949–950, 1986.

[199] K. A. Prytz, “Meissner effect in classical physics,” Progress In Electromagnetics
Research, vol. 64, pp. 1–7, 2018.

[200] A. Assis and M. Tajmar, “Superconductivity with Weber’s electrodynamics: The
London moment and the Meissner effect,” in Annales de la Fondation Louis de
Broglie, vol. 42, p. 307, 2017.

[201] J. Wesley, “Induction produces Aharonov-Bohm effect,” Apeiron, vol. 5, no. 1-2,
pp. 73–82, 1998.

[202] K. Prytz, “Antenna theory—the loop and the dipole,” in Electrodynamics: The
Field-Free Approach, pp. 219–238, Springer, 2015.

[203] A. K. T. Assis, K. H. Wiederkehr, G. Wolfschmidt, et al., “Weber’s planetary model
of the atom,” 2011.

[204] W. E. Weber, Electrodynamische Maassbestimmungen, vol. 2. S. Hirzel, 1871.

[205] V. Bush, “The force between moving charges,” Journal of Mathematics and Physics,
vol. 5, no. 1-4, pp. 129–157, 1926.

[206] R. Clemente and A. K. T. Assis, “Two-body problem for Weber-like interactions,”
International Journal of Theoretical Physics, vol. 30, no. 4, pp. 537–545, 1991.

[207] E. Riecke, “Ueber molecularbewegung zweier theilchen, deren wechselwirkung durch
das webersche gesetz der elektrischen kraft bestimmt wird,” Nachrichten von
der Königl. Gesellschaft der Wissenschaften und der Georg-Augusts-Universität zu
Göttingen, vol. 1874, pp. 665–2, 1874.

[208] G. Lolling, “Ueber bewegungen elektrischer theilchen nach dem Weber’schen
grundgesetz der elektrodynamik,” Verhandlungen der Kaiserlichen Leopoldinisch-
Carolinischen Deutschen Akademie der Naturforscher, vol. 44, no. 3, pp. 273–336,
1882.

[209] E. Ritter, “Ii. bewegung eines materiellen mit eletricität geladenen theilchens unter
der einwirkung eines ruhenden centrum bei giltigkeit des Weber’schen gesetzes,”
Zeitschrift für Mathematik und Physik: Organ für angewandte Mathematik, vol. 37,
pp. 8–24, 1892.
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[233] J. Giné, “Is gravitational quantization another consequence of general relativity?,”
Chaos, Solitons & Fractals, vol. 42, no. 3, pp. 1893–1899, 2009.

[234] A. Kholodenko, Newtonian limit of Einsteinian gravity and dynamics of solar sys-
tem. 2015.

[235] Y. Tiandho, “Weber’s gravitational force as static weak field approximation,” in
AIP Conference Proceedings, vol. 1708, p. 070012, AIP Publishing LLC, 2016.

[236] F. Lima, “Nonzero gravitational force exerted by a spherical shell on a body moving
inside it, and cosmological implications,” Gravitation and Cosmology, vol. 26, no. 4,
pp. 387–398, 2020.

[237] D. Roscoe, Mach’S Principle And Instantaneous Action At a Distance, pp. 175–188.
Commack, New York: Nova Science Publishers, Inc., 1999.

[238] A. Assis, “A steady-state cosmology,” in Progress in New Cosmologies, pp. 153–167,
Springer, 1993.

[239] A. K. Assis and P. Graneau, “Nonlocal forces of inertia in cosmology,” Foundations
of Physics, vol. 26, no. 2, pp. 271–283, 1996.

[240] P. Graneau and N. Graneau, “Machian inertia and the isotropic universe,” General
Relativity and Gravitation, vol. 35, no. 5, pp. 751–770, 2003.

[241] M. Tajmar and A. Assis, “Gravitational induction with Weber’s force,” Canadian
Journal of Physics, vol. 93, no. 12, pp. 1571–1573, 2015.

[242] A. K. T. Assis, “Changing the inertial mass of a charged particle,” Journal of the
Physical Society of Japan, vol. 62, no. 5, pp. 1418–1422, 1993.

[243] V. Mikhailov, “The action of an electrostatic potential on the electron mass,” in
Annales de la Fondation Louis de Broglie, vol. 24, p. 161, 1999.

[244] V. F. Mikhailov, “Influence of an electrostatic potential on the inertial electron
mass,” Annales de la Fondation Louis de Broglie, vol. 26, no. 4, pp. 633–638, 2001.

[245] V. Mikhailov, “Influence of a field-less electrostatic potential on the inertial electron
mass,” in Annales de la Fondation Louis de Broglie, vol. 28, p. 231, Fondation Louis
de Broglie, 2003.

[246] J. E. Junginger and Z. D. Popovic, “An experimental investigation of the influence
of an electrostatic potential on electron mass as predicted by Weber’s force law,”
Canadian journal of physics, vol. 82, no. 9, pp. 731–735, 2004.

183



REFERENCES
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APPENDIX

A Circular and Helical Motion

This Appendix will briefly show useful mathematical equations and diagrams to explain
the circular and helical motions utilised in the modelling approaches of this work.

A.1 Circular Motion

An object moving on a circular trajectory is situated at a certain distance r from the
centre of the circle described by the motion and moving along that path with a certain
speed. The motion can be expressed in both Cartesian and polar coordinates [424] and a
sketch can be seen in Fig. A.1

φ

x

y

r⃗

v⃗

Figure A.1: Circular motion in a Cartesian coordinate system

The angle φ is the polar angle defining the angular distance travelled by a moving
point in question. We can transform between the two systems of coordinates with the
help of the following relations:

x = r cos(φ) (A.1)

y = r sin(φ) (A.2)

r =
√
x2 + y2 (A.3)

tan(φ) =
y

x
(A.4)

with the two dimensional plane as a special case where

r⃗ =

r cos(φ)
r sin(φ)

0

 (A.5)
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For circular motion of constant speed, so called uniform circular motion, we can further
find the angular velocity as

ω =
dφ

dt
(A.6)

and

v⃗ = ω⃗ × r⃗ (A.7)

so that we can simply obtain the magnitude as

ω =
v

r
. (A.8)

The angular acceleration can also be obtained as the time derivative of the angular velocity
and due to the motion’s confinement to a fixed radius it is subject to a certain centripetal
acceleration, pointing towards the centre of the motion. For our examples however, the
calculation of these quantities is not relevant and will be omitted in this short summary.

A.2 Helical Motion

Helical motion is similar to circular motion where a moving object is confined to a certain
radius, but now it is also moving along a third axis. This can be seen as propagating
in time or gradual spatial displacement, in our case the object also propagates in space
parallel to the z-axis of a Cartesian coordinate system (Fig. A.2).

x

y

z

r⃗

p

r

φ

Figure A.2: Helical motion in a Cartesian coordinate system
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We can define the position r⃗ with the circular motion of the x- and y-components and
add a motion along the third axis through the z component:

r⃗ =

r cos(φ)
r sin(φ)
dz · φ

 (A.9)

where dz is an infinitesimal element along the z-axis. The pitch of the helix is the distance
taken along the z-axis to complete one full rotation, giving

p = dz · 2π (A.10)

and if we assume a coil with a number of windings N and length l, like in section 4, we
get for the length of the coil

l = N · p, (A.11)

so that we can find the size of dz as

dz =
l

2πN
(A.12)

B Toroid Parametrisation

According to [424] a toroid is a body of rotation that is formed by rotating a circle around
an axis that is in the same plane as the circle but reaches outside of it. Usually the circle
being rotated has a smaller radius R1 whereas the larger axis is of radius R2. Following
the definition in [424], we have a toroid as shown in Fig. B.1 that can be parametrised
as follows:

r⃗ =

(R2 +R1 cos(θ)) cos(φ)
(R2 +R1 cos(θ)) sin(φ)

R1 sin(θ)

 . (B.1)

Here φ is defined as the angle in the xy-plane and θ as the angle describing the smaller
circle of size R1. In section 4 we utilised a slightly different definition, where the circle
was rotated around a different axis in the right-handed coordinate system, so that it was
parametrised as

r⃗ =

(R2 +R1 cos(θ)) cos(φ)
R1 sin(θ)

(R2 +R1 cos(θ)) sin(φ)

 . (B.2)

So we can see that in this parametrisation (B.2) the toroid has been rotated around a
different axis from the parametrisation (B.1).

In [424] it is explicitly pointed out that we have the domains of definition for the angles
φ and θ as

(φ, θ) ∈ [0, 2π]× [0, 2π], (B.3)

because the angle θ is locally defined inside the smaller circle of radius R1. This is unlike
the common definitions of spherical coordinates, where for example

(θ, φ) ∈ [0, π]× [0, 2π], (B.4)
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y

z

x

R2

R1

θ

φ r⃗

Figure B.1: Typical parametrisation of a Toroid in a right handed coordinate system

with θ defined as the distance from the pole and φ as the azimuthal angle on the xy-plane,
leaving for a sphere

r⃗ =

ρ sin(θ) cos(φ)
ρ sin(θ) sin(φ)

ρ cos(θ)

 . (B.5)

This distinction about the domains of definition is necessary to make in order to obtain
the right bounds of integration, as well as the correct values for parametrisation.

C Matlab Codes and CPO Databuilder File

This appendix lists the MATLAB codes used to predict expected values from the Weber
and field models in sections 4 and 5, as well as the databuilder file used with CPO in
section 4.

Listing 1: Code for calculating the electron beam deflection based on Weber’s force with
a current element in helical motion and the beam travelling across the solenoid.

1 %Calculate deflection of electron beam across solenoid with

helix motion approach

2
3 clearvars

4 clc

5
6 %% Set PARAMETERS %%

7 R_1 = 0.03; %m solenoid radius %0.05 originally 0.027; 0.03;

0.020;

8 h = -(R_1 + 0.025); %m height of electron beam above solenoid

which we assume remains constant
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9 V = 2000; %V acceleration voltage

10 I = 1.0; %A

11 eps_0 = 8.854187817e-12; %vacuum permittivity

12 e = 1.60217662e-19; %elementary charge

13 m_e = 9.10938356e-31; %electron mass

14 c = 299792458; %lightspeed

15 v_e = sqrt (2*e*V/m_e); %m/s ~1200V acceleration voltage

16 const = (e*I)/(4*pi*eps_0*c*c); %constant outside integration

, 2 from doublewound theory

17 N = 650; %Number of windings , in doublewound this is number

of windings in one layer! 280; 650; 31;

18 l = 0.5; %m length of the solenoid , first test with 0.1

0.255; 0.5; 0.025;

19 dz = l/(N*2*pi); % incremental increase with theta

20 p = l/N; % pitch of the coil

21
22 %% set z position of the coil and beam %%

23 z_1 = l*6/8; %beam position offset on z axis

24 z_2 = l/2; %start of the coil on the z axis it elongates only

in one direction from there! (so it is end of the coil

where current enters)

25 z_3 = -z_2;

26
27 %% Set beam path along x axis for loop %% Now x=b values!

28 b_start = -0.095;

29 b_last = +0.180;

30 b_step_size = 0.0001; %originally with 0.002

31 b = b_start : b_step_size : b_last;

32
33
34 v = ones(1,length(b))*v_e;

35 s = b_last + abs(b_start);

36 s_b = 0: b_step_size:s;

37 time = s_b./v_e;

38 t_end = time(find(time ,1,'last'));

39
40 q_2 = e; %8.5 e28*pi *0.000454545^2*

41
42 %%%%% Helix approach %%%%%

43 %% Integration steps for THETA in trapz %%

44 theta_start = 0;

45 theta_last = (N*2*pi);

46 theta_steps = N*72; %Look to increase (originally 72), 72 is

enough!

47 % set the number of intervals of theta required between 0 and

2pi

48 theta_step_size = theta_last / theta_steps; %check if this is

off by one , seems like it is, but is okay in the context
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it is used.

49 theta = theta_start : theta_step_size : theta_last;

50
51 Fy_helix = zeros(1,length(b));

52 Fz_helix = zeros(1,length(b));

53 % dfi = zeros(length(theta),length(b));

54 % dfo = zeros(length(theta),length(b));

55 % This is POSITIVE ROTATION and positive z!!!

56 for j=1: length(b)

57
58 r_i = sqrt((R_1)^2 + (h)^2 + (b(j))^2 +(z_1 -z_2+dz*theta)

.^2 + - 2*R_1*h*sin(theta) - 2*R_1*b(j)*cos(theta));

59 r_o = sqrt((R_1)^2 + (h)^2 + (b(j))^2 +(z_1 -z_3 -dz*theta)

.^2 + - 2*R_1*h*sin(theta) - 2*R_1*b(j)*cos(theta));

60 %y

61 i1i = sin(theta).^2.*( cos(theta))./r_i .^5;

62 i2i = sin(theta).^2./ r_i .^5;

63 i3i = sin(theta).^2./ r_i .^3;

64 i4i = sin(theta).*cos(theta).^2./ r_i .^5;

65 i5i = theta .*sin(theta).*cos(theta)./r_i .^5;

66 i6i = sin(theta).*cos(theta)./r_i .^5;

67 i7i = theta .*sin(theta)./r_i .^5;

68 i8i = sin(theta)./r_i .^5;

69 i9i = sin(theta)./r_i .^3;

70 i10i = (cos(theta)).^2./ r_i .^5;

71 i11i= theta .*cos(theta)./r_i .^5;

72 i12i = cos(theta)./r_i .^5;

73 i13i= theta ./r_i .^5;

74 i14i= 1./ r_i .^5;

75 i15i = sin(theta).*cos(theta)./r_i .^3;

76 i16i = cos(theta)./r_i .^3;

77 i17i = theta.*sin(theta)./r_i .^3;

78 i18i= theta .*cos(theta).^2./ r_i .^5;

79 i19i= theta .^2.* cos(theta)./r_i .^5;

80 i20i= theta .^2./ r_i .^5;

81 i21i = theta.*cos(theta)./r_i .^3;

82 i22i= theta ./r_i .^3;

83 i23i= 1./ r_i .^3;

84
85
86 i1o = sin(theta).^2.*( cos(theta))./r_o .^5;

87 i2o = sin(theta).^2./ r_o .^5;

88 i3o = sin(theta).^2./ r_o .^3;

89 i4o = sin(theta).*cos(theta).^2./ r_o .^5;

90 i5o = theta .*sin(theta).*cos(theta)./r_o .^5;

91 i6o = sin(theta).*cos(theta)./r_o .^5;

92 i7o = theta .*sin(theta)./r_o .^5;

93 i8o = sin(theta)./r_o .^5;
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94 i9o = sin(theta)./r_o .^3;

95 i10o = (cos(theta)).^2./ r_o .^5;

96 i11o= theta .*cos(theta)./r_o .^5;

97 i12o = cos(theta)./r_o .^5;

98 i13o= theta ./r_o .^5;

99 i14o= 1./ r_o .^5;

100 i15o = sin(theta).*cos(theta)./r_o .^3;

101 i16o = cos(theta)./r_o .^3;

102 i17o = theta.*sin(theta)./r_o .^3;

103 i18o= theta .*cos(theta).^2./ r_o .^5;

104 i19o= theta .^2.* cos(theta)./r_o .^5;

105 i20o= theta .^2./ r_o .^5;

106 i21o = theta.*cos(theta)./r_o .^3;

107 i22o= theta ./r_o .^3;

108 i23o= 1./ r_o .^3;

109
110
111 Fi_y = v(j)*const*R_1*(-3*R_1^2*b(j)*i1i +3*R_1*(b(j))^2*

i2i -2*R_1*i3i +3*R_1^2*h*i4i -3*R_1*dz^2* i5i +3* R_1*

dz*z_2*i6i -3*R_1*dz*z_1*i6i +3*dz^2*b(j)*i7i -3*dz*(b

(j))*z_2*i8i +3*dz*(b(j))*z_1*i8i -3*h*(b(j))^2*i8i

+2*h*i9i -3*R_1*h^2* i10i +3*dz^2*h*i11i -3*dz*h*z_2*

i12i +3*dz*h*z_1*i12i +3*h^2*b(j)*i12i -3*dz^2*b(j)*h/

R_1*i13i +3*dz*h*b(j)*z_2/R_1*i14i -3*dz*h*b(j)*z_1/

R_1*i14i) + R_1*e*q_2*a/(4*pi*eps_0*c*c) * (R_1^2* i15i

-R_1*b(j)*i9i -R_1*h*i16i +h*b(j)*i14i);

112
113 Fo_y = v(j)*const*R_1*(-3*R_1^2*b(j)*i1o +3*R_1*(b(j))^2*

i2o -2*R_1*i3o +3*R_1^2*h*i4o -3*R_1*dz^2* i5o -3*R_1*

dz*z_3*i6o +3* R_1*dz*z_1*i6o +3*dz^2*b(j)*i7o +3*dz*(b

(j))*z_3*i8o -3*dz*(b(j))*z_1*i8o -3*h*(b(j))^2*i8o

+2*h*i9o -3*R_1*h^2* i10o +3*dz^2*h*i11o +3*dz*h*z_3*

i12o -3*dz*h*z_1*i12o +3*h^2*b(j)*i12o -3*dz^2*b(j)*h/

R_1*i13o -3*dz*h*b(j)*z_3/R_1*i14o +3*dz*h*b(j)*z_1/

R_1*i14o) + R_1*e*q_2*a/(4*pi*eps_0*c*c) * (R_1^2* i15o

-R_1*b(j)*i9o -R_1*h*i16o +h*b(j)*i14o);

114
115 Fy_helix(j) = trapz(theta ,Fi_y+Fo_y);

116
117 Fi_z = v(j)*const*R_1 *(3* R_1*dz*b(j)*i5i -3*R_1*b(j)*z_2*

i6i +3*R_1*b(j)*z_1*i6i -3*dz*b(j)^2* i7i +2*dz*i17i

+3*b(j)^2*z_2*i8i -2*z_2*i9i -3*b(j)^2*z_1*i8i +2*z_1*

i9i -3*R_1*dz*h*i18i +3*R_1*h*z_2*i10i -3*R_1*h*z_1*

i10i +3*dz^3* i19i -6*dz^2* z_2*i11i +6*dz^2* z_1*i11i

+3*dz*h*b(j)*i11i +3*dz*z_2^2* i12i -6*dz*z_1*z_2*i12i

-3*h*b(j)*z_2*i12i +3*dz*z_1 ^2* i12i +3*h*b(j)*z_1*i12i

-3*dz^3*b(j)*i20i/(R_1) +6*dz^2*b(j)*z_2*i13i/(R_1)

-6*dz^2*b(j)*z_1*i13i/(R_1) -(3*dz*b(j)*z_2^2* i14i)/(
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R_1) +6*dz*b(j)*z_1*z_2*i14i/(R_1) -3*dz*b(j)*z_1 ^2*

i14i/(R_1)) + R_1*e*q_2*a/(4*pi*eps_0*c*c) * (-R_1*dz*

i21i +R_1*z_2*i16i -R_1*z_1*i16i +dz*b(j)*i22i -b(j)*

z_2*i23i +b(j)*z_1*i23i);

118
119 Fo_z = v(j)*const*R_1*(-3*R_1*dz*b(j)*i5o -3*R_1*b(j)*z_3

*i6o +3* R_1*b(j)*z_1*i6o +3*dz*b(j)^2*i7o -2*dz*i17o

+3*b(j)^2*z_3*i8o -2*z_3*i9o -3*b(j)^2*z_1*i8o +2*z_1*

i9o +3*R_1*dz*h*i18o +3*R_1*h*z_3*i10o -3*R_1*h*z_1*

i10o -3*dz^3* i19o -6*dz^2* z_3*i11o +6*dz^2* z_1*i11o

-3*dz*h*b(j)*i11o -3*dz*z_3 ^2* i12o +6*dz*z_1*z_3*i12o

-3*h*b(j)*z_3*i12o -3*dz*z_1 ^2* i12o +3*h*b(j)*z_1*i12o

+3*dz^3*b(j)*i20o/(R_1) +6*dz^2*b(j)*z_3*i13o/(R_1)

-6*dz^2*b(j)*z_1*i13o/(R_1) +(3*dz*b(j)*z_3^2* i14o)/(

R_1) -6*dz*b(j)*z_1*z_3*i14o/(R_1) +3*dz*b(j)*z_1 ^2*

i14i/(R_1)) + R_1*e*q_2*a/(4*pi*eps_0*c*c) * (R_1*dz*

i21o +R_1*z_3*i16o -R_1*z_1*i16o -dz*b(j)*i22o -b(j)*

z_3*i23o +b(j)*z_1*i23o);

120
121 Fz_helix(j) = trapz(theta ,Fi_z+Fo_z);

122 end

123
124
125 %% Impulse Calculation %%

126 Jy_helix_numeric = trapz(time ,Fy_helix);

127 Jz_helix_numeric = trapz(time ,Fz_helix);

128
129 y_helix_numeric = 0.5* Jy_helix_numeric*t_end/m_e

130 z_helix_numeric = 0.5* Jz_helix_numeric*t_end/m_e

131 beep

132 % end of code

Listing 2: Code for calculating the electron beam deflection based on field theory and the
beam travelling across the solenoid.

1 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

2 % FieldSolenoid function authored by D. Cebron

3 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

4 %modified to experimental geometry by CB

5 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

6
7 %% 1 solenoid

8 clearvars; close all; clc;

9 a=0.03; % Solenoid radius 0.027; 0.03; 0.02;

10 L=0.5; % Solenoid length 0.255; 0.5; 0.025;

11 mu=pi*4e-7;

12 n=2600; % number of windings per unit length 2200; 2600; 2440

13 I=-1;

14 Br=mu*n*I; % Residual field = field in infinite
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solenoid (mu*n*I)

15 h = -(a + 0.025); %m height of electron beam above solenoid

which we assume remains constant

16 V = 2000; %V acceleration voltage

17 e = 1.60217662e-19; %elementary charge

18 m_e = 9.10938356e-31; %electron mass

19 c = 299792458; %lightspeed

20 v_e = sqrt (2*e*V/m_e); %m/s

21 z_1 = 6/8*L;

22 q = -e;

23
24
25 x_start = -0.095; % this is where electron is emitted

26 x_last = 0.180;

27 x_step = 0.0001;

28 x = x_start : x_step : x_last;

29 y_pos = h;

30 z = z_1;

31
32 t_start = 0;

33 t_last = abs(x_last -x_start)/v_e; % distance_on_x_axis/v_e

34 t_step_size = x_step/v_e;

35 t = t_start : t_step_size : t_last;

36
37 vel = [v_e ;0;0];

38 %% impulse approach

39 Fx = zeros(1, length(x));

40 Fy = zeros(1, length(x));

41 Fz = zeros(1, length(x));

42
43 for j=1: length(x)

44 rho=sqrt(x(j)^2+ y_pos ^2);

45 BB=FieldSolenoid(a,L,Br ,rho ,z); % BB(1:2)=(Brho ,Bz)

46 Brho=BB(1); Bz=BB(2);

47 B_abs=sqrt(BB(1) ^2+BB(2)^2);

48
49 Bx=Brho*x(j)/rho; % because cos(phi) = x/rho for all

quadrants!

50 By=Brho*y_pos/rho; % because sin(phi) = y/rho for all

quadrants!

51
52 if rho == 0

53 Bx = 0; By = 0;

54 end

55
56 Bxyz = [Bx;By;Bz];

57 % B_field(j) = Bz;

58
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59 F = q*cross(vel ,Bxyz);

60 Fx(j) = F(1);

61 Fy(j) = F(2);

62 Fz(j) = F(3);

63 end

64
65 Jy = trapz(t,Fy);

66 Jz = trapz(t,Fz);

67 y_imp = 0.5*Jy*t_last/m_e

68 z_imp = 0.5*Jz*t_last/m_e

69
70 % end of code

Listing 3: Code for calculating the electron beam deflection based on Weber’s force with
a current element in helical motion and the beam travelling through the solenoid.

1 %This is a test of the Weber model for a beam travelling

through a single

2 %wound solenoid. This version adds the acceleration for the

electron beam

3 %in replacing v_1 with v_0 +a*t. The algorithm must be

restructured to

4 %include the acceleration into the consecutive time steps and

account for

5 %their changing.

6
7 clearvars; close all;

8 clc;

9 tic

10 %% Set PARAMETERS %%

11 R_1 = 0.1595/2; %m long solenoid radius 0.1595/2; short

solenoid radius 0.052/2;

12 h = -(R_1 + 0.025); %m height of electron beam above solenoid

which we assume remains constant

13 V = 2000; %V acceleration voltage

14 I = 1; %A

15 eps_0 = 8.854187817e-12; %vacuum permittivity

16 e = 1.60217662e-19; %elementary charge

17 m_e = 9.10938356e-31; %electron mass

18 c = 299792458; %lightspeed

19 n_copper = 8.49 e28; %electrons per m^3

20 v_e = sqrt (2*e*V/m_e); %m/s ~1200V acceleration voltage

21 v_2 = I/( n_copper*e*pi*R_1 ^2); %drift velocity in solenoid.

22 const = (e*I)/(4*pi*eps_0*c*c); %constant outside integration

, 2 from doublewound theory

23 N = 290; %Number of windings , in doublewound this is number

of windings in one layer! 20; 290;

24 l = 0.17; %m length of the solenoid , first test with 0.1 %

0.01; 0.17;
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25 dz = l/(N*2*pi); % incremental increase with theta

26 p = l/N; % pitch of the coil

27
28 %% Integration steps for THETA in trapz %%

29 theta_start = 0;

30 theta_last = (N*2*pi);

31 theta_steps = N*72; %Look to increase (originally 72)

32 % set the number of intervals of theta required between 0 and

2pi

33 theta_step_size = theta_last / theta_steps;

34 theta = theta_start : theta_step_size : theta_last;

35
36 %% set initial positions %%

37 v_1x = 0; a_1x = 0;

38 v_1y = 8*v_e /50; a_1y = 0;

39 v_1z = v_e; a_1z = 0;

40
41 x_1 = 0.0;

42 y_1 = 0.0;

43 z_1 = -0.165;% -0.165; -0.070

44 z_end = 0.085;%0.085; 0.175 %-z_1

45 z_2 = -l/2; %start of the coil on the z axis it elongates

only in one direction from there! (so it is end of the

coil where current enters)

46
47 %% Set z position of the coil and beam path along z axis for

loop %% Now z=b values!

48 t_start = 0;

49 t_last = abs(z_end -z_1)/v_e; % basically distance_on_z_axis/

v_e

50 z_step = 0.001;

51 t_step_size = z_step/v_e;

52 t = t_start : t_step_size : t_last;

53
54 x_pos = x_1*ones(1,( length(t)+1));

55 y_pos = y_1*ones(1,( length(t)+1));

56 z_pos = z_1*ones(1,( length(t)+1));

57
58 %% show initial position on 3D plot and plot solenoid %%

59 figure

60 plot3(R_1*cos(0: theta_step_size :2*pi),R_1*sin(0:

theta_step_size :2*pi),z_2*ones(1,length (0: theta_step_size

:2*pi)),'r');

61 hold on

62 plot3(R_1*cos(0: theta_step_size :2*pi),R_1*sin(0:

theta_step_size :2*pi),-z_2*ones(1,length (0: theta_step_size

:2*pi)),'r');

63 plot3(x_1 ,y_1 ,z_1 ,'o');
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64 xlabel('x(t)')

65 ylabel('y(t)')

66 zlabel('z(t)')

67
68 cc=jet(length(t));

69 %% Set integration loop %%

70 F_y_helix = zeros(1,length(t));

71 F_x_helix = zeros(1,length(t));

72 F_z_helix = zeros(1,length(t));

73 for j=1: length(t)

74
75 r = sqrt( (x_pos(j)-R_1*cos(theta)).^2 +( y_pos(j)-R_1*sin

(theta)).^2 +( z_pos(j)-z_2 -dz*theta).^2 );

76
77 f_x = R_1*e*I./(4*pi*eps_0*c^2*r.^3) .*( x_pos(j)-R_1*cos(

theta)).*( -3./(2*r.^2) .*( (2* v_1x*sin(theta).*( x_pos(

j)-R_1*cos(theta)).^2) + (2* v_1y*sin(theta) -2*v_1x*cos

(theta)).*( x_pos(j)-R_1*cos(theta)).*( y_pos(j)-R_1*sin

(theta)) -2*v_1y*cos(theta).*( y_pos(j)-R_1*sin(theta))

.^2 + (-2*v_1y*dz/R_1 -2* v_1z*cos(theta)).*( y_pos(j)-

R_1*sin(theta)).*( z_pos(j)-z_2 -dz*theta) -2*v_1z*dz/

R_1*(z_pos(j)-z_2 -dz*theta).^2 +(2* v_1z*sin(theta) -2*

v_1x*dz/R_1).*( x_pos(j)-R_1*cos(theta)).*( z_pos(j)-z_2

-dz*theta)) +2*( v_1x*sin(theta) - v_1y*cos(theta) -

v_1z*dz/R_1) +v_2/R_1*cos(theta).*( x_pos(j)-R_1*cos(

theta)) +v_2/R_1*sin(theta).*( y_pos(j)-R_1*sin(theta))

); %+v_2/R_1*cos(theta).*( x_pos(j)-R_1*cos(theta)) +

v_2/R_1*sin(theta).*( y_pos(j)-R_1*sin(theta))

78 f_y = R_1*e*I./(4*pi*eps_0*c^2*r.^3) .*( y_pos(j)-R_1*sin(

theta)).*( -3./(2*r.^2) .*( (2* v_1x*sin(theta).*( x_pos(

j)-R_1*cos(theta)).^2) + (2* v_1y*sin(theta) -2*v_1x*cos

(theta)).*( x_pos(j)-R_1*cos(theta)).*( y_pos(j)-R_1*sin

(theta)) -2*v_1y*cos(theta).*( y_pos(j)-R_1*sin(theta))

.^2 + (-2*v_1y*dz/R_1 -2* v_1z*cos(theta)).*( y_pos(j)-

R_1*sin(theta)).*( z_pos(j)-z_2 -dz*theta) -2*v_1z*dz/

R_1*(z_pos(j)-z_2 -dz*theta).^2 +(2* v_1z*sin(theta) -2*

v_1x*dz/R_1).*( x_pos(j)-R_1*cos(theta)).*( z_pos(j)-z_2

-dz*theta)) +2*( v_1x*sin(theta) - v_1y*cos(theta) -

v_1z*dz/R_1) +v_2/R_1*cos(theta).*( x_pos(j)-R_1*cos(

theta)) +v_2/R_1*sin(theta).*( y_pos(j)-R_1*sin(theta))

); %+v_2/R_1*cos(theta).*( x_pos(j)-R_1*cos(theta)) +

v_2/R_1*sin(theta).*( y_pos(j)-R_1*sin(theta))

79 f_z = R_1*e*I./(4*pi*eps_0*c^2*r.^3) .*( z_pos(j)-z_2 -dz*

theta) .*( -3./(2*r.^2) .*( (2* v_1x*sin(theta).*( x_pos

(j)-R_1*cos(theta)).^2) + (2* v_1y*sin(theta) -2*v_1x*

cos(theta)).*( x_pos(j)-R_1*cos(theta)).*( y_pos(j)-R_1*

sin(theta)) -2*v_1y*cos(theta).*( y_pos(j)-R_1*sin(

theta)).^2 + (-2*v_1y*dz/R_1 -2* v_1z*cos(theta)).*(
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y_pos(j)-R_1*sin(theta)).*( z_pos(j)-z_2 -dz*theta) -2*

v_1z*dz/R_1*(z_pos(j)-z_2 -dz*theta).^2 +(2* v_1z*sin(

theta) -2*v_1x*dz/R_1).*( x_pos(j)-R_1*cos(theta)).*(

z_pos(j)-z_2 -dz*theta)) +2*( v_1x*sin(theta) - v_1y*cos

(theta) -v_1z*dz/R_1) +v_2/R_1*cos(theta).*( x_pos(j)-

R_1*cos(theta)) +v_2/R_1*sin(theta).*( y_pos(j)-R_1*sin

(theta)) ); %+v_2/R_1*cos(theta).*( x_pos(j)-R_1*cos(

theta)) +v_2/R_1*sin(theta).*( y_pos(j)-R_1*sin(theta))

80
81 F_x_helix(j) = trapz(theta ,f_x);

82 F_y_helix(j) = trapz(theta ,f_y);

83 F_z_helix(j) = trapz(theta ,f_z);

84
85 a_1x = F_x_helix(j)/m_e;

86 a_1y = F_y_helix(j)/m_e;

87 a_1z = F_z_helix(j)/m_e;

88
89 x_pos(j+1) = x_pos(j) +v_1x*t_step_size + 0.5* a_1x*

t_step_size ^2; % s = v_0*t +a/2*t^2

90 y_pos(j+1) = y_pos(j) +v_1y*t_step_size + 0.5* a_1y*

t_step_size ^2;

91 z_pos(j+1) = z_pos(j) +v_1z*t_step_size + 0.5* a_1z*

t_step_size ^2;

92
93 v_1x = v_1x + a_1x*t_step_size; % now set new v_0 for

next loop

94 v_1y = v_1y + a_1y*t_step_size;

95 v_1z = v_1z + a_1z*t_step_size;

96
97 plot3(x_pos(j+1),y_pos(j+1),z_pos(j+1),'o','color ',cc(j

,:))

98 % drawnow

99 end

100
101 distance = z_pos (1,1: length(z_pos) -1);

102 figure

103 plot(distance ,F_x_helix)

104 ylabel('Fx (N)');

105
106 figure

107 plot(distance ,F_y_helix)

108 ylabel('Fy (N)');

109
110 figure

111 plot(distance ,F_z_helix)

112 ylabel('Fz (N)');

113
114 %% position and times
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115 % z_ind = find(abs(z_end -z_pos) < z_step /2);

116 [z_min , z_ind] = min(abs(z_end -z_pos));

117
118 z_last = z_pos(end)

119 z_dist = z_last -z_pos (1)

120
121
122 % z_ind = find(abs(z_end -z_pos) < z_step /2);

123 x_accel = x_pos(z_ind)-x_pos (1)

124 y_accel = y_pos(z_ind)-y_pos (1)

125 z_accel = z_pos(z_ind)-z_pos (1)

126 t_1 = t(z_ind)

127 delta_t = t_last -t_1

128 beep

129
130 toc

131 % end of code

Listing 4: Code for calculating the electron beam deflection based on field theory and the
beam travelling through the solenoid.

1 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

2 % FieldSolenoid function authored by D. Cebron

3 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

4 %modified to experimental geometry by CB

5 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

6
7 %% 1 solenoid

8 clearvars; close all; clc;

9 a=0.052/2; % Solenoid radius 0.1595/2; 0.052/2

10 L=0.010; % Solenoid length

11 mu=pi*4e-7;

12 n=2000; %1706 for the 290 turn assumption. And 2000 for 340

theoretical as well as short solenoid.

13 I=-5;

14 Br=mu*n*I; % Residual field = field in infinite

solenoid (mu*n*I)

15 h = -(a + 0.025); %m height of electron beam above solenoid

which we assume remains constant

16 V = 2000; %V acceleration voltage

17 e = 1.60217662e-19; %elementary charge

18 m_e = 9.10938356e-31; %electron mass

19 c = 299792458; %lightspeed

20 v_e = sqrt (2*e*V/m_e); %m/s

21 q = -e;

22
23 %% set initial positions %%

24 v_1x = 0;

25 v_1y = 4*v_e /50;
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26 v_1z = v_e;

27
28 x_1 = 0.0;

29 y_1 = 0.0;

30 z_1 = -0.070;

31 z_end = 0.175; %-z_1

32 z_2 = -L/2; %start of the coil on the z axis it elongates

only in one direction from there! (so it is end of the

coil where current enters)

33
34 %% Set z position of the coil and beam path along z axis for

loop %% Now z=b values!

35 t_start = 0;

36 t_last = 1.01*( abs(z_end -z_1)/v_e); % basically

distance_on_z_axis/v_e

37 t_step_size = 0.001/ v_e; % basically z_step/v_e

38 t = t_start : t_step_size : t_last;

39
40 x_pos = x_1*ones(1,( length(t)+1));

41 y_pos = y_1*ones(1,( length(t)+1));

42 z_pos = z_1*ones(1,( length(t)+1));

43
44 %% show initial position on 3D plot and plot solenoid %%

45 figure

46 plot3(a*cos (0:0.02:2* pi),a*sin (0:0.02:2* pi),z_2*ones(1,length

(0:0.02:2* pi)),'r');

47 hold on

48 plot3(a*cos (0:0.02:2* pi),a*sin (0:0.02:2* pi),-z_2*ones(1,

length (0:0.02:2* pi)),'r');

49 plot3(x_1 ,y_1 ,z_1 ,'o');

50 xlabel('x(t)')

51 ylabel('y(t)')

52 zlabel('z(t)')

53
54 cc=jet(length(t));

55 %% more efficient if field is only calculated locally.

56 Fy = zeros(1,length(t));

57 Fx = zeros(1,length(t));

58 Fz = zeros(1,length(t));

59 for j=1: length(t)

60 vel = [v_1x;v_1y;v_1z];

61 rho=sqrt(x_pos(j)^2+ y_pos(j)^2); z=z_pos(j);

62 BB=FieldSolenoid(a,L,Br ,rho ,z); % BB(1:2)=(Brho ,Bz)

63 Brho=BB(1); Bz=BB(2);

64 B_abs=sqrt(BB(1) ^2+BB(2)^2);

65
66 Bx=Brho*x_pos(j)/rho; % because cos(phi) = x/rho for

all quadrants!
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67 By=Brho*y_pos(j)/rho; % because sin(phi) = y/rho for

all quadrants!

68
69 if rho == 0

70 Bx = 0; By = 0;

71 end

72
73 Bxyz = [Bx;By;Bz];

74
75 F = q*cross(vel ,Bxyz);

76 Fx(j) = F(1);

77 Fy(j) = F(2);

78 Fz(j) = F(3);

79
80 a_1x = Fx(j)/m_e;

81 a_1y = Fy(j)/m_e;

82 a_1z = Fz(j)/m_e;

83
84 x_pos(j+1) = x_pos(j) +v_1x*t_step_size + 0.5* a_1x*

t_step_size ^2; % s = v_0*t +a/2*t^2

85 y_pos(j+1) = y_pos(j) +v_1y*t_step_size + 0.5* a_1y*

t_step_size ^2;

86 z_pos(j+1) = z_pos(j) +v_1z*t_step_size + 0.5* a_1z*

t_step_size ^2;

87
88 v_1x = v_1x + a_1x*t_step_size; % now set new v_0 for

next loop

89 v_1y = v_1y + a_1y*t_step_size;

90 v_1z = v_1z + a_1z*t_step_size;

91
92 plot3(x_pos(j+1),y_pos(j+1),z_pos(j+1),'o','color ',cc(j

,:))

93 % drawnow

94 end

95 % end of code

Listing 5: Code for calculating the induced voltage based on Weber electrodynamics with
a spinning disk and stationary magnet.

1 % Trying to predict unipolar induction with Weber. Spinning

disk ,

2 % stationary magnet

3
4 clearvars; close all; clc;

5 %% Parameters %%

6 R_1= 0.068; % Solenoid radius 0.068

7 R_2= 0.04; % Disk radius

8 R_wire = 0.0005; % radius of coil wire

9 I = 3; % Ampere
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10 mu = pi*4e-7; % magnetic permeability

11 eps_0 = 8.854187817e-12; %vacuum permittivity

12 e = 1.60217662e-19; %elementary charge

13 m_e = 9.10938356e-31; %electron mass

14 c = 299792458; %lightspeed

15 n_copper = 8.49 e28; %electrons per m^3

16 v_1 = I/( n_copper*e*pi*R_wire ^2); %speed of electrons in wire

17
18 N = 320; %Number of windings spinning coil 320

19 L = 0.020; %m length of spinning coil 0.02

20 p = L/N; % pitch of the coil

21 n_unit = N/L; % winding density

22 dz = L/(N*2*pi); % incremental increase with theta

23
24 rpm = 1100;

25 om = 2*pi*rpm /60;

26
27 z_1 = L/2; %

28 z_2 = 0.0;% position of disk , sits next to coil; L/2+0.005;

0; L/2+0.01

29
30 %% Weber prediction %%

31
32 %make function handle for Weber force/EMF , apparently

needs to be 1D

33 % theta_2 as fixed value

34 theta_2 = 2*pi/4;

35 f_x = @(theta_1 ,R_3) I*om*R_1*R_3 /(4*pi*eps_0*c^2).*( R_1*

cos(theta_1)-R_3.*cos(theta_2))./( sqrt((R_1*cos(

theta_1)-R_3.*cos(theta_2)).^2 + (R_1*sin(theta_1)-R_3

.*sin(theta_2)).^2+(z_1 -z_2 -dz*theta_1).^2)).^3

.*( -3/2./( sqrt((R_1*cos(theta_1)-R_3.*cos(theta_2)).^2

+ (R_1*sin(theta_1)-R_3.*sin(theta_2)).^2+(z_1 -z_2 -dz

*theta_1).^2)).^2 .*(-2*sin(theta_2).*sin(theta_1).*(

R_1*cos(theta_1)-R_3.*cos(theta_2)).^2 + 2*(sin(

theta_2).*cos(theta_1) + sin(theta_1).*cos(theta_2))

.*( R_1*cos(theta_1)-R_3.*cos(theta_2)).*(R_1*sin(

theta_1)-R_3.*sin(theta_2)) -2*cos(theta_2).*cos(

theta_1).*(R_1*sin(theta_1)-R_3.*sin(theta_2)).^2 -2*

sin(theta_2)*dz/R_1.*(R_1*cos(theta_1)-R_3.*cos(

theta_2)).*(z_1 -z_2 -dz*theta_1) +2*cos(theta_2)*dz/R_1

.*( R_1*sin(theta_1)-R_3.*sin(theta_2)).*(z_1 -z_2 -dz*

theta_1) ) -2*sin(theta_2).*sin(theta_1) -2*cos(

theta_2).*cos(theta_1) );

36 f_y = @(theta_1 ,R_3) I*om*R_1*R_3 /(4*pi*eps_0*c^2).*( R_1*

sin(theta_1)-R_3.*sin(theta_2))./( sqrt((R_1*cos(

theta_1)-R_3.*cos(theta_2)).^2 + (R_1*sin(theta_1)-R_3

.*sin(theta_2)).^2+(z_1 -z_2 -dz*theta_1).^2)).^3
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.*( -3/2./( sqrt((R_1*cos(theta_1)-R_3.*cos(theta_2)).^2

+ (R_1*sin(theta_1)-R_3.*sin(theta_2)).^2+(z_1 -z_2 -dz

*theta_1).^2)).^2 .*(-2*sin(theta_2).*sin(theta_1).*(

R_1*cos(theta_1)-R_3.*cos(theta_2)).^2 + 2*(sin(

theta_2).*cos(theta_1) + sin(theta_1).*cos(theta_2))

.*( R_1*cos(theta_1)-R_3.*cos(theta_2)).*(R_1*sin(

theta_1)-R_3.*sin(theta_2)) -2*cos(theta_2).*cos(

theta_1).*(R_1*sin(theta_1)-R_3.*sin(theta_2)).^2 -2*

sin(theta_2)*dz/R_1.*(R_1*cos(theta_1)-R_3.*cos(

theta_2)).*(z_1 -z_2 -dz*theta_1) +2*cos(theta_2)*dz/R_1

.*( R_1*sin(theta_1)-R_3.*sin(theta_2)).*(z_1 -z_2 -dz*

theta_1) ) -2*sin(theta_2).*sin(theta_1) -2*cos(

theta_2).*cos(theta_1) );

37 f_z = @(theta_1 ,R_3) I*om*R_1*R_3 /(4*pi*eps_0*c^2).*(

z_1 -z_2 -dz*theta_1 )./( sqrt((R_1*cos(

theta_1)-R_3.*cos(theta_2)).^2 + (R_1*sin(theta_1)-R_3

.*sin(theta_2)).^2+(z_1 -z_2 -dz*theta_1).^2)).^3

.*( -3/2./( sqrt((R_1*cos(theta_1)-R_3.*cos(theta_2)).^2

+ (R_1*sin(theta_1)-R_3.*sin(theta_2)).^2+(z_1 -z_2 -dz

*theta_1).^2)).^2 .*(-2*sin(theta_2).*sin(theta_1).*(

R_1*cos(theta_1)-R_3.*cos(theta_2)).^2 + 2*(sin(

theta_2).*cos(theta_1) + sin(theta_1).*cos(theta_2))

.*( R_1*cos(theta_1)-R_3.*cos(theta_2)).*(R_1*sin(

theta_1)-R_3.*sin(theta_2)) -2*cos(theta_2).*cos(

theta_1).*(R_1*sin(theta_1)-R_3.*sin(theta_2)).^2 -2*

sin(theta_2)*dz/R_1.*(R_1*cos(theta_1)-R_3.*cos(

theta_2)).*(z_1 -z_2 -dz*theta_1) +2*cos(theta_2)*dz/R_1

.*( R_1*sin(theta_1)-R_3.*sin(theta_2)).*(z_1 -z_2 -dz*

theta_1) ) -2*sin(theta_2).*sin(theta_1) -2*cos(

theta_2).*cos(theta_1) );

38
39 emf_x = integral2(f_x ,0,N*2*pi ,0,R_2 ,'method ','iterated ')

% ,'method ','iterated ' ,'AbsTol ',1e-16,'RelTol ',1e

-16

40 emf_y = integral2(f_y ,0,N*2*pi ,0,R_2 ,'method ','iterated ')

% ,'method ','iterated '

41
42 emf_r = 1000* sqrt(emf_x ^2+ emf_y ^2)

43 emf_z = integral2(f_z ,0,N*2*pi ,0,R_2 ,'method ','iterated ')

% ,'method ','iterated '

44 % end of code

Listing 6: Code for calculating the induced voltage based on field model with a spinning
disk and stationary magnet.

1 % unipolar induction with the field model - first check

general trend

2 % before applying B field from Cebron model

3
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4 clearvars; close all; clc;

5
6 %% Parameters %%

7 R_disk = 0.04; % m 0.005:0.04

8 R_mag = 0.068; % m

9 L_mag = 0.02; % m

10 N = 320;

11 n = N/L_mag;

12 I = 3; % A

13 mu = pi*4e-7; % magnetic permeability

14
15 rpm = 1100;

16 om = 2*pi*rpm /60; % angular velocity

17 f = rpm /60; % frequency.

18 Br = mu*I*n;

19 z = 0.01; % distance of disk from centre of coil 0.0; 0.01;

20 % now in next step use fieldbar code of ceborn to obtain Bz

value and use for

21 % calcs. Only Bz because v x B dictates B_rho is irrelevant!

22
23
24 rho = 0: R_disk /1000: R_disk;

25
26 for j=1: length(rho)

27
28 BB=FieldSolenoid(R_mag ,L_mag ,Br,rho(j),z); % BB(1:2)

=(Brho ,Bz)

29 Brho=BB(1); Bz=BB(2);

30 B(j) = Bz;

31
32 end

33
34 %% calculate EMF in mV %%

35 emf_om = om*rho.*B;

36 EMF_om = 1000* trapz(rho ,emf_om)

37 emf_Bz_om = 1000*0.5* om*Bz*R_disk ^2

Listing 7: Databuilder file used with CPO to calculate deflections for a beam travelling
across a solenoid.

1 CPO3D -based on 4th test , relativistic cyclotron motion

2 tempa.dat name of hidden output file , for processed data

3 tempb.dat name of main ray output file , for ray data

4 n v n/p/m/a for print level , cumulative , colour

electrodes

5 0 0 0 0 voltage reflection symmetries in x,y,z,x=y planes

6 1 number of different voltages (time -independent)

7 0.001 5 0 allowed consistency error , side/length ratio

check , allow outside zs
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8 n apply inscribing correction (a/s/n=always/sometimes/never)

9 cylindrical electrode

10 27 0 0 -127.5 radius , centre of 1st end

11 0 0 127.5 centre of 2nd end

12 1 1 numbers of 2 applied voltages (can be same)

13 100 0 total nr of subdivs and 0, or subdivs along

and around axis

14 colour 1

15 end of electrode information

16 0 1 0.5 final nmbr segs , nmbr steps , weight

17 1e-07 charge inacc ,non -0 total Q,improve matrix

,import ,sp-ch

18 end of segment information

19 0.0000000E+00 rods at +/- x applied

voltages

20 s solenoid , type 1

21 -1 30 30 1300 current , radii , nr of turns

22 0 0 250 0 0 -250 coordinates of 2 ends of solenoid

23 n no more magnetic fields from menu

24 0 0 0 0 c symmetries of rays in yz ,zx,xy and x=y planes ,

compounded transformation

25 n n n no more potentials and fields along a line

26 start of ray information

27 d direct (d), or mesh (m) method and mesh spacing

28 p 'n/p/m/a' for 'nearlyzero/partial/most/all ' printing

level , rho/radius

29 -250 250 minimum and maximum x(mm) of screen 2D fields of

view

30 -250 250 minimum and maximum y

31 -250 250 minimum and maximum z

32 -500 500 minimum and maximum x(mm) of rays

33 -500 500 minimum and maximum y

34 -500 500 minimum and maximum z

35 -1e+10 1e+10 minimum and maximum vx(m/s) of rays

36 -1e+10 1e+10 minimum and maximum vy

37 -1e+10 1e+10 minimum and maximum vz

38 + y direction of time , stop when ray first hits an

electrode

39 1e+10 final time (ms)

40 1 10 =max step length ,interp pts

41 -0.0001 0.0001 fractional inaccuracies for (1) ray tracing

and (2) potentials and fields

42 1 nr test planes ,mult cross ,iter foc ,phase spc ,

scatt ,quant ,stp_tst

43 1 0 0 180 a,b,c,d of test plane defined by a*x+b*y+c*z=d

44 el 'el ' for electron; or 'co ' or 'va ' for other

particles

45 k kinetic energy (k); or total energy (t) and potential

215



APPENDIX

46 set of single rays:

47 -95 -52 375 1 0 0 2000 0 x,y,z,vx,vy ,vz ,eV,I

48 last of this set of rays

49 n calculate space -charges?

50 0 0 0 0 symmetries of rays in yz, zx , xy and x=y planes
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THE END

I have, alas, studied philosophy,
Jurisprudence and medicine, too,

And, worst of all, theology
With keen endeavour, through and through –

And here I am, for all my lore,
The wretched fool I was before.

Called Master of Arts, and Doctor to boot,
For ten years almost I confute

And up and down, wherever it goes,
I drag my students by the nose –

And see that for all our science and art
We can know nothing. It burns my heart.

– Goethe’s Faust
translated by Walter Kaufmann
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