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Abstract:

The concept that the magnetic flux, induced by moving charge or an electrical current, moves with the
charge carriers that induce it, is explored. This idea was promoted as late as the 1960's by W.J. Hooper
and still remains a contested issue. Hooper claimed to have verified this experimentally and also
identified some fundamental qualitative differences between types of electric fields distinguished by
their origin. An analytical investigation of these claims has been undertaken.

This author has not been able to disprove Hooper's claims. It is established that there are three types of
electric fields. The first due to a distribution of charge known as an electrostatic field. The other two
are associated with the two types of electromagnetic induction. The first type of induction is known as
flux cutting is due to relative spatial motion with respect to magnetic flux. The electric field resulting
from this type of induction is the motional electric field. This type of electric field has unique
properties that separate it from the other two. Experimentally, it is confirmed that this electric field is
immune to shielding due to the fact that magnetic (not electric) boundary conditions apply to it.
Motional electric fields can also exist where the total magnetic field that induces it consists of non-zero
components that sum to zero. The other type of induction is due to linking time changing magnetic
flux.

Inclusion of the concept of magnetic flux moving with the current or charge carriers that induce it into
classical electro-magnetic theory results in a small additional force between relative moving charge that
is not predicted by classical EM theory. This difference is due to a motional electric field that
surrounds all moving charge if the idea of moving magnetic flux is subscribed to. This term is
dependent on the square of the relative velocity and is equivalent to the term generated by special
relativity when applied to relative moving charge. Ampere electrodynamics also predicts the existence
of this force. Consequently, three incompatible and fundamentally different models of EM effects yield
the same results.
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ABSTRACT

The concept that the magnetic flux, induced by moving charge or an
electrical current, moves with the charge carriers that induce it, is
explored. This idea was promoted as late as the 1960's by W.J. Hooper
‘and still remains a contested issue. Hooper claimed to have verified
this experimentally and also identified some fundamental qualitative
differences between types of electric fields distinguished by their
origin. An analytical investigation of these claims has been
undertaken. )

This author has not been able to disprove Hooper's claims. It is
established that there are three types of electric fields. The first
due to a distribution of charge known as ~ an electrostatic field. The
other two are associated with the two types of electromagnetic
induction. The first type of induction is known as flux cutting is due
to relative spatial motion with respect to magnetic flux. The electric
field resulting from this type of induction is the motional electric
field. This type of electric field has unique properties that separate
it from the other two. Experimentally, it 1is confirmed that this
electric field is immune to shielding due to the fact that magnetic
{(not electric) boundary conditions apply to .it. Motional electric
fields can also exist where the total magnetic field that induces it
consists of non-zero components that sum to zero. The other type of
induction is due to linking time changing magnetic flux. ~ :

Inclusion of the concept of magnetic flux moving with the current
or charge carriers that induce it into classical electro-magnetic
theory results in a small additional force between relative moving
charge that is not predicted by classical EM theory. This difference is
due to a motional electric field that surrounds all moving charge if
the idea of moving magnetic flux is subscribed to. This term is
dependent on the square of the relative velocity and is equivalent to
the term generated by special relativity when applied to relative
moving charge. Ampere electrodynamics also predicts the existence of
this force. .Consequently, three  incompatible and fundamentally
different models of EM effects yield the same results.




CHAPTER 1
INTRODUCTION

Classical electromagnetic (EM) theery is a composite of pieces
developed by ‘such notables in the history of science as Faraday,
Maxwell, Hertz, Lorentz and Einstein. The theory itself was originally‘
developed from empirical results and experimental evidence. Even though
the foundational development of the theory took place more than 150
years ago, the final chapters of EM theory have still not been written
and this body of knowledge can still be an area for new discovery. As
technology progresses and instrumentation becomes mone sensitive,
ekperinental evidence is obtained that still raises questions and
paradoxes concerning the foundational aspects of EM theory. This is
evidenced by the many parts of EM theory. that alone are brilliant but
when combined, do not fit into an easily understandable whole and do.
not always yield consistent results when 'applied to problems. Many
authors [1,2,3;4.5] have pointed out inconsistencies and paradoxes in
the theor& and have demonstrated differences in results when applying
one approach to a problem'as compared to.anether.

Enéineers and 'physieists have éroped- for a concise model and
package that works for ali of the nast EM phenonena. Maxwell's
equations are ihe.accepted answer to this need, but even they.require
the user to have an extensive prior knowledge of the results he is

pursuing since they do not 1lend much physical insight into the.
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'mechanics of EM effects and can yield wrong results whén applied
indiscriminately. In addition, unless one is careful in apﬁlying these
relationships [6,7], it is easy to exclude the common vXB term of the
Lorentz forcé.equation and this term may not be negligible.

One specific area of EM theory that still causes confusion [8,9]
is the law of induction - the linking factor between electric and
magnetic fields. It 'is commonly believed that “Faraday”s law of
inductioﬁland the corresponding Maxwell equations describe all forms of
induction and equates them, but this belief has’been pointed out‘to be
incorrect by many experimenters. In fact, ‘there are two types of
induction that .must be treated separately [5,9]. The first is due to a

rtime varying magnetic fiéld and the sécond is due to relative'spatial
-motion with respect to a magnetic field.

EM theory has its roots in experimental investigation and some of

the cornerstones of EM theory such as Faraday's Law, The Biot-Savart

version of Ampere's current La; and the Lorentz Force Equation are
based purely on experiméntal reéults. Ampere was one of the first to
develop a mathematical interp:etation of these experiménts. His
experiments ipvolved measuring the nfﬁrces between currents and thé
results have been put into many forms. The most well known of these is
the Biot—Savaft Law that establishes the fofce between tﬁo currents as
a funétion of their magnitudés, relative position and orientation.

Faraday's law states that the induced electromotive force (e.m.f.) in a

closed cirquit is proportional to the time rate of change of magnetic

flux it encloses. The Lorentz equation describes the force on a charge

or an induced e.m.f. ‘as a function of the magnitude of the electric
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3
field and magnetic figld it sees and also the relétive velocity with
respect to the magnetic fielq. ‘

One researcher, W.J. Hooper [10], brobed deeply into the topic of
classical EM theory and, after much experimentation, came to the
conclusion that there are three different types'of electric fields.
One, due to a distributiﬁn of electric charge, and the othef two are
associated with the two types of induction.

His major interest was.investigating the physical characteristics
of the motional electric field that is associated with relative motion
in space with respect to a magnetic field. Hooper'distinguished between
the electric field due to relative spatial motion with reépect to a
magne£ic field and the electric field due tp relative time motion with
respect to.a -magnetic field. Motional electric fieldé are due to
spatiai not timé motion with respect to a magnetic field. By adépﬁing
an empirical approach to his work, Hooper obtained evidence that the
three t&bes of electric fields have different physical characteristics
and, therefore, should not be equated as is easy to do when using gnly
mathematical models. Hooper demonsfrated by experiment that motional
electric fields are immune to shielding and can also exist whepe the
total magnetic field is zero. In addition, he argued that magnetic flux
is physically real and not just a mathematibal model or a convenient
‘way to describe the effect; of moving charge.

’More significant, Hooper .interpreted thé work of Cuilwick [11]

that assigned inertia and momentum to a current as supporting the idea

that the magnetic flux (or field) induced by moving charge actually

moves with the charge carriers. Hooper's premise that the magnetic flux
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associated with a current drifts along with fhe charge cérriers
composing the current is a simple one, but it has never been thoroughly
investigated. Althoﬁgh never proven [3] before instrumentation was
sensitive enough to measure it, it has some importapt ramifications'and
a new investigation is warranted. Charge itself can even be modeled by
moving magnetic flux of spinning magnetic dipoles and a theory exists
[12] that charge is movinglflux. There seems to be no way to disprove
that magnetic flﬁx does. nat move with its‘ source [i2]. The moét
importanf ramification of the mbving magnetic’ flux idea is that this
assumption yields a motional electric field in the .fixed reference
frame of the current that induces the magnetic field.‘This will be true
even if it is a dc current in a heutral conducéor. ansequently, this
idea proposes that a motipnal electric field is aséociated with all
moving charge. To this author‘s'knowledge, Hooéer (with péséibly one
exception [13]) has been the only one to actually measure this effectj
For moderate charge velocities, Speciél Relativity, when applied to the
moving charge composing the current, supports his conclusion [14].
Besides Special Relativity, a field-free, non-relativistic version of
thé Ampere equation also supports Hooper's claims. it is ironic that
these two approaches that avoid the use of magnetic fields ‘give tﬁe
same mathematical’ resglts as Hooper's theory that is centered on the
ﬁhysical reality ofrmaghetic fields. fhe moving magnetic flux theory
may have advantages, though, in its ability to characterize the force
between relative moving charge as due to a motional electric field

which by definition is a magnetic force (ie: E=vXB).
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This author has set out to- investigate the claim'that magnetic
flux moves with the charge fhat induces if. Originally an experimental
approach iwas attempted. But limitations in available hardware and
instrumentation needed to measure this sméll effect, has forced an
analytical investigation of this idea. What will be shown in this paper
is that Hooper's theory, with some élarifipations'the author proposes,
is equivalent to a rigorous application éf special rélativit& at
moderate charge velocities (or to a sebond order approximation) and
identically equivalent to an alternate field-free vérsion of the Ampere
equation [15]. Although ~the best way to ‘get ‘a hold of' an

electromagnetic field is through its effects, the analytical

_investigation presented here does clarify certain issues and raise some

significant points.
In Chapter 2, Hooper's experimental work is reviewed and evidence

is presented that supports his clainms. Chapter 3 analyzes various

configurations of moving charge using three different formalisms of

classical electrodynamics. The results. generated in ChapterA 3 are
reviewed in Chapter 4 and a set of results is chosen as a baseline for
further comparisons. Chapter 5 applies Hooper's, or thé 'moving
magnetic flux', approach to the same problems looked at in Chapter 3

and compares these results to the chosen baseline. A magnetic drift

" velocity that. matches the baseline is derived. Advantages and

disadvantages of the moving magnetic flux approach are thén discussed
in Chapter 6. In Chapter 7, conblusions‘about the work are drawn and
experiments that would discriminate between a motional elecfric field

effect and special relativity effects are suggested. It is shown that
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the motional electric field approach to’determining the forces_between
relativé moving 'charge is a valid one from a mathematical stan&point
and may yield additional insight into the physical nature of the force
between relative mﬁving chérge. Some key experiments that may
differentiate between a motional electric field effect and a similar
effect due fo special relativity are suggested and described.

This work appears significant in llight. of.récent work in the'
detection.of maghefig monopoles [16]1 effects in field free regions as
described by gquantum gauge theory [17], and momentum poésesSed by
static EM.fields [18]. The moving magnetié flux idea may also help
expiain why dissimilar haterials react differently to éravity that has
now required the postulation of a small electric effect called 'Hyper-
charge' or 'a fifth éorce that iss a function of atom composition
[19,20]. The linedr motion of flux down a conductor may also help
explain longifudinal propulsion associated with cqrrenté;an'effept that
has yet to'be explained in terms of Lorentzian férces [21,13].'In fact;
the incorﬁoration of moving magnetic flux into EM field theory may help

resolve the differences bétween Maxwellian field theory and Ampere-

Neumann field free electrodynamics of materials.




CHAPTER 2
THE WORK AND THEORIES OF W. J. HOOPER

This investigation of yotional electric fields associated with
moving chagge was stimulated by the work of W. J. Hooper in this same
area. His contributions to the topic of EM theory involve the
experimental invéstigation and description of motional electric fields,
differentiating them from other types of electric fields, and his claim
that a motional electric field is associated‘with all moving chérge.
Hooper's claims caﬁ'be summed up by two premises. The first is that a
motional electric field is physically different than an electpostatic
field or an induced electric field due to a time 6hanging”ﬁagnetic
field. His second premise is tﬁat a motional elecfric— field is

associated with all moving charge and this is due to the fact that the

magnetic flux induced by moving charge moves with the charge.

Unigueness of Motional Electric Fields

" A regression af this ﬁoint to define thoroughly métional electric
fields is warranted. Simbly 'stated, a motional electric field is the
induced electric field due to relative motion with respect to magnetic
flux [22]. It is described by the Lorentz force equation:

E - vxB ' ' ‘ - E2.1.1
where E is the induced motional electric field and v is the véiocity of

motion with respect to the magnetic field B.
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Hooper stated and claimed to have proved experimentally that this
motional electric field is different than . the ‘electric field that

arises from a distribution of electric charge known as an electrostatic

field and also different 'than the electric field due to time rate of

change of a hagnetic field.

In the classical sense, a motionai electric field is the force per
unit charge on a charge moving with resﬁect to a magnetic-field. It is
considered a magnetic force and acts normal to both thé magnetic field
and the velocity of the charge. This is differént from an electrostatic
force that acts in line with the electric field. Another difference is
that a magnetic force 'caﬁ not change the energy of the charge, only
change its.direction. This is even..true in the case of a 'moving
magnetic field' where there is a motioﬁal electric field pfodﬁded. The
- magnetic field doés not do work, but the source of the magnetic field
or ﬁrime mover does-work [23].

The differences between motional electric fields and those due to
a'time varying magnetic field are not aiways clear. Although a non-
uniform moviné magnetic field is mathematically equivalent to a time

changing magnetic field,

é8 ,dx _db o _ E2.1.2

- the . physical characteristics of the effects they generate are’

different. The emf generated in a physically moving closed circuit cén
,usuaily be described by Faraday's law since the amount of flux enclosed

by the circuit is changing with time. The motional electric field is

due to flux cutting while the electric fieldv generated from a time

changing magnetic field is due to flux linking. Although they are
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mathematically equivaleﬁt for certain geometries, Hooper claims that
they are vtwo different effects and should not be confused. This is in
agreement with others who have rigorously investigated induction [8,9j.

The work of Moon and Spencer on induction [9] helps to clarify
this somewhat confusing issue. Their electrodynamic theory consists of
modeling electfomagnetic phenomena purely as forces between charges.
This avoids - the fieid concept all togéther. In their work, they show
the equivalence of fhe flux cutting force ‘descfibed in - the Lorentz
‘force equation to a force due purely to relative moti§n between‘charge.-
The’force due to’ fluxllinking ié shown to be equivalent to a force
between chafge that is due purely to relative acceleration. From their
work, it can be _surmised that the flux cutting and flux linking are
different phenomena since they stem from different fundamental physiés.
Flux cutting is eguivalent to relative motion between charge while flux
linking is due to relative acceleration between charge.

Anotﬁer diétinguishing éharactgristic of the motional electric
field is its immunity to sﬁielding. Hooper Verified~ this with
experiments. They consisted of showing that thg motional electric field
6annot be electrostaticly shielded by a faraday cage held at a fixed
potential enclosing the detection de&ice {10]. His experiments were
also . extended fo magnetostatic shielding and his répresentative
experiments concerning the shielding of motional electric fields have
been duplicated and verified at Montana S@gte University [24]. It wa§‘
concluded that a motional electric field cagnot be shielded by any
common means. As long as magnetic flux 1is cut, an emf 1is prbducéd

independent of the material cutting the. flux. This agrees with
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conclusions arrived at by Maxwell [25]. The only way to shield a
material from a mofional electric field is to use.a magnetic shield
(high u.material) around the source of the: magnetic flux - in effect
contaihing the maénetic flux at its source. When a magnetic shield is
not around the source but around an object that is to be shielded, no
shielding takes place sjnce‘ all the shield does is redirect the flux
and the shielded area still cuts flux. Thgse 'conclﬁsions are not
startling if one remembers that mbtional electric fields are a magnetic
effect.

Another significant finding of Hooper was the measurement of real

. effects in field fﬁee regions. This may seem like a side-light to his

work that is of interest here, but this effect is important and

directly associated with motional electric fields. Hooper found that an

'analysis of the sum of the parts does not always equal the resulté of

an analysis on the whole. A’ simple experiment that verifies this
cdnsists of subjecting a conductor to two different magnetic fields

that are equal and opposite,

B, = -B ' ' ) E2.1.3

B.+B_ = B.= 0 . ‘ ' . E2.1.4

If they also have equal and opposite relative velocity to a-conductb;,

v1 = —v2 , ) E2.1.5

the total E field is not equal to zero.
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Not apparent at first glance, the correct result is obtained by

‘application of the Lorentz force equation using simple éuperposition.

Thus

= ' = 2 ! .
Et V1XB1 + V2XB2 2vB n . E2.1.6

An incorrect value 'is obtained by_usiﬁg the total magnetic field,

Et # (VXBt =_0) . : . E2.1.7

In this case, even though the B fields cancel, the vXB effects add. A
mot;onal electric field due to flux cﬁtting is gengrated even 1in an
area where the total magnetic flux is zero. Hooper incorporated this
effect in his experiment that generated a radial motional electric

field using no moving parts.

_Mo&ing Magnetic Flux

Hooper's research aqd experimental work led him to draw the
conclusionrthaﬁ the magnetic flux associated with a .éurrent actﬁaliy
moves with the charge carriers that compose the current. This
assumption leads to the conclusion that a force exists between a dc
current in a metallic conductor and an external stationary charge. This
is equivalenf to saying that a radial electric field éurroﬁnds a dc
current eveﬂ in a metallic conductor where éhafge neutrality (a balance
between poSifive and negative charge numbers) is maintained within the
conductor. This conclusion points ouf a interaction or equivalence 6f
electrodynamic and electrostatic forcesl This is in variance with the
Biot-Savart Law and classiéal EM theory. In effect, this premise is

equivalent to a type of 'dc induction'.
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This force on stationary charge in the presence of a dc current
(Figure 1) can be described by the Lorentz equation if one assumes that
the magnetic flux due to a current,

B = 1/(2icGc2r)9@ E2.2.1

Where:

is the current magnitude in [amps]

is the permittivity of free space [farads/meter]

the velocity of light in free space [meters/sec.]
is the radial distance from the center of 1 [meters]

=00 -
7]

is drifting or moving with respect to the stationary charge at the
drift velocity of the charge carriers that compose the current.

V_ =V = -VvS E2.2.2
B e z

Figure 1. Force on charge adjacent to dc current element.
B = I/(2n:€c2r)56
current G
I=c*e veS.

test charge

The force on the charge then becomes

F = Q(VgXB) =-v8 X1/ (Qjrec2r) = Iv/(Rjreéc2r)sh E2.2.3

which is a finite value iIf Hooper®s assumption that the magnetic flux
has a finite velocity associated with it is accepted.

This i1dea that magnetic flux drifts along with its source is still
an unresolved issue in EM theory. Although not exactly the same issue,
it is worth mentioning that there has been an on-going debate initiated
by Faraday with his axially symmetric “disk® generator of whether the

magnetic Fflux rotates with an axially symmetric source. This debate
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even intrigued Hertz [12]. Hooper's-cléim that magnetic flux moves with
the charge carriers that comprise a current, has never been addressed

with the same zeal as the rotating flux controversy. The most recent

thought on the Faraday disk generétor controversy is that whether the -

flux rotates with ‘its source or not cannot be proven and either

assumption yields the same results. This idea is suggested by Djuric

[12] who has proposed a model of electric qharge based on spinning
magnetic dipoles. What most of these reséarchers.have failed to realize
and investigate thoroughly is one bf thé properties of the motional
electric fie;d, specifically its reéction to shielding. It seems that
an experimeht can be deviseﬂ where shieiding is wused to distinguish
between a motional electric field and the electric field of a charge
redistribution caused by a motional electric field. Thus the
controveréy may Be resolved once and for all. So far, it appearsnthat
most have overlooked the properties of motional electric fields. An
example of this'oversight ig ﬁjuric's model of charge based on spinning
magnetid dipoles. It is sound mathemétically, but fails to take. into
account the physical characteristics of the motional electric field.
These characteristics would rend the charge of his model totally imﬁune

to shielding which is not in agreement with the known -properties of

electrostatic charge.

Experimental Work of W.J. Hooper

Hooper conducted many experiments that supported his claims
concerning the uniqueness of the motional electric field, especially

concerning the issue of shielding. His experiments consisted of a
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detection  system that was usually a conductor and an ammetér that would
measure the induced current in the conductor when_it was paésed through
a magnetic field. This effect is well understood and is the principle
of inducing an emf from cutting'lineé of magnetic flu#. What is unique
in Hooper's experiments is his investigation of various types of
shieldihg. He was unable to shield the effects peasured in ﬁis

detection system by any type of electrostatic shielding such as a

grounded faraday cage.,Additionally, he could not shield his detector

by employing any type of magnetic shielding such as high permeability

iron. He concluded that the motional electric field due to relative-

motion between a conductor and a magnetic field was totally immune to
shielding of any sort and penetrated all materials equally. These
~conclusions. are - in agreement with classical EM theory that defines a

motional electric field rigorously as a magnetic force per charge, but

his conclusions bring to attention certain characteristics of motional -

electric fields that are often overlooked.
The premise that there is a motional electric field associated

with all moving charge lends itself to a straightforward experimental

test. The concept is a simple one and the experiment is also simple in

idea, but in practice has proven to be.difficult strictly because the
magnitude-of the effect is so small.
The experiment Hooper used consisted of a source of moving charge

and a detection system. The source consisted of a non-inductively

(wihdings arranged so that the individual magnetic fields produced by

each winding cancel and sum to zero) axial wound copper coil in a

cylindrical configuration (4020 turns) energized by a variable power
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supply. The detection device consisted of an electrostaticly shielded
(grounded faraday cage) cylindrical capacitor around the coil and an
electrometer to measure the voltage induced in the capacitor by the
motional electric field that surrounds the coil. His experiment and
device is well described by his patents and papers [26,27], A block

diagram is shown in Figure 2.

Power Supply

Capacitor

Electrometer

Coil

Figure 2. Block Diagram of Hooper®s Experiment

Since Hooper®s premise is contingent upon experimental proof, it
is important to analyze a sample data point. The total magnetic field

generated by Hooper®s generator is

UNI a

B Y E2.3.1
Where: 7

p = 4j: 10 permeability of free space [Henrys/meter]

N = 4020 turns

I = current [Amps]

r = radial distance from center of coil [meters]

9= unit vector in D direction [cylindrical co-ordinates]
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The radial electric field surrounding the generator is calculated with
the Lorentz equation (Equation 2.3.1). Rewriting thie,equation with the
appropriate values of.B and v gives

E=veayxiil, _-vuNI, E2.3.2

To determine the voltage difference that the cylindrical capacitor
sees, the electric field must be integrated between the two plates of

the capacitor.

_ [r2 vuN ~VUNI . .
V = Irl 2nr dr or In(r2/rl) E2.3.3

The distances from the center of the coil to the plates of the

capacitors are, from Hooper's laboratory notes [28].

OD of inner cylinder 0.10265 [Meters]

0.10615 - [Meters]

ID of outer cylindec
The electron drift velocity must also be obtained. This‘velocity
depends on the conducting material, charge carrier mobility, charge
carrier density, and the electric field applied to the material. For
copper, at room temperature, a veloc1ty of 0.02 meters per second is an
accepted value. Hooper derived a value of 0.0176 meters/second [29,30]
using Fermi-Dirac statistics and wused this as a comparison when
measuriné drift velocity of the electrons ih the copper coil with his
generator. Using. all of the proper values, equation 2.3.3 gives for a
current of 30 Amps ‘ ‘

V=14 uvolts
This compares favorably with some of his measured results and helps to
confirm that +the magnetic flux moves with the charge carriers. The

result would be zero if the flux did not move.
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Aspects of his_experimenta@_results that are significanf are the
characteristics of his data for a given test. He found that the voltage
measured had a parabolic dependence on current for tests run at room
temperature. If the electron drift Velqcity increasés‘with curpent’this
relationship wouid result. This can be explained by assuming a‘linear

relationship between applied voltage to the generator and current flow

in the geheraﬁor (this would be true for a constant temperature where -

* the resistance of the coil did not change with applied voltage) and

assuming that the number of charge carriers and their mobility is a
constant for. a given test and temperature, Since the drift velocity is
equal to the electron mobility times the applied electric field, the

drift veldcity'apbears to increase linearly with current. The result of

this is that the Iv term ~in equation 2.3.3 actually is qv? (i.e.

parabblic in v) where 'y is linearly proportional to the current, I.

Hence the ensuing parabolic relationship between measured voltage and

applied current is obtained.
One other .detail concerning Hooher's results needs to be checked

and that is whether the voltage on the capacitor can actually be

Ll il

measured. The nature of this effect requires an electrosfatic

measurement of the voltage . on the capacitor. This requires a high
impedance electrometer. Hooper used a device that copld measure charge
as small as

Q = .10 ~16  oulombs

The amount of charge accumulated on the capacitor must be calculated to

determine if 1t exceeds this value. The capacitance of the detector_is )

given by Hooper as 285 pico-farads. The charge accumulated on the
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capaditor for a voltage across its plates of 1 pVolf is 2.85 times
above the limitations of the-electrameter used. So it appears” that the
measurements'made are physically possible.

The ~ results of Hooper's' experimentélsupport his theory in that
applying his*assumption with thg Lorentz equation and uéing a typical
electron drift velocity for copper ét room temﬁerature.a result is
obtained thét agrees with 'experiment: His resulté ﬁave a squargd
dépendence on current that ﬁakes sense if the number of chafge carriers
remains a constant for varying currents and for the range of

temperatures that this relationship held.
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CHAPTER 3
CALCULATIONS OF FORCE BETWEEN MOVING CHARGE

To establish a baseline of results’ to compare to the moving
maghetip flux model, the most. accepted and commqnly used analytical
tools used to determine the force between relative moving charge and or
current elements are explored. hepe. Three different methods are
'employed to calculate the force between two current elements or two
systems of moving charge (designated 1 and 2)l The goa; is to establish

confidence in a set of results that the moving magnetic flux approach

can be tested against in a later chapter. The three methods explored’

here include the claésical method of the Biot—Savart law analysis of
Ampere's experimentél results (and it's equivalent, the Lorentz force
equation), Special Relativity applie& té the moving charge carriérs
that comprise the current, and é field free interpretation of Ampere's

experiments derived by Moon and Spencer. From this point on, the three

methods will be referred to as- the Biot-Savart law, Special Relativity,

and Moon and Spencer.

To cover the entire spectrum of combinations of moving charge and .

yet retain visibility and a realistic number of comBinations of moying
charge and calculafions, the moviné charge will be modeled as parallel
iﬂ—line current elements of both a metallic and ionic nature, elebtfon
beams and stationary poinﬁ‘ charges. All configurations are chosen as

co-linear charge distributions or currents since this eliminates much
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complexity of geometry, and makes the effects due purely to the motion
of charge obvious.

In total, fifteen cases are examined using the three different
analysis methods. Table 1 lists the fifteen combinations of moving
charge that are iInvestigated and Table 2 details a pictorial
representation of the fifteen cases. The cases are designated by Roman
numerals 1 through XV, each one being a unique configuration of moving

charge in location 1 with respect to location 2. A metallic conductor

is designated by a ™m in Table 1 while an 1ionic conductor is
designated with a "i". An electron beam is designated with an e and a
stationary point charge by a Both situations of current 1 and 2
flowing in the same direction and opposing direction are examined. In

Table 1, the opposing current configurations are designated by an "0".

Table 1. Combinations of Moving Charge Investigated

Case # Descriptors: m=metallie, I=lonic, e=e-beam, l

*=stationary charge, o=opposing direction ]
e e e e e e e e e e P I
Charge configuration 1 Charge configuration §
10 m - i
1 m L m ,0
B 3
i m ~
\Y i f _I
Y% i 1,0
Vi | *
Vi m i
VI m i,0
IX m § e
% m e,o
X1 3 i e
X1l | | e .o
XIn e 1 e
X1 ; e i e,o
x*
XV 1 e f
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In Table 2 the linear charge densities are actually represented by

a series of pluses (H““r-r+i-+) for positive charge
of minuses (——-—--——-—-

the charge velocities are also given

are shown with

a —-> or a <. The resulting

) for negative charge

directions are also shown.

Table 2. Pictorial

Representation of

Case # Charge Configuration

| 1' v=0
' \%

v=0
Vv

v=0
Y,

v=0
\Y,

V=%V
v=l%V

V=%V
v=%v

1: v=%v
V="V

V=RV
| . v=hv

'— v=lv
V=%V

v=0

<

£+ "rd-+ 4+ + + + 4+ -H-T4- + + -t—H-+ +

B4+ £+ N+ + + f+ Dt f+ + 4+ + 44+

in Table

@i

and a series

(@e) - The magnitudes of

2 and their directions

-

currents and

I=qv
C-

I=qv

1=

I=qv

I=qv

->

1=0

Moving Charge Combinations

- € > .

their



Table 2.

Vil

continued

1 2:

VIl

X1

X1

V=0
V=V

v=U%v
v=U%V

v=0
V=V

v=Yv
v=%v

=0
V=V

V=V
v=0
V=V
V=V
v=1%v
v=l%vV
V=V
v=U%vV
v=U%vV

V=V

V=V

D o T

-t —F—t . —>

o I )

<—

I=qv

->

I=qv

I=qv
-

I=qv
<—
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To yield results that are directly cbmparable be£ween the fifteen
cases, the current§ (I) and line charge densities (q) are constant for
all current elements; regardless of whether they are metallic or ionic
conductors or electron beams in nature. This is accomplished by setting

the current in the metallic conductor equal to q-v (where g is the

linear charge density of the mobile electrons in the conductor and v is-

?he electron drift velocity) and then matching this value in the ionic

and electron beam models. So, for the electron beam, the electron

velocity must be v and the linear charge density q to yield I=qv. On

the other hand, for the ionic’ conductor, there are both positive and

negative charge carriers that contribute to the current. For simplicity
and symmetry, in the-ionic current casé, the linear chafge densities of
the mobile positive charge and negative charge are assumed equal. Thé
drift velocities are also equal and in oﬁposité directions and .are one

half the wvalue of ‘the drift velocity in the metallic and electron beam

case. Consequently, the current in the ionic conductor is

I={q=%v)+(g=%v)=q-v, the same result as the metallic conductor and
electron beam current. A cylindrical coofdinate syétem is used with
currents flowing in the é direction, forces between current elements
are in the r (radia;) diréption, and magnefic flux due to a currént

flowing in "the .z direction 1is in the © direction. The symmetrical

geometry chosen always yields forces and electric fields in the radial

direction and magnetic fields in the ® direction, so in most

calculations magnitudes of these quantities are used. Where vectors are

used, they are designated by bold lettering. The accepted sign

convention on current direction is wused. That 1is, - the direction of
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current is in the opposite direction of the flow of negative charge and

in the same direction as the flow of positive charge.

Biot-Savart Version of Ampere's current law

The most widely used and accepted method to calculafe the force
between current elements is the Biot-Savart version of Ampere's current

law f24]. It is stated as

nI. I (2 X dl.) - -
_ 172 r 1 : :
F - et jz Jl ......................... g X dl, ' E3.1.1

Where:

Fa/1
1 is the permeability of free space

is the total force on current 2 due to 1

I1 is current at 1: (constant in space)

I2 is current at 2: (constant in space)

ér is the unit vector along the distance vector
between 1: and 2:

R is the‘distance between 1: and 2:

dl1 is the incremental distance along current 1

dl2 is the incremental distance along current 2

Clearly, this method yie}ds a zero value for ﬁhe éases where the
charge distribution af' location 1: or 2; does not yield a current.
These are cases IIf, VI and XV in Table 2 wﬁere the charge distribution

“at 2: is a stationary point charge. Also, the lack of charge neutrality
of cases iﬁvolving an ,electr§n beam as a 'currént source requires an
-additional forcé due fo the eleqtric field ét 1:. This effects céses

XII1I, XIV and XV in Table 2.
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Applying E3.1.1 on parallel currents of infinite length yields a
- force per unit length.as

f2/1= uIllz/(ZEr) [Newtons/meter] . E3.1.2

in the rédiai difection where' r is the distance betweeh fhe two
currents. For currénts flowing in the same-direction this force is
attréction and is ~opposition for currents flowing -in the opposite
direction. Expressing u in “terms of the dielectric constant and the
speed of light as 1/(€c?) and for the case of

I1 = 12 = (v ) ‘ E3.1.3

" the force per unit length between the two current elements becomes

fz/i = qa(v/c)z/(2¢Er)' : . . : . E3.1.4

- Since céseé XIIi and XIV have a non-zero force due to ‘their
electrostatic .charge, they require the addition' pf the oppoéing
coulombic force q?/(2r€r) yielding :

Case XIII: f,

2/1°
Case XIV: fz/1

q®(1-(v/c)?)/(2x€Er) o E3.1.5
q?(1+(v/c)?)/(2r€r) E3.1.6

Case XV has only the electrostatic term

F2/1 f Qq/(2x€r) [Newtons] . E3.1.7

Another classical approach 'that yields the samé results is the
application of the Lorentz force equatioﬂ to the charge configuration
at 2:. The force on the charge at 2: depends on the magnitude of the
electric and magnetic field of 1: (E1 and Bl) and its relative velocity

of 2: with respect to 1:.
Fa/1 = 92(E1*V5,,%By) - : £e.1.8

We can write the magnetic field B, as Il/(ZnEczr).

1
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Expressing the current in terms of charge ‘and velocity
q2v2/1=I2 ' : : E3.1.9
equation 3.1.8 can be written as

; = 2 = 2 2
Fo,q = UuB +1,1,/(2n€c?r) = q,E +q*(v/c)?/(2x€r)

E3.i.10
which is the same és the résult of the Biot—Savaft law.

In all cases in Table 1, except the last three, the electpic field term
El is zero and the only force is due to the_relative motion.of g2 with
respect to the magnetic field of 1. This is a straightforward approach
and yields the exact samé resuits as the Biot-Savart law when'we éssume
the magnetic field does not drift but ig stationary in the referepce'
frame éf the inducing current. ThisA method will be wused . later in
Chapter‘4-when the moving magnétic flux apﬁroach is investigated. Table
3 summarizes the results of the Biot Savart law and also includes the
equivalent Lorentz force equation results when applied in tﬁe classical

sense.




27

Table 3. Force Between Relative Moving Charge, Results of Biot-Savart
Law and the Lorentz Force Equation.

" Radial force between line charge, F [N/m]
Case #1 or line charge and point charge, F [N]

Biot-Savart Equation Lorentz Force Equation
-gz(v/c) 2/C2rrEr) -g2(v/c)2/ (2JrEr)
qz(v/c)2/ (2JrEr) q2(v/c)2/(2KEr)
i 1 0 0
v -qz(v/c) z/(2)tEr) ~q2 (v/c) 2/ (2%Er)
Vv qz(v/c)2Z (2itGr) q2(v/c)2/(2icEr)
Vi 0 0
V u -g2(v/c)2/(C2rcer) -g2(v/c)2Z R%Er)
vl q2(v/c)2Z Qiter) q2(v/c)z/2jtEr)
IX -q2(V/C) 2/(2itEr) -q2(v/c)2/(2rcEr)
X i q2(v/c) 2/(itEr) q2(v/c)2/ (UEr)
XI 7 ~q2(v/C) 2Z (2JtEr) -q2(v/c)2/ (irEr)
xi ! q2(/c)2/ (2itEr) q2(v/c)2/(2KEr)
X1 i q2[1-(v/c)2])/(2rcEr) q2[1-(v/c) 2/ (RIHED
XIV  q2[1+(v/c)2]/(%Er) q2[1+(v/c) 2/ (itEr)
Qy/(itEr) -Qq/ (27tEr)

Special Relativity Applied to Moving Charge

A more rigorous and exact approach in calculating the force
between relative moving charge is the use of Special Relativity as
applied to the electric fields of the charge. The increase in magnitude

of an electric field due to vrelativity can be interpreted as an
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increase in mass of the charée carriers and assuming the charge to mass
?atio is invariant. A second and more excepted interpretation considers
the refepence frame as shriﬁking‘and the charge.density increasing.
Either way, the same results are obtained; that the electric field of a
given charge distributibn when viewed from a reference frame that is
moving with respect to the charge distribution increases in'magnitude.

The generalnexpression [5] of an electric field including the
Lorentz transformation term is

E' = (E + vXB)/J[1-(v/c)?] : E3.2.1
where v is the velocity of the primed (') reference frame'with respect
to the non;pfimed reference frgme,,For velocities small compared to the
speed of lighé, the correction transformation can be approximated by
aﬁplying the binomial expansion theorem

(1-x)-" = 1 + nx + n(n+1)x%/2! + ......

In this case, x=(v/c)? and n=% which'yields to first order
1/J[1—(v/c)2]z1+}5(v/c)2 ' : E3.2.2

.This approximation will be used tq.simplify the célculatién of the
total electric field of~a moving ling charge.. |

To illustrate the method of Special Relativity , case I will be
anaiyzed in detail and a general expression derived that can be appiied
to all the other cases.

The current of 1 and of 2 can be broken up into two line charées,
one negative and one positive. This results in a four part problem to
calculate the fofce befween:two currents. The-total férce per length on
current element 2 due to 1 is

¥ (E

=4q

1] ' : 1] 1 t
2/1 = 992 & p1/p2 " Blet/pt) * %2 B pises T Ele1/e2)

E3.2.3
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Where: qu is the positive line charge of 2
qe2 is the negative line charge of 2

E is the transformed E field due to the

]
pl/p2
positive line charge of 1, qpl' with respect

to the positive line charge of 2, qu

E is the transformed E field due to the

]
el/p2 ‘ .
negative line charge of 1, qel’ with respect

to the positive line qharge of 2

E is the transformed E field due to the

t
pl/e2 .
“positive 'line charge of 1, with respect to

the negative line charge of 2, 9,5

E is the transformed E field due to the

1
el/e2
negative line charge of 1 with respect to

the negative line charge of 2.
The process begins by calculating each of the transformed electric

fields. The electric field of pl with respect to p2 is

1 = Z;IE
E pl/p2 [1+Z(Vp2/p1/c) ] pl
Where: Vp2/p1 is the velocity of p2.with respect to pl
Epl is the electric field of line charge pl and is

equal to qpl/(ZnEr)

‘This yields, upon combining

E qpl[1+g(vp2/p1/c)?]/(2n6r) . ‘ E3.2.4

' =
pl/p2

A

The electric field of el with respect to p2 is

t = 2~n
E e1/p2 [1+%(vp2/el/c) ] EE.31
: 3 C (3 3 " t”
Where Vp2/e1 is the velocity of p2 with respect to el
Ee1 is the electric field of line charge el and is

equal to qel/(2n€r)~.
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Thé combination yields

E'el/pz - ge1[1+%(vp2/e1/°)2}/(2”6r)'- _ E3.2.5

The transfofmed electric field of pl with respect to e2 is'

E' = [1+%(v /¢)?]-E

pl/el e2/pl pl

Where: v

e2/p1 is the velocity of e2 with respect to pl

Combiniﬁg‘yields

E(

pl/e2 - qp1[1+z(

ez/pl/c)z]/(ZEGr) . E3.2.§

The transformed electric field of el with reépect to e2 is

E' = [1+%(v

el/e2 JEI-E

e2/el el

Where: VeZ/el is the velocity of e2 with respect to el and

‘combining yields

E' = q,,[1+ Z(Vez/ ,/€)?1/ (2x€r) . ' ' E3.2.7

el/e2
Summing E3.2.4, E3.2.5, E3.2.6,. and E3.2.7 in E3.2.3 results in the
total force on 2 due to 1 as

/c)?]}/(2r€r)
/9)2]}/(2n6r).

F /e)2]+q , [1+%(v

/c)? ]+qe1[1 (v

= qu{qpl[lf%(v
qez{qp1[1+2(v

p2/el
e2/el

2/1 p2/pl

e2/pl £3.2.8
This expression can now be applied to all cases, I-XV, by substituting

in the appropriate values of

q , and v

p1’ Je1’ Yp2’ Je2’ Vpa/p1’ Vpeser’ Vez/p1 e2/el’

These values for case I are

9p174 Vpa/p1~0
91774 vp2/e1=v
qu=q ve2/p1=v '
'qe2=;q Vez/el=0

| I T S S
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Equation 3.2.8 then becomes

Fz/1 = —qz(v/c)z/(2n6r5

For case 1I, the procedure is similar to case I, with the only
difference being in the values of relative velocities (since the
currents are flowing in different’ diréctions). Using the following

values of relative velocities

qp1=q vp2/p1=0
91”7 Vpaser™
,qp2=q ve2/p1=V
Q=74 Vea/e1~2V

calculating E's, and combining in E3.2.2 yields;

F

q{q/(anr)fq[1+z(v/c)2]/(2n€r)

q{ql1+%3(v/c)? ]/(2n€r) q[1+2(v/c)2]/(2n6r)}
z(v/c)z/(2n€r)

2/1

n

These two results are the same as those calculated from the Biot—Sava;t
law and are not sqpprising. What 1is interesting is'the ability to
describe a common, low velocity phenomend such as the force between
current elements using relativity; speéifically the correction factor
that is usually assumed small enough to be ignored for velocities much
less than the spéed of light.

The next case involves the force that a stationary charge

experiences from a current element. In this case,

9p179 Vp2/p1™0
o774 Vp2/e1”"
qp2=Q Ve2/p1=0
Gp=0 Vea/e1™°

equation 3.2.3 becomes

Fé/l ='Q{q/(2ﬂ€r)—Q[1+%(V/C)2]/(2n€r)} = -Qq(v/c)?/(4nr€r)
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This is a non-zero result and is not expected even though it 'is on thé,-
same order of magnitude as the force between cuprent elements: It has:
been pointed out ([14] that +the. neutrality of a current carrying
conductor depends on the reference frame and this will become clear .
when case VI is anaiyzed.

Case IV involves determining the force between current elements
that are in the same direction and ionic in nature. The relative

velocities in this case are

qp1~4 Vp2/p1~°
91779 Vpz2/e1™
dp2™d Vea/p17"

0

de2™71 'Ve2/e1=
which are identical to case I. Ssince the linear charge densities are
the same, the result of equation 3.2.8 is also the same.

F2/1 = -q?(v/c)2/(2r€r)

Case V involves ionic currents flowing in opposite directions and

the relative velocities in this'cése are

9p1~4 Vpa/p1™"
9179 Vpa/e1™°
.qu=q Ve2/p1=O
G279 Ven/e1™V

which are symmetric to case IV and yield the same result but of
opposite sign.

‘Fa/1 = qz(V/cdz/(2n€r)
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Case VI is an ionic current and a stationary point charge. In this

- case the relative velocities are

qp1=Q_ ,Vp2/p1=zv
Q=74 Vp2/e1=Zv
qp2=Q ve2/p1=O
qe2=o ve2/e1=O

anq when useq in equation 3.2.8, yieid a zero result. In effect what
hés been - accomplished here is that the reference frame in which a
current‘carrying conductor is neutral has been determined. This same
result would be obtained by choosing a metallic cbnductor such as case
III, but finding the force oﬁ a point charée that was actuallylmovihg
along with the electrons at half the electron velocity.

‘Cases VII and VIII are current elements of mixed nature one

metallic and the other ionic. In case VII, the relative velocities are

95,74 Vo2/p1 Y
qe1=—g sz/e1=1.5v
qp2=q ve2/p1=}éV

U™ Vep/e1 ™AV

and for case VIII

D177 Vpa/p1 ¥

919 Vpaser™H

qp2=q Ve2/pl=)év
=1.5v

qe2=-_q Ve2/e1

these values yield the same results as I and II or IV and V. Again

‘these are the classical results for the force between current elements.

. As shown here, the nature of the current element for a charge neutral

conductor has no bearing on the outcome of the result.
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In contrast to this "result, are the following cases IX - XV that
have at least one current element modeled as a " charged particle
{(electron) beam. For case IX, there is no posifive charge distribution

in 2, so the applicable relative velocities are

qp1=q Vp2/p1=0
qelqu Vp2/e1=0
U2 =0 Ve2/p1~"
Qe2="4 Ve2/e17°

. and the result becomes

f2/1 = -q?(v/c)2/(4x€r)
This result is exaétly one half the value of the force between to
current elements if they where metallic instead of one métailic anq one
an electronvbeam. Even- though .the -magnitude and direction of the”
currents are identical to case I énd the net charge of the electron
beam has no efféct since the other current element is neutral, they
vield different results when using relativity.
Case X is the same as case IX but of opposite sign only.

Case- XI and XII ‘involve the force between a current element that
- is ionic in nature and an electron beam. Again the magnitude of the

currents are the same as case IX and one would expect the same results.

The relative velocities in this case are:

9179 Vo2/p1~0

91779 . Vpz/e1™Y

qp2=q Vez/p1=1.5v
kv

92771 Vez/e1”
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The result becomes

f2/1 = 7q2kv/c)2/(2nEr)

for case XI and the opposite for case XII. This is surpriging, since
the results are not the same as‘that for_a metallic conductor and
electron beam that was obtained by using Special Relativity . What can
be concluded here is that the forces caused'bj currénts flowing in
various media appear to be different. This will become even more clear
by checking cases XIII - XV.

Since the positive charge in both 1 and 2 for cases XIII-XV is
zero, there ié only one relative velocity that applies and that is the
relative velocity betwéen the two negative'éharge distributions.

For case XIII: v 0.

e2/el”
This then becomes a purely static case and the resdlt is

f2/1 = q?/(2r€r)

This case has been e#plored by othersA[4] as a paradoxical‘situatidn
for which classical theory can yiéld confusing results. In case XIV,
the electron beams are flowing in tﬁe7opposite directions and the
relative velocity becomes

Vea/e1~2V-

and the result becomes

f2/i =‘q2[1¥?(v/c)2]/(2n€r)

Again this. is quite different from the results of the Biot-Savart law.
The results of case XV is also different from the resu1t of the Biot-
Savart law and is

F, 4 = Qal1+%(v/c)?]/(2n€r)

/
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' Moon and Spencer Version of Ampere's Equation

The third method looked at is a version of Ampere's Force equation

as develobed by Moon and Spencer. It is a part of their field free

elecfrodynamics that avoids the mathematical construct of electric .

fields. In addition, no corrections for relativity are needed in their

model. Moon and Spencep's formulation giVes the force between two

charges as a sum of terms that depend on position, relative velocity,

relative acceleration and the magnitude and rate of change of charge-as

F s
Q2 r 4x€rd'c

2 QL dv
a 4r€c?r dt

_Q;__(y)z (1-1.5°cos%8)

1 d Q1
gr 4x€ dr(r ) 3 : E3.3.;

The first term is the Ampere force, where v is the relative velocity

between Q1 and Q2, 8 is the angle between the unit vector in the

direction of the relative velocity and the uni% vector in the radial
direction:between the two charges, and r is the'radial distance between
Q1 and Q2. This is Ampere's original.equation [15j and is equivalent to
the Biot-Savart 1law. It includes the - cross-product ferm (vkB) in the
Lorentz force equqﬁion. The second term is due to the relative
acceieration between Q1 and Q2 and is in a direction opposite to the
direction of acceleration. This term is equivalent to‘ the force on é
charged particle in the presence of a time varying mégnetic field and
is equivalent to Faraday'é léw of induction. The third term cdntains

the Coulombic force for constant Q and the equivalent of displacement

current for a varying Q. This investigation is interested only in

constant charge densities and velocities so the Ampere force and the
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‘ooulompib force are the only terms in Moon and Spencer's formalism that

apply. Stating the Ampere force in differential form gives

dFZ/Qz = dQ1(v/c)?[1-1.5-c0s8]/(4rER?) : E3.3.2

where: v is the relative velocity between Q1 and Q2
0 is the angle between the velocity vector v and
the direction vector between Q1 and Q2
For the case of a current modeled as an infinitely long line charge ¢

[coulombs/meter] moving at velocity v in the z direction [25], equation

3.3.2 becomes
= - - - 2
F2/Q2 f~m a(v/c)[1-1.5-cosB]/(4rx€ER2) dz . E3.3.3

Since there are mixed variables (6,R,z) within the integral sign that
are not independent, they must be fewritten.

R? = r2+z2, and z = r=cot8®
Solving for dz and R in terms of the r and 6

R% = r2[1+cot?0] and dz = -r-csc?b do
From inspection, every charge element.in the positive 2z direction'has a
corresponding charge element in the negative z directipn that is moving
in opposite directioné. This has the effeét of yiélding a net zero
force on the charge at location 2 (Table 2) in the z direction.
Consequently we are only interested in the force in the r direction
that is non-zero and it is equal to sinevdFZ/Qz._Equatibn 3.3.3 can now
be writtgn with the proper substitutions and appropfiate change in the
limits of integration.

at z=-« B8=n and at z=« 8=0

. fo . —resinBesc?0{1-1.5¢c0s%0]
F2/1 = Q2 Jx alv/c) 4r€r2[1+cot?0]

ds
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Using the relationship csc20=1+cot2?8, this expression can be simplified
and easily integrated to yield

F2/1 = Q2'.gq{(v/c)?/(4r€r)

This expression can'then be applied to the cases I-XV that are of
interest.

Case I becomes the sum of four terms very similaf to the approach
used in relativity.

/0)2/(4f€r)]

/c)?/(4n€r)] _
. E3.3.4

f /c)z/(4n€r)+qe1(

/c)z/(4n€r)+qe1(

Ve1/p1
Vel/ez

2/1 = 92191 (Vp1 /2

* qea[qpl(vpl/ez
This equation only includes the force; due to relative motion and for
cases where there is a net charge the coulombic‘forces betweén charge
distribution 1 and 2 must also. be included. If this is done for the
general case, an expression is obtained that is equivalent to equation
3.2.2, that of thé first order Special Relativity approach 'with the
only excebtion that the relative velocities are opposite. But since. the

relative velocities are squared, this has no effect on the results they

yield. It can be concluded here that this approach is equivalent to

that of Special Relativity for the cases . of interest in this
investigation. The identical results obtained from Special Relativity.
and the Moon and Spencer version of Ampere force law are tabulated in

Table 4. !
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Table 4. Force Between Relative Moving Charge, Results of Special
Relativity and Moon and Spencer.

Radial force between line charge, f [N/ni] !
I Case #l. or line charge and point charge, F [N] I
Special Relativity Moon and Spencer
1 -q2(v/c)2/(2jrEr) -q2(v/c)2/(2rtEr)
1 q2(v/c)2/ (2irer) q2(v/c)2/(2%Er)
11 -Qqv/c)2/(2rckr) -Qq(v/c)2/irkr)
v -q2(v/c)2/(2iter) -q2(v/c)2Z (2%Er)
\Y q2(v/c)2/(2rter) g2(v/c)2/(2"Er)
Vi 0 0
VI -q2(v/c) 2/( 2rcEr) -q2(v/c) 2/(2irEr)
VIl q2(v/c) 2/(2irEr) q2(v/c)2/(2rcEr)
IX -g2(v/c)2/(4irEr) -q2(v/c)2Z(4irEr)
X q2(v/c)2Z (4%Er) g2(v/c)2/ (4irEr)
X1 -q2(v/c)2/(2rcEr) -gq2(v/c)2/(2%Er)
X1 q2(v/c)2/(2irEr) q2(v/c)2/(2KEr)
X111 q2/(2KEr) q2/ (Q%Er)

XIV  q2[1+2(v/c)2]/(2rtEr) q2[1+2(v/c) 21/ (2KEP)

~Qq[1+%(v/c) 2]/ (2KEr) ~Qq[ 1 (W/c)2)/Qirer)
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CHAPTER 4
INTERPRETATION OF RESULTS AND CHOICE OF BASELINE

In the prévious chapter, three differént analysis techniques wefe
employed htO‘ determine the - force between fifteen combinations of
relative moving pharge. They consisted of the Biot-Savart law, Speéial
Rélativity , and the Moon and Spencer version of the Ampere equation.
It was found that the two analysis methoas based on relative moving -
charge (Special Relativity and Moon and Spencer) where equivalent to
each other but yielded different results from the Biot-Savart law (a
formalism based on éurrents and magnetic forces). Table . 5 summarizes
the two different results and will be useful for combafison.

The cases where the résults differ between the Biot;Savart law and
Spééial Relativity, are marked (*) for Treference since they are of

special interest.
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Table 5. Force Between Relative Moving Charge, Comparison of Results of
Chapter 3.

Radial force between line charge, T [N/m]

Case # or line charge and point charge, F [N]
-Biot—Savart law Special Relativity
-q2(v/c)2/ (2%Er) -q2(v/c)2Z(BrcEr)
]| q2(v/c)2Z 2ir€r) q2(v/c)2Z(BrcEr)
* o 0 -Qq(VZc)2Z(BrcEr)
v -q2(v/c)2Z(Brctr) -g2(v/c)2Z (BrcEr)
V g2 (v/c)2Z(BrcEr) g2 (v/c)2Z(BrcEr)
VI 0 0
Vi1 -q2(v/c)2Z(BrcEr) -q2(v/c)2Z (BrcEr)
VI q2 (v/c12Z(BrcEr) q2(v/c)2Z(BrcEr)
. IX -q2(v/c)2Z(BrcEr) -q2(v/c)2/(4rcEr)
¢ q2 (v/c)2Z(BrcEr) q2 (v/c)2Z (4rcer)
Xl -q2(v/c)2Z (Brckr) -q2(v/c)2Z (BrcEr)
] X1l g2 (v/c)2Z(BrcEr) q2(v/c)2Z(BrcEr)
* xp1 q2[1-(v/c)2}/(2rcEr) q2/(BrcEr)
{1 q211+ (v/c)2]/(BrcEr) q2[1+2(v/c)2IZ(BrcEr)
é‘* XV -QuZ(BrcEr) -Qq[1+"(v/c)2J3Z(BrcEr)

* - results differ

As seen

cases IlIlI,

as to which

“true”

beams

these cases,

IX, X, X111, X1V,

current elements, cases

stationary charge)

in Table 5, the results differ

and XV. At this point,

it can be concluded that the

results to accept as the most physically correct. For
i, v, v, Vil, VIII,

the results are all

between the two sets for

it must be resolved

(not electron
in agreement.

Biot-Savart law yields the
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42 .
same results as relativity for .currents flqwing in charge neutral
mediums. For other cases, there are diécrepancies and the appropriate
yalue musf be chosen. By..looking at the physical nature ‘6f the
different methods, some reasons can be established for the proper
choice.

The physical interpretation of relativity or .Moon and Spencer is
that the force betweén current elements is due to the relative velocity
between charge and can be interpreted as an electric force. In the
Biot-Savart law, the force between current elemeﬂts is modeled as a
magnetic force. These two physical interpretations are different and
can help ‘;xplain the 'difference in the results. In the case'of the
Biot-Savart law for the configurations investigated here, when theré
isn't a magnetic field at both 1 and 2, such as cases .III, IV, and. V,
the result is zero. In.the other cases that differ, there exists a
current and a magnetic field at both 1 and 2, and it appears that the
nature of thé cﬁrrent has an effect on the results which the Biot-
Savart laﬁ does not address. The Biot-Savart law does not distinguish
between different‘types of currents. It cannot differentiate between é
current flowing in a metal, a plésma or' a charge particle beam. To-
obtain the most accurate value of the force Between current elements or
moving charge it appears that the details must be known concerning the
charge densities and their respective velocities. Relativity and Moon
and Spencer require these details and thus geﬁeratelmére descriptive
results. Tﬁis is anothér example where an analysis of the parts (in

this case the individual chérges and there velocities) does not equal

an analysis of the whole (the currents).
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It appedrs that the first order "application of relativity or.the
Moon and Spencer versioﬁ of the Ampere force equation yield better
results as they appeér' to _be ﬁore rigorous in this. regard.
Consequently, the baseline or the results that will be used as a
comparison to the moving flux model will be those generated by
relativity»or Moon and Spencer.

As far as the ease of use, the method of Special Relativity and
Moon and Spencer require the apprapriate relative velocifies and chafge
densities and these may' be difficult to obtain. Once these are
obtained, a sfraight forward application of the formalism yields a
solution. The Biot-Savart law requires only fhe currents to be known
'which can usually'be directly determined. This requires less detail of
iqformation, but yields .results that are not  consistent with
relati&ity; Relativity or the Moon and Spencer approach has the added
gdvgntage thét one can use calculated results to predict charge

velocities by working backward from known experimental data.

e ‘,MH' t
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CHAPTER 5
MOVING MAGNETIC FLUX APPROACH

A baseline of  the actual magnitude 6f forces between moving charge
has been establishednand will noﬁ be qomﬁéred to the results generated
by the moving ﬁagnetic flux approach. The moving mégnetic flux approach
begins with the assumptioh that the magnetic flux surrounding a currenf
actually moves with the charge- carriers that compfise the current.
Unlike the forhalisms that the baseline is generated f?om, fhe moving
magnetic fluk model is based on _magnetic forces and. flux not.just
electric fields and their forces. A récent proponent of this theory, W.
J. Hooper, did not try to determine the actual magnitude of the.
magnetic_-flux drift wvelocity in félation to the charge carrier
velocity, but made the further assumption that these two velocities are
equal; Starting with this assumption, é general expression of the
moving magnetic flux approach Qill be derived that can be used to
~determine the force between relative moving charge for all of the
fifteen cases expiored in Chapter 3. This éxpression and the results it
genefates will be compared to the .results gener;ted by the first order
applicatidn of Special Relativity that has been chosen as a baseline.
Differences will be noted and if possible a value 6f maéné&ic drift
velocity wiil be derived that better matches the baseline results. -

The moving magnetic flux approaéh'uses thé Lorentz fofce‘equation,

but not in the classical sense since a velocity is ascribed to the

2
)

s
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magnetic flux surrounding a current. Starting with the Lorentz force
equation

£,,1 = (B *, g KBy

where:

E1 is the electric field of 1

B1 is the magnetic field of 1

Va/B

is the velocity of d, with respect to B1

and using the appropriate values of magnetiq and electric fields and
relative velocities, an equation can be derived that can be applied to
éll the ~cases being investigated. fo’ obtaiﬁ a general expression of
equation 5.1 that can be used for all fifteen cases, the electric-and
magnetic fields qf charge distribution 1 (Table 2) are broken up into
their constituent pgrts and the charge 1in 2 1is also described as a
superposition of ﬁwo different 1line charges. Rewrifing, equation 5.1

becomes

1/ (2rc2Er)
]/(2n62€r)

f q

2/1 qu[qp1+vp2/Bp1tIp1/p2+ el+vp2/Be1ﬂIe1/p2
* qez[qp1+ve2/Bp1-'Ipl/e2+qe1+ve2/Be1'-Iel/ez
The currents can be further broken down and written in fegms of the

appropriate charge and vélocity.

I =q,-

pl/p2 qp1 Vpl/pz
Iel/p2 - qelnvel/pz
Ip1/e2 = qplmvpl/ez
I

e1/e2 - Te1 Ve1/e2
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Since it 1is as;uméd that the magnetic flux ié ﬁoving along with the
charge in 1, the relative velocities of the charge in 2 with respect to
the magnetic flux in 1 can be eXxpressed ‘as rélative velocities between '

the charge in 2 and the charge in 1

VpasBp1 ~ Vp2/p1
vp2/Be1 Vp2/e1
Ve2/Bp1 ~ Ve2/pi

- Vea/Bel ~ Vez/e1

Being aware of the definition of current direction and the sign
generated by the cross-product term and also letting the charge carry
its own sign, the magnitudes of the relative velocities. can be used and

the total expression becomes

f = qu{qpl[1+(vp2/p1/0)Z]+q81[1+(vp2/e1/c)2]}/(2n€r)

2/1 _
" Qopldp [ (Vep gy /0 F 14 117 (Vgp gy /0) ¥/ (2RER) b5 2

This is the same as equation 3.2.8, tﬁe general expression of Special
Relativity, wifh_the exception that the (v/c)? +terms do not have a
factor of one half multiplying them. Using equation 5.2 té calculafe
the force between_i-and 2 for the fiftgen cases investigated yields the

results tabulated in Table 6.
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Table 6. Force Between Relative Moving Charge, Baseline Results
Compared to Hooper version of Moving Magnetic Flux Approach.

1 Radial force between line charge, f [N/m]

: Case #"

Special Relativity

or line charge and point charge, F |[N]

Moving Mag. Flux Theory*

L —q2Qv/e)*/ (UEr) -q2(v/c)2/ (2%ET)
) q2(v/c)2/(2kEv) q2(v/C) 2/(2rcEr)
ne Qg (v/C) 2/ (4rcer) -Qq(v/C)2/(2irEr)
iV §  -q2(v/c)2Z (2xGr) -q2(v/c)2/ (2XEr)
v 1 92Qv/c) 2/QirEr) q2(v/c)2/ (2%Er)
. 0 0
VI -q2(v/C) 2/(2IGr) -q2(v/c) 2/(2irEr)
VI q2(v/c)2/(2rtGr) q2(v/C)2/ (2%Er)
IX | -q2(v/c)2/(4rcGr) 0
- ' q2(v/c)2Z (4rcr) q2(v/c)2/ (KEr)
-q2(v/C)2/ (2%Er) -2 (v/c)2/(2KEr)
* v | q2(v/c) 2/(2TLGr) q2 (v/c)2/ (4KEr)
X q2/(2rcGr) q2/(2KEr)
* XIV 1 q2[1+2(v/c)2]/(2n:Gr) q2[1+4(v/c)2]/ (2KEr)
-QqL1+(v/c)2]/(2KEr)

pe XV § -QqII+%(v/c)2]1/(2HEr)
L

Reéﬂlts differ

Since equation 5.2 is different than equation 3.2.8,

reason that there are some differences between the

those generated by the
the same, 1, 1, W, Vv, VII,

system at both 1 and 2

moving magnetic Tflux model.

VIIlT are all

is a true current as commonly accepted. This

it stands to
baseline values and
The cases that are

configurations where the
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indicates that for these cases, the maghetic flux yelocity is arbitrary
and has no effect on the outcome as loné as both current 1 and 2-are
flowing in materials where charge neutfality is maintained. The cases
that do differ are off by a factor of two. From these results, it can
be conéluded that the magnetic flux velocity cannot equal the charge
velocity if oﬁe is to obtain the same results as the baseline. It must
be stfessed here that it is assumed that the baseliné is correct, and
only experimental evidence can determiﬁe if this is true. -
| If the definition of current as I=qv is used, the 6nly way these
results (cases III, IX, XII, XIV{ XV) can be matched is to assume a
magnetic flux drift velocity of one half the charge carrier velécity.
This may seem.like an arbitrary "action, but one mus; remember that
formu;as such as the Biot-Savart and the Moon and Spencer version of
Amperes current law were derived to match empirical information.
Consequently, this is“a valid model ~as long as'physical phenomena is
described by~it accurately. | -

Rewriting equation 5.2 with the added assumptiop that the magnetic
drift velocity is identically one hélf the charge carrier drift
velocity, the follow1ng is obtained -

F = qu{qp1[1+%(v

2/1 p2/p NEHEME 5(V) 5, 01/0) 21}/ (20€T)

+ qea{qp1[1+x(vez/p1/C)‘]+qel[1+%(vez/el/c)?]}/(ZnEr). o5 o

This relationship is' equiv;lent to the Special Relativity
approximation and will yield identical results to all the’céses looked
at. This moving magnétic flux model matches relativity and furthermore
may actually be a phy81cal explanatlon for what is happening. To retain

the formulation in terms of magnetlc fields and the cross product term,
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we can define the maénétic field velocity of 1 as the weighféd average
of all the charge cgrrier velocities in '1 with reépect‘ to 2 that
contribute to the current, 'sﬁmmed vectorially and divided by 2.

Expressed mathematically as

\Y

m/q [Zni"vi

/q]/2nt for'n=0 to i

whereé magnetic flux drift velocity

n =‘fraétional composition of charge i
v, = velocity of charge i
n, = total charge = Zni

‘In addition, one must be careful to use the Qalues of currents in’
1 that the charge in 2 actually sees, not the current measured in some
rest frame..This only has an effect in cases.whére the total charge
distributioh in 1 is not neutral, such as an electron beam. For a
. neutral conductor the éurrent is the same in all reference frames.

Table 7 is a summary‘of.the results obtained for all'fifteen cases
using the aifferent analysis methods that have béen explored. It is

interesting that there can be such variation among the different- tools

of EM theory.
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Table 7. Force Between Relative Moving Charge, Summary of Results.

Moving charge config. Radial force between line charge, fz/1 M] I
Metallic conductor = m or line charge and point charge, T/ |I\]I remEERRRE

lonic conductor =i . ) . . . .
Biot-Savart Eg. Baseline, Moon Moving Magnetic Moving Magnetic

Electron beam = a
or Lorentz Eq. and Spencer or Flux, Lorentz Flux, Lorentz
Current element -> ith 0 Relativit £ ith v £ ith L,
with v elativi . Wi v = LWl \Y% o
Stationary charge * a y d m q 4 (l Q
P " -Pz(YZc)2 TRZNeJ! MNxJZ X232
m = Oiter 2ter Oxer Oxer
, M= Qyzgiz RINcJIZ R2LYZcJ! RiNcJZ
m < 2ner 2itEr Oxer Oxer
m = -ch N c
" z 0 -QN 2 tQN-cJt QN c)2
liter Oxer Ixer
1> -R2(YZc)2 -R2(YZc)! MNgJz TRZNeJ!
v R
1> 2iter 2%er Oxer Oxer
vy = I N cJ2 R2N ¢ J 2 RZyZc]! RNeJz
1< 2iter 2iter Oxer Oxer
i—>
VI * 0 0 (o] (]
Vil m - -R2(Vc)2 TRN cJ.2 -RN e J! M N =12
1> 2ter 2ter Oxer Oxer
vin m-= RNcJ.2 RZchJ! rZLer)l q2(vic)2
i < 2*er ® 2iter Oxer Oxer
Ix m = RANcJ2 -R2N ¢ )2 0 RRlcJ2
e -> 2K6T 4ter Ixer
y m-= RRcJ! 12cJz RZNeJZ a'(vic)2
e <- 2xer liter xer Ixer
T RNCJ2 RACJ2 RN ! RaNeJZ
e = 2ier 2ier Oxer Oxer
I g RRcJZ RZNcJ! RiNcJ2 RZNeJI
e < 2x(r 2ter Ixer Oxer
T RAL-NcJ2) g 2, R
e = 2*er Otter Oxer Oxer
I a211+(vi)2l  RZQiiNeJZI RRANGIZI  a'(1+2(vic)]
e < 2*er Oiter Oxer Oxer
e = : - I+N ¢ ) 2
W z —m QrQMwW 2 Qqa( ) 2] Q’Qﬁ\AyM a

2*er Oxer Oxer Oxer
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CHAPTER 6

MOTIONAL ELECTRIC FIE#DS ASSOCIATED WITH THE
MOVING MAGNETIC FLUX MODEL

In Chépter 2, the unique properties of the mofional electric figld
associated with 'cutting lines of magnetic flux' .was described and
later in Chapter 5 it was shown that a moviné magnetic flux approach
" can be used to model the force between relative moving charge. This
moving magnetic .flux approach gives the same results when applied to
cqnfigurations of reiative moving charge that a exhaustive application
of speciall relativity does. There may be some advantages to the moving
magnetic flux model over other.theories such as special relativity or
Moon and Spencer, due to the peculiar quélities that are associated
with the motional electric fields that arise in thé moving magnetic
flux model.

Motional electric fields, although having the same mathematical
expression as static electric fields or those due to transférmer
action, are physically different and can easily be distiﬁguished from
the other types. The assumption that the magnetic flux associated with
moving charge actually moves wifh the charge, results in a motional
electric field surrounding the charge. This motional electriq .field is
the ;ame magnitﬁde as the increase_ in the static electric field that
relativify prédicts due t6 the charge's motion; The moving magnetic‘
flux model can ' be cpﬁcluded to have advantages over the others

formalisms that have been looked at because of the nature of the
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motional eleqtric field that itnpredicts. fﬁe moving flux model is ﬁore
intuitive than relativity in itg description of physical éffects.A
Thg motional electric field is immune to electrostatic shielding,
since by definifion, it is a magnetic phenomena. This was documented by
Hooﬁer [11] and alsé verified at Montana State University [24]. Since

motional electric fields arise from relative motion with respect to

rmagnetic flux, any material that magnetic flux can penetrate will not '

shield a motional electric field. What is suggested by the results in

Chapter 5 is that not only is a motional electric field associated with

relative motion with respect to magnetic flux, but that there also is-a '

motional electric field -associated with all moving charge. This

motional electric field is the same magnitude as a correction due to

relativity. The only way that this motipnal'electric field (due purely

to relative moving charge) can occur is if the magnetic flug associated
with the moving.charge moves with éhe charge. By comparing the motional
electric field to a set of results acéepted‘as correct, the velociéy of
the moving‘ flux was determine& to be exactly one half the velocity of

the moving charge. Although the moving magnetic flux model only matches

the results of Special Relativity to a second order approximation, it:

does match a version of the Ampere equation by Moon and Spencer
exactly. In addition, Moon and Spencer claim that charge and mass are
invariant and Special Relativity is not néeded {14]. It can then also
be surmised that the .moving magnetic fiQX'model does not need to be
corrected for relativity and assumes invariant charge and mass.

It is commonly £hought that the force between cﬁrrents, is a

magnetic one and thus ‘cannot be shielded electrostaticly. Yet in
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Chapter 3, it wéé shown that the force between cufrents (even twq that
afe in metallic conductors) can be.preQicted using Special Relativity
applied to the electric fields 'of the charge of the currents. The
question arises whether a correction due to relativity is shieldable or
if the corréction due to reiativity is actually the common phenomena of
flux cutting. This question can only be answered with an exhaﬁstive
experimental investigation. Whaf is ,sﬁggested is a reworking of
Ampere's experiments on forces betweep current elements with the added
complication of shielding one or the other of the curfents With various-
materials heid at fixed and floating potentials. In addition, the
current elements in different media, lsuch as metals, piasmas, etc.
should be investigatéd. ‘

More fundamentally, £he motional electpic field surrounding a
current shéuld be measured directly. Measuring this field 1is exactly
what Hooper appears to 'havé done. The experimental setup required to
accomplish this would be siﬁilar to the apparatus Hooper_ used to
measure the motibnal'electric field surrouﬁding his generator. A source
of moving charge to. generate the ﬁotionai electric field and a
detection system to measure thé motional electric field ﬁeeded.
Hooper's sourée of moving charge was the conduction .electrons in a
copper coil. Higher velocity charge such as in charged particie beams
or conduction elgctrons in. superconducting maferials would have the
advantage over Hooper's experiment of producing motional elecﬁric
fields of gpeéter intensity.  This would reduce the sensitivity of fhg
instrumentation needed to measure'the motional electric field. Hooper's

detection system consisted of a capacitor that was charged by the
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.motional electric field and an electrometer to measure the voltage on

the capacitor. This system can be used or a device (such as a torque
pendulum [13]) to measure force on a charged particle could be used to

detect the motional electric field.

Ll

A project was initiated at Montana State University. that ﬁpuld‘

measure the - motional electric field surrounding an-electron beam. An

experiment with an electron beam as the source of moving charge and a

shielded capacitor and electrometer as the detector was proposed.
Limitations in size of the electron beam that could be generated and
the sensitivity of equipment (specificall& an electrometér) prevented
tﬁe completion of this experiment.

Even more interesting than broving the existence of this eléctric
field that is associated with moviné charge; is the investigation éf
its properties. It is suggested.by the moving magnetic flux hypothesis

that it is a motional electric field, but relativity does not give any

insight into the nature of the effect other than it does exist.

Consequently, an experimental verification should be designed with the

added intention of ' determining its physical characteristics.

Experiments that study different types of shielding are critical.
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- CHAPTER 7
CONCLUSIONS AND SIGNIFICANCE OF WORK

Even fhough the theory of electromagnetism is coﬁsidered mature
and well establighed, there are still some unresolved .issues in the
theory. One’ such issue has been explored hérey the premise of whether
the magnetic field surrounding a moving charge actually .moves with thg
cbgrge. The most recedt and avid propopent of this idea was W. f.

Hooper. His claim, that the magnetic flux induced b& moving charge

moves with- the charge, results in a motional electric field associated

with all moving charge. The motional electric field is the direct
result of the type of induction associated with éutting ;ines of
magnetic flux or spatial movement with respect to magnetic flux. This
induction - is different than 'the type due to linking time chapging
(motion in time) magnetic flux. The two‘types of indubtion generate
different types of electric fields. |

The motional electric field, due only to the motion of charge (if
the induced magnetié flux moves with the charge), has been shown here
to be contrar& to classical EM theory, but is fhe same magnitude as a
correction factor due to rela;ive motion that the theory of Special
_Relativity prediqts. In addition, an alternative . version ofAAmpere'é
current law also predicts an éiectrip field associated wifh moving
charge thét is solely dependent on the'charge's_mégnitude aﬁd velocity.

The equivélénce between a force predicted between relative moving




56

: charge by. béth relativity and'a'form of Ampere electrodynamics raises
some_serious questions about relativity.'-If relativity is. used to
calculate the force between current elements, the same results are
,.obtained as measured by Ampere and predicted by the electrodynamic
models generated from his work. Possibly, the force between currenf
eleﬁents is a verification of relativity and Ampere electrodynamics are
inconsistent with relativity. Or relativity is not the appropriate
exp;anation'for electrodynamic forces in materials. Either way, this
issue needs to be explored.

A complete agreément between the 'moving magnetic flux premise'
Special Relativity to second order, and the Moon and Spencer version of
Ampere's " law is ﬁbtained when the magnetic flux drift velocity is
assumed to be one half the charge éaprier drift velocity in the moving
magnetic flux médel. It is significant that a relativistic correction
éan be predicted by the moving magnetic flux idea as‘well as a version
(Moon and Spencer) of Ampere's current law. The differepoes between the
mov1ng magnetic flux model and Special Relativity or Moon and Spencer
are qualltatlve in nature and have to be determined experlmentally The
electric field or force on charge associated with relative motlon with
respect to a magnetic. fiéld has characteristics that distinguish_it
froﬁ static electric fields associated with charge distribution.or even
the induced electric field dﬁe to time:ohanging maénetic fields. Since
motional electric fields have a uﬁique 'finger print', it may be
possible to devise an experiment to distinguish between a motiqnal
electric fielﬁ or a electric field due to relativity transformétién

(that would be electrostatic in nature) on an electric field.
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Some of fhe ﬁnique propertiés of motional electric fields are
their rea@tion té different materials and types of shieiding. They are
immune to shielding configuyations such as‘faraday cages ﬁeld at fiked
potentidlg. Motional electric fields can also Ee generated in regions
where the total magnetic fielﬂ can'sum.to iéro. This effect can be used
as another determining criteria in expé#iments in determining the
nature of an EM effect.

It can be concluded that the mbving magnetic flux idea that
associates a motional electric field with all moving charge raisesisome.
interestipg poipts concerning foundational EM theory. 'it's
incorporation into classical EM theory may preclude the necessity of
correcting for rélativity. In fact, for.the cases explored here if both.
moving- magnetic flux and relativity are considered, the fesulfs
obtained ﬁould be in disagreement with those considered correct. The
concept of moving magnetic flux may also help':to dispel some of the-
paradoxes of electrodynamic forces eépecially in greasAthaf there is
disagneément between classical Maxwellian field theory " and Ampere

electrodynamics applied to materials.
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