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ABSTRACT

This thesis considers a linear system constructed of monochromatic
radiation trapped between end reflectors (of negligible mass) which

move so that the radiation pressure, measured at the surface of the free

reflector, is constant. Kinetically, the system behaves as a rigid
measuring rod (which may be compared with the rigid rod suggested by
W.H. McCrea) and undergoes Lorentz contraction. If a force is applied
to one end while the radiation pressure and binding force maintain
equilibrium, then, dynamically, the system behaves as a massive body
with equivalent (inertial) rest mass. In contrast to the previous
discussion by De.W. Sciama and W. Davidson on the origin of inertial
forces, it is suggested that these forces are generated by a local
mechanism in the extended system.

A set of three experiments demonstrates some of the properties of
such a system. The first is based on an optical Michelson interferometer.
One mirror is controlled by a servo unit, for which the error signal is
obtained from the interference pattern, so that it tracks the movement
of the other mirror and maintains a rigid length between the mirrors.
The second experiment is based on a system of two trolleys with
microwaves used to measure the radar distance between them. Each trolley
has a separate servo control to maintain a constant distance to the
other trolley. They form a dynamic system which moves independently of
any reference to the l=zboratory. The third experiment is an electronic
analogue demonstrating the time interdependence of the movements of the
two ends of the system.

The second part of the thesis takes up the suggestion by R.C.
Jennison that Ball Lightning may be structured entirely of electro-
magnetic fields (and hence be an example of the system analysed above).
Then the size of the ball of trapped waves is an indication of the
frequency at which some, so far unknown, phenomenon occurs. A
description is given of a preliminary experiment to investigate if
there is any interaction between an electrostatic field and electro-
magnetic waves of a specific frequency in the range 0.1-1 G.Hz. No
evidence of such an interaction was found within the constraints of

this experiment.
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KEY

The following table describes those symbols which are used

repeatedly in the text. Those which are used only occasionally are

defined where they occur.

Common to all chapters

A

~

® 9 > M=

Vector potential of Sciama's induction field.
Velocity of light.
Energy of the system.
Total energy of the system.
Electric field;
Gravitational constant.
Spatial terms of the metric (i,k = 1,2,3).
Space-time terms of the metric ( u vV = 1,2,3,4).
Proper length of the rod or etalon.
Mass of bo@y.
Rest mass of body.
First mirror.
Second mirror.
Quality factor of resonance.
Charge.
Radial distance from object.
Laplace operator.
Time.
Velocity of system past observer.
=1
. [1 . V;g] E
Permittivity. of space.
Wavelength. |
Scalar potential of Sciama's induction field.

Phase difference of sinusoidal waves.




(ON] Mgul ar rate of rotation.

Chapter 2
dl Element of spatial length.
AL Change of length of rod caused by force [ .
F gray Field of gravitational force.
~inert|quield of inertial force.
Chapter 3
E b Energy in the binding mechanism.
EW Total energy iﬁ the waves.
Evvr Wave energy to right of centre.
E\vl Wave energy to left of centre.
fr Pressure of radiation on the right.
fl Pressure of radiation on the left.
F' External force.
FIJ Binding force.
F:w Radiation pressure.
h Planck's constant.
L1 Length of etazlon when ray returns to the first mirror.
T, Time for ray to return ( n11pushed).
t2 Time for ray to return ( m, pulled).
T. Total delay time.

vV Velocity of first mirror mI during first delay time.
V2 Velocity of second mirror ﬂWz.

A Wavelength of trapped radiation.

T Proper time per oscillation.

T, Time per osciliation when system is moving at V2.

V Frequency measured and maintained at the reflector.

V Freauency reflected off first mirror as it moves at V .
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CLIT.E
f
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3

’

=
9
S
k
k
k
k
k

I(t)

~

Frequency reflected off second mirror moving at V .

Frequency of external radiation.

Closed Loop Transfer Function.

Proportion of derivative signal in controller.

Coefficient of frictional force.
Acceleration due to gravity.
Transfer function in Laplace form.
Constant of proportionality.
Fraction of infegrated signal.
Fraction of direct signal.
Fraction of differentiated signal.
Fraction of signal through the controller.
Input signal.

Coefficient‘of the spring. Also a constant
Mass of moving object.
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Time constants.

Transfer Function.

Total energye.

Force required to hold cavity at one end.
4-velocity of first mirror.

Frequency of ray leaving one end.

Frequency of ray received at other end.

3-term controller.

of proportion.
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Height of pulse.

Distance from centre of sphere.

No Frequency Stepping (mode of operating the equipment).

Time between clock pulses.
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A position in the electrostatic field

see Fig 6.27.
A position in the electrostatic field

Wavelength of radio frequency radiation.

Characteristic Impedance.

xii




xiii

ACKNOWLEDGEMENTS

"Much thanks" to my supervisor, Professor R.C. Jennison, who
has both supplied the main theoretical and experimental ideas which
formed this thesis and guided me skillfully through the various stages
of the course.

Dr. 'Phil Davies and Dr.D.G. Ashworth have given me steady help
over a long time. Phil has been of very real assistance in bringing my
thoughts together in a more coherent and presentable fashion (he also
indicated the correct approach to the analysis of the movement of the
second mirror of the cavity) and Dr. Ashworth has given suggestions
for balancing the content of the thesis and supplied references to the
works of other authors.

Other members of the teaching staff have given me various items
of information and suggestions. In particular, Dr.R.J. Collier gave me
an exposition ‘of the pglculation of the effect of the Perspex shutter,
Dr.M. Oliver put me on the right tracks for calculating the Doppler
shift on rays moving through a general metric field, Dr.D. Preece
expl2ined the calculation of probabilities in chapter 6, Mr.M. Dent
helped with the experiments involving automatic control and Dr.T.
Butler helped with comprehending the Ball lightning structure suggested
by Endean.

The technical staff have given me assistance as required.

The Science Research Council awérded me a studentship for the

three years of the project,



Chapter 1

INTRODUCTION

1.1 Beginnings

The project arose out of the thoughts of Frofessor Jennison after
a discussion he had had with McCrea in 1972 on the precise nature of
the rod that he(and Hogartgxn),l952, has described, in which the velocity
of sound equals that of light. Consideration of an electromagnetic
structure for this rod which may be set in motion from rest by a force
pushing on one end and the necessity, if the velocity of sound condition
is to be fulfilled, that the length of the rod is determined by the
electromagnetic wave, led to obtaining the detailed dynamics of the rod,
including an effective rest mass. There was also the possibility of
combining these results with Jennison's other interest in the rare
phenomenon of Ball Lightning. This resulted from a personal experience
of Ball Lightning during an airflight and the reviewing of a book by
Singe#gg), 1971, on the nature of Ball Lightning. Jennison(LG) sy 1973,
had suggested that Ball Lightning represents a novel electromagnetic
configuration which is stable independently of the air.

Some of the work for this thesis has been reported in the paper by
Jennison and DrinkwaterA y 1977, which contains the main ideas and

some account of the theory.

1.2 The Idea

Inertial forces occur in common experience quite as freouently as
gravitational ones and, bepause-the acceleration can be very great (as
in impulsive blows), often involve much greater forces for a given mass.

Yet the couse of these forces is unknown, as is any physical explanation




of Newton's three laws of motion. Mach( , 1908, and more recent
authors following him have attempted to account for inertial forces in
terms of the motion of the test body relative to the average rest frame
of the Universe.

A11 masses have some finite extension and it requires a finite
time for the effect of a force applied to some part of a body to be
transmitted to the whole mess. It is suggested here that the previous
failure at a tenable explanation resulted from assuming that one could
discuss dynamics in terms of point masses. The explanation required
results from the spztial extension of all bodies.

Consider, as an exaﬁple of a body, an object with extension made of
radiation trapped between two perfect reflectors. The interest is in the
radiation and the reflectors are assumed to have negligible effect other
than confining the radiation. If a force is applied to one end and the
distance between the reflectors is maintained a constant number of half
wavelengths of the trapped monochromatic radiation, then the object
behaves dynamically according to Newton's laws (as described in chapter
3).

It is demonstrated in this thesis that the way in which this object
obeys Newton's laws and its properties of inertia can be ascribed to a
definite physical mechanism. The variation in radiation pressures and
the delay time for the changes of internal conditions, caused by the
force, to be distributed through the object gives the following
explanations.

Newton's first law (that a body continues in its state of rest
or uniform motion unless acted upon by an external force) is accounted
for in that the motion of the end reflectors is determined so as to keep
an integral number of half wave standing waves between the two ends
(equivalent to each end maintaining a constant 'radar dist-nce' to the

other). As each end is always referring to a time delayed signal from
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the other end, it is in effect always referring to its previous velocity
and ensuring that there is no change. These conditions ensure that the
object maintains a uniform inertial motion unless acted on by an external
force. This inertial motion is not determined directly by any distant
masses but by the oscillatory propagation of the internasl waves along
null geodesics.

Newton's second law (that the acceleration is proportional to the
force applied) is accounted for by the increase in velocity (relative to
the inertial frame) with which this applied force causes the first
reflector to move. It does so for the short time required to distribute
the new condition to the ﬁhole object and this velocity and delay time
give an acceleration. If the force continues to be applied, the step
increase in velocity is repeated for a further delay time and the object
on average accelerates in proportion to the applied force according to
Newton's second law.

Newton's third lgw (that the forces of action and reaction are
equal and opposite) is accounted for in terms of a balance of the
radiation pressure of the internally trapped waves by a sonstant binding
force and any further externally applied force.

The basic idea throws some light on the true physical meaning of
rigid measuring rods as required at the basis of relativity theory and
of the meaning of proper time in terms of the frequency of the radiation
trapped between the reflectors.

If the idea is extended by assuming that it describes the actusl
gstructure and mechanism of inertia in atomic particles, then the structure
of the electron may be related to the gamma radiation required for pair

formation.




1.3 The objectives of the project

The system considered consists of monochromatic radiation reflected
normally between two perfectly reflecting parallel planes. The component
parameters are, the length between the reflectors, the delay time for
one complete circulation of the energy, the amplitude (a constant) which
is to be maintained in the proper frame of each mirror (hence determining

its motion), and the binding force which maintains the correct position

of the reflector against the radiation pressure pushing outwards.

The thesis describes the equations for the Special Relativity
transformation of length, mass and energy in terms of standing waves and
their relativistic transfdrmations and raises questions in the context
of a novel approach to the mature of inertia. The motion, dynamics and
rest mass of such 2 system, when a steady force is applied, is described
and the analysis gives some account of how inertial and gravitational
forces apot in the system.The motion of the boundary reflectors being
determined by the interpal radiation.

A thought-provoking experiment which simulates the theoretical
s¥stem may be achieved by setting up actual reflectors which are servo
controlled so that the effect of friction and the mass of the reflectors
is made negligible because of the power supplied by the servo motors.
Electromagnetic waves may be reflected off the plates but, as there must
always in practice be some loss of energy, a generator of waves at a
fixed frequency is required to make up this loss of power. Having set
up such a system, it should be possible to demonstrate that it acts as
a rigid rod even when accelerated. If the reflectors at both ends of the
system are servoed in this way, the syst?m should be independent of
reference to the laboratory and move at a constent inertial velocity

when no force is applied.
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In order to investigate if autonomous, closed, electromagnetic
systems which would exactly fulfil the conditions postulated above, exist
in nature, an experiment was performed to look for any previously
undetected wave-trapping resonances of electromagnetic waves in the space
of a strong electrostatic field, that would account for the comparative
stability of Ball Lightning.

It should be possible to extend the theory of the essentially one
dimensional configuration to a three dimensional structure which would
represent some of the properties of Ball Lightning and might, on a
different scale of size, be similar to the structure of atomic particles

(with the electron as an example).

1.4 Chapter contents

The work is in two main parts. Chapters 3 to 5 deal primarily with
the simplified problem of a one dimensional cavity, while in the second
part, chapters 6 and I_investigate a possible structure for Ball Lightning.
in overview of each chapter will now be given.

Chapter 2

This chapter is confined entirely to objectively reporting the
work of previous guthors and putting the contents of the thesis into
context.

On the practical side, a brief account is given of the determination
of length by optical interferometers, the determination of the velocity
of electromagnetic waves by a microwave interferometer and a standard of
time. Some description is given from the reports of Ball Lightning.
However, this is not an attempt to justify the veracity of these reports
which is considered, for example, by Singer(agn 1971. An account is
given of some previous experiments which have been done to investigate

any direct interaction between electromagnetic fields.
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On the theoretical side, there are three main topics of interest.
These are the definition of a rigid rod to measure length, the nature of
inertial forces and the siructure of Ball Lightning. Solutions to the
question of defining rigid rods have evolved as more factors have been
added to the original problem; starting with a rod moving inertially
and leading through to a rod sﬁbject to accelerating forces. The
description of the origin of the inertial forces in the cavity described
in the thesis suggest that it is a mechanism which is local to the mass.
This tends to support the criticisms of the theory that the mechanism of
inertial forces arises from motion relative to the distant Universe,
summarized next in this cﬁapter. The main attempts to derive stable field
structure solutions that represent closed systems and hence are possible
particle models, are grouped round two main approaches. The first
congiders non-linear field equations contsining constants whose values
can be set to give the required solution. The second considers as the
structure a form of roﬁating wave contained within a confining boundary.
The extent to which previous authorslhave ascribed an internal wave
gtructure to the electron and a brief indication of the various approaches
to the basic, unresolved, problem of what holds the extended particle
together in its quantum of energy are described.
Chapter 3

A measuring rod is essentially a méchanical object which forms the
basis of physical measurement but has to be carefully related to the
mathematical definition of length. This chapter considers the system
described above when accelerated from one inertial frame to another by
the step changes of velocity caused by the continuous application of a
steady force at one end. These conditions could be obtained approximately
without invalidating the aﬁalysis by, for example, having a delay time

as long as required (by increasing the length of the cavity) to make the




T
time of the leading and trailing edges of the step change short compared

with the delay time. The kinetic and dynamic equations are obtained,
showing that the property of inertia is created when the smoothed
average of the fine detail steps in velocity, in response to a steady
force, is taken 2s the acceleration.

If the parameters of frequency for electron pair formation and
rest mass energy of the electron are put into the equation, it is shown
that the interaction of the cavity with the applied force is in steps
corresponding to Quantum theor&.

Chapter 4

The reflectors at tﬁe ends of the cavity move so as to maintain a
constant radar distance between the ends. This property is converted
into experimental reality in the experiments described in this chapter.

The Michelson interferometer is often used to measure length. In
the first experiment this instrument was used for the reverse process of
maintaining a constant»}ength between the reflectors. The position of one
of the interferometer mirrors was controlled by a servo whose error
signal was derived from the interference pattern. Provided the optical
length traversed in each arm is maintained at the same difference, the
fringe pattern remains the same despite any tracking movement of both
reflectors together.

The second experiment, in which both reflectors were servoed in
position so as to maintain a node of the standing microwave on the
reflectors, is a true dynamic system which moves independently of any
reference to the laboratory and has the properties of rigidity and inertia.

The third experiment showed (by an electronic analogue) the time
interdependence of the movements of the ends of the cavity.

Chapter |
The relation of theories by Sciama and others, presented in chapter

2, to inertial mass as defined by the cavity system, is discussed.




Chapter 6
There have been a number of reports (including Jennison(LS) ,1969)

of sightings of Ball Lightning about the time of thunderstorms. As
reported, these are spherical shaped objects which emit a glow of light
and exist long enough to constitute a stabilized system rather than being
some transitory explosion. If one takes up the suggestion by Jennison(LG)
1973, then the phenomenon of Ball-type lightning may not be a plasma of
ionized air but involve some new self-trapping configuration of waves
that could equally well exist in vacuum., The steady movement of the
lightning ball according to rare reports of its being observed moving
next to the exterior of métal aircraft in flight, suggests that the air
passes through it without any dragging of an internal plasma. This,
combined with the phenomenon on the atomic $cale of electron pair
formation from electromagnetic gamma waves, suggests the possibility of
a series of exact frequency resonances of free space in which a wave may
be self-trapping in a gﬁeady electrostatic field.

Then we are dealing here with a mechanism involving a radical and
previously unknown physical law. Is some of the radio frequency energy
generated in the storm contained in the Ball as self-trapped waves ?
Could we be dealing here on the scale of several centimeters with the
same process that normally occurs at the scale of the size of the
electron ? Is one literally seeing in a lightning ball a large scale
version of an atomic particle ?

Unfortunately the rare and apparently random formation of Ball
lightning during thunderstorms makes it difficult to perform objective
scientific method.on the phenomenon. However, the interest generated by
the reports which have been collected, combined with the interest of the
theoreticians in accountiﬁg for the structure of fundamental atomic
particles by non-linear fields, leads to performing the experiment

described in the second part of this thesis. The magnitude of events
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in a thunderstorm cannot be easily set up in a laboratory and here we
were looking for only the beginnings of a non-linear effect manifesting
itself as refraction of the wave passing through the static field.

The instrumentation was made sensitive by using switching and
correlation techniques. However, the experiment was only sensitive to a

resonance of narrow bandwidth.

ChaEter [

The experiment of chapter 6 was léoking for any interaction between
an electromagnetic wave of a specific frequency and an:electrostatic
field. This chapter discusses the questions raised in this context as to
what maintains the size and energy content of the ball, how it becomes
luminous and how the field strengths used in the experiment compare with
those in Ball Lightning.

If the three dimensional object consists of waves spreading out
from the centre and reflected back with perhaps rotation in some way,
one may consider two spatially orthogonal elements of such a complete

system.
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Chapter 2

A BRIEF REVIEW OF RELEVANT LITERATURE

2.1 Introduction

This chapter mentions some of the papers which have been published
by authors on topics which are of interest in the remaining chapters.
The main papers of reference in each section are summarized under the
headings of the author's names.

The first section describes experiments which have accurately
determined length and the velocity of light. Length has been measured
using optical interferometers (usually based on the He-Ne laser light)
and this relates directly to the interferometer experiment described in
chapter 4. The method of measuring the velocity of light at microwave
frequencies is of interest as it has features comparable with the trolley
experiment using microwaves. The most recent experiment to determine
the velocity of light uses a multiplicity of inter-locked laser fre-
quencies. A brief note is given on the Caesium clock.

The subject of this thesis has some implications for the description
of what is meant by a rigid measuring rod. Born (for reference see
Silberstein(BB), 1924) attempted to give a theoretical description of
the motion of a rigid body and this set up the form of the debate fol-
lowed by subsequent authors until McCrea(67), 1952, postulated his
particular type of measuring rod with dynamic properties. However, as
this thesis is concerned with rigidity defined from a pattern of stand-
ing waves, only a few main points of Born's theory will be briefly
indicated here. The dynamics of McCrea's rod, which bears a close

relation to the system described in chapter 3, is described next. The
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automatic control of the positions of the end reflectors in the experi-
ments of chapter 4 are a further extension to this discussion of an
experimentally-described rigid rod.

The theory of chapter 3 investigates the . inertial properties of
radiation trapped in a cavity which is maintained rigid according to
this description. Some of the papers which have discussed the meaning
of inertia are introduced and a detailed description is given of Sciama's
theory on the physical origins of ‘inertial forces as this theory acts
as a central focus to the discussion among other authors.

A summary is given of some of the analyses which have been made of
radiation trapped in a cavity.

On very different scales of size, the structure of Ball Lightning
(if realizable in a vacuum) investigated in chapter 6, and atomic par-
ticles may be similar. A description is given of the rare phenomenon
of Ball Lightning and some of the explanations as to how it is formed.
A possible phenomenoﬁ~to account for the structure of Ball Lightning,
not contained in classical electromagnetic theory, may be similar to
previous theories suggesting an electromagnetic structure of atomic
particles. A brief indication is given of some papers presenting ideas
which may be applied in this way. They make the hypothesis of exten-
ding Maxwell's linear equations of electromagnetism to include non-
linear terms and hence account for the formation of closed systems under
certain conditioms.

A description is given of some experiments done by previous authors
to investigate any possible interaction between electromagnetic fields,

which may be compared with the experiment described in chapter 6.
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2.2 Accurate Experiments

This section describes some of the practical work that has been done
on the measurement of length, time and the velocity of light.

2.2(a) Accurate experimental determination of length

The most accurate determinations of length are those which involve
the defining unit of length itself. Historically, this unit has been
defined as the length of a bar of metal, a wavelength of light in the
Cadmium spectrum and, currently, a wavelength of light in the spectrum
of Krypton86 (Sandersr79t 1965, comments that line broadening limits the
accuracy of this to one fart in 108). To my knowledge this standard has
not been superseded by a Laser light wavelength. However, using the
most recent techniques to stabilize the He-Ne laser, it is possible to
make measurements to one part in 1010.

The whole field of accurate length measurement has been revolutionized
by the easy availabi;ity of laser beams which have a very narrow fre-
quency band. As a result it is trivial to measure movement of the mirror
in one arm of a Michelson interferometer, fed from such a laser, to
within half a wavelength of the standing waves formed in the optical arm
of the interferometer. However, an accuracy to less than this element
of length remains considerably less accessible to measurement (for
example, it is claimed by Baird ° , 1967, that displacement can be
detected to a thousandth of a fringe). The Fabry-Perot construction of
interferometer locates the positions of the interference maxima, for half-
wavelength spacings of mirror positions, most accurately.

Most systems use the He-Ne laser (ref. Kaminow(SZ), 1973) with
wavelength 0.633pym. and Doppler broadened by about 1.5 G.Hz. The reso-=

nant cavity of the laser is opened walled and can operate in different

modes with small frequency separations. There are further practical
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limitations which include the quality of the component optical
surfaces, fluctuations in the atmosphere, vibration of components

and parisitic light. Some examples of the construction and capability
of this type of instrument will now be given.

It was reported by Kaminow(SZ), 1973 that the most refined inter-
ferometer instruments can measure to better than 0.05)m. over a distance
of 12m. with compensation for atmospheric humidity, pressure and temp-
erature. Some interferometers use a double path measurement to produce
one period for every quarter wavelength of reflector movement (Fig. 2.1).

Fig.2.2 illustrates a simple Laser interferometer developed for use
as a length measuring transducer on various types of machine tools, as
reported by Schede(8 » 1967. Ranges of 60ins. have been demonstrated
and of over 100ins. ére reasonable, with air turbulence being the limi-
ting factor. A correction of about 0.6ﬁbin./in./°F and 0.4/Lin./in./m.m.
of barametric pressure, is required. As the moving reflector moves, a
sine wave signal is géﬁerated in the photo-detector. By electronically
counting the cycles of this signal, a record in terms of half wave mul-
tiples of the Laser light is obtained. This is 12.46 lLin. per interfer-
ence fringe. The signal from detector (C is out of phase with that from
detector D because the beams have travelled slightly different paths.
This effect can be used to obtain a sense of direction. To obtain a
reliable, narrow band of frequency from the Laser, centred on the frequency
emitted from the atoms before Doppler shifts, the resonant feedback
cavity formed by the reflecting mirrors at the ends of the Laser has a
narrower bandwidth than the Doppler broadened light from the active
medium. This cavity resonance is adjusted to the centre of the broadened

bandwidth and narrows the bandwidth of the light of the Laser. The length
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of the cavity may be adjusted by a piezoelectric element and the length
of the cavity should be kept small to increase the spectral distance
between cavity modes. If the pattern has 8X104 fringes per in., the
frequency response of the detector should reach 160 k.Hz. for a closed
loop frequency of 30 Hz. and peak amplitude of 0.02 in. The position
transducer was connected as part of an automatic control loop to servo
the required position of the machine tool.

An indication of coherence lengths available is given by Berger(]O),
1975, of a seismometer based on an interferometer having one arm through

an evacuated pipe between two piers a mile apart. It uses a frequency

stabilized He-Ne Laser beam and detects movements as small as 3><10--6 ins.

2.2(b) Accurate experimental determination of the velocity of light

(32)
Froome , 1958 measured the velocity of microwaves to an accuracy

of 3:107. The basis of the determination consisted of the simultaneous
measurement of the frée space wavelength, and frequency. He sent 4m.m.
wavelength waves through a dividing junction and transmitted the two
parts in opposite directions to separate receivers on a trolley (Fig.2.3).
The waves were received separately and added. The receivers moved
through a number of minima to measure the wavelength (after correcting
for diffraction effects). From the frequency and wavelength, the velocity
was obtained. This result was corrected for the refractive index of the
air. Errors include diffraction of the wave front at the horns and ran-
dom scattering between transmitter and receiver. The four horn design

is symmetrical and had equal power in both waves. It operated in the
Fraunhofer diffraction region as the Fresnel mode requires large reflec-—
tors to include the half period zone. The position of the minimum was

detectable to lym. The distance was measured by end-standard which had
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been calibrated against an interferometric measure of length using the
spectral line of Cadmium. The greatest single uncertainty arose from the
use of the length standards. The microwave frequency was measured (to
one part in 108) by comparing the klystron output against a high harmo-
nic of a quartz crystal standard and measuring the beat frequency.
Previous determinations of this parameter include that by Essen(za),
1950, using the electrical resonance of a length of cylindrical
waveguide closed at both ends. The experiment consisted of measuring
the dimensions, resonant frequency and Q of the cavity. The length and
frequency were referred fo the same type of standards as in the above
experiment. It was accurate to one part in 106.
The most recent determinations of the velocity of light, by Blaney

2)

et al. ,1977, uses lasers and frequency locking techniques to obtain
an accuracy of one part in 109.

It is of interest that these measurements were all made in the

accelerated frame of the rotating earth.

2.2(c) The Caesium Clock

Essen and Parr¢29l 1957, described the standard Caesium 133 clock
operating on the resonance of Caesium between the hyperfine energy levels
of the nuclear and electron spins: (at 9193 M.Hz. and accurate to one
part in 1010). A uniform magnetic field splits the energy levels into
their Zeeman components, and the central component is approximately
independent of the amplitude of the splitting field (the accurate value
is specified when the field is of a magnitude to split the level a
determined amount). The apparatus consists of an oven sending a beam of

Caesium atoms through a set of magnetic fields which collimate the spins
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and, in a weakuniform field, pass through a cavity into which radio fre-
quency waves are also fed. The ~radio frequency electromagnetic waves
resonate with the atoms when set at the correct frequency (at which

frequency it is compared with the secondary quartz crystal clock).

2.3 The Rigidity of Measuring Rods

The problem of defining arigid rod was first considered, in the
context of Special Relativity, by Born and this sets up the form of the
debate followed by subsequent authors until McCrea. Although the title of
Born's paper was '"'The théory of rigid electrons in kinematical relativity
theory'", the analysis was in terms of kinematics until the work of McCrea
(who described his system in terms of dynamics). A good summary of the

71)

references on this topic is given in the paper by Newburgh( s, 1974.

Born's(]3) , 1909, rigidity criterion is a mathematical description
in terms of the four.dimensional interval between the world lines of the
particles comprising the rod. However, Synge , 1960, has interpreted
this in terms of the time elapsed between emitting a'ray and its return
from the other end of an infinitesimal element of the rod after reflection.
For rigidity this time should remain constant. Synge comments that this
is the same as testing length by means of an interferometer and emphasises
that this one-dimensional definition may not be taken over directly into
defining rigidity in a three dimensional body because of problems of
integrating.

The radar-type approach has similarities to the geometrodynamic clock
of Marzke and Wheeler(73 , 1964, which measures spatial and temporal

intervals between events by reference to the ticking of a clock formed

by a light ray reflected back and forth between the parallel world lines
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of two mirrors. Time is measured by the number of ticks and distance by
assuming the velocity of light and measuring the radar time to cover

the distance. This definition of time and distance is independent of
the conventional structure of matter.

Landau and Lifshitz(60), 1951, quote an operational definition of
interval as follows: by sending a radar signal between adjacent positions
(Fig. 2.4) the time for the return journey in the proper time of B may
be obtained. Now, in Special Relativity the spatial distance may be
defined between separated events occurring at the same time but in General
Relativity the proper tiﬁe at different positions may vary. Hence the

spatial distance calculated assuming a radar type ranging (half the total

distance travelled at velocity c¢) is (ref. also Atwater(B) , 1974):

2 . i
dl:(—g+—g"—‘g;“)dxd><k E2.1

ik
' 9.,

ik =123
The first term is spatial and the second involves time dilatation. It
expresses the relation between the metric of 3-D space and the metric of
4-D space-time.

Problems arise when these definitions for infinitesimal elements
are to be extended to finite distances under conditions other than those
of flat space-time in inertial frames. In general the metric changes
with time and the infinitesimal spatial length, dl , may not be inte-
grated to a macroscopic distance unless theg; is independent of time.

(2 sl

Ashworth and Jennison , 1976, have pointed out the essential difference

between a mathematical sfep—by—step integration along the path being
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measured and the experimental methods of radar (with extensions to
triangulation, parallax and luminosity intensity methods). Ray signal
radar employeddirectly as co-ordinates is described by McVittiésg),
1945.

Basri(7)

, 1965, considers a length-measuring instrument constructed
from an interferometer. The ends of such an instrument may be defined as
rigid if the instrument always maintains the same fringe pattern. In gene-
ral this operates over only infinitesimal distances and finite distances
can only be measured when co-linearity has been defined by which inter-
ferometers can be lined énd—to-end. Reichenbach , 1958, defines three
particles tobeco-linear if they lie along the path of a light signal.
However, Basri defines co-linear as the minimum number of interferometers
linked together between the end points. Basri suggests that there are two
popular ways of measuring spatial distance, by rigid rods and by light
signals and clocks. In the absence of a gravitational field the results
obtained by these two methods égree but in an arbitrary gravitational
field they may not. He lists three authors' approaches to operational
methods of determining the interval between two events. Einstein would
transform to the local iimertial frame and measure the interval using

the Minkowski metric. Synge would transform to the specific frame of
geodesic motion between the two events so that the proper time can be
measured, in this frame, between the geodesic frame passing the two events.
Marzke and Wheeler would use the method described above.

Two papers which form a bridge from the above discussion of Born
type rigidity to that of McCrea, are those by Evett(BO), 1963, and
Newburgh(7 , 1974. Evett considers a rod made up of a series of sec-
tions and considers the motion of a sound wave through the rod. Newburgh

postulates a standing wave formed along the rod (of proper length L)
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by reflection of monochromatic . light (of wavelength A) from the far end
to form a resonant cavity. For the observer, K, past whom the rod moves
at velocity V , the standing wave must extend over distance d equal
to the length of the rod (with Lorentz contraction) plus the distance

the rod moves as the wave propagates. Thus:

VZ 1/2
g - L (17 Ze?]
1- Y/
and > ;
Vv /2
Yoo o 7¢) ‘
\%
1—/C
Hence:

~

> |

E2.2

He concludes that provided the rod undergoes Born rigid motion, the
distance along the rod may be determined (for "inertial motions) by
electromagnetic waves propagating in the K frame. He adds that standing
electromagneti~ waves appear to be the best method of realising ideal
measuring rods with Born type rigidity.

(67)
McCrea , 1952

McCrea has reasoned that because the Lorentz contraction occurs
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in either direction between moving frames, it depends only on the method
of measurement rather than a physical change in the rod. Paradoxically,

if the moving rod were 'trapped' in some way, the act of stoppping it

will produce the required contraction if the rod has a certain rigidity.
It is now shown that this rod is one along which disturbances-are
transmitted with velocity ¢, without dissipating energy. Pushing or
pulling such a rod gives different strains which gives significance to
the 'drag point'.

McCrea considered a rod with mass density and rigidity such that it
transmits disturbances iﬁ the mechanical sense of an alternation of kinetic
and potential energies of its component particles. If one end is given a
change of velocity, there must continue to be some movement in the time
taken to transmit the shock wave to the far end; The transmission may
be made at a maximum speed of c by electromagnetic waves. For a moving
measure of this type stopped at one end with an instantaneous change of
velocity, the event is signalled (first 'seen') to the other end at the
speed of light. 1In Fig.2.5, a rod of proper length L moving past at
velocity V has a length given by the Lorentz contraction of:

2

!

v Iz
U= L{1-72)7

When one end is instantaneously stopped, the time for the signal

to reach the end B is :

where | is the length when the whole rod is momentarily stationary. In
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this time the end B has travelled a distance:

Thus

E2.3
\% .
1+/C
At this moment the rod could be trapped in a contracted state. This is
also the 'visual' length of the moving rod seen by rays from its ends.
By analogy with compression waves in a rod, the modulus of the

above system gives

where M is the mass per unit length and the modulus A determines the

tension [ according to:

T
AL )
b
He proves that the same condition on the modulus gives a perfectly elas-
tic conversion of potential and kinetic energies.
(39
Hogarth and McCrea , 1952, consider the relativity of the energy

in such a system, and calculate the kinetic energy converted to potential

energy when one end of a moving rod is stopped.

2.4 The Nature of Inertial Mass

This section starts by indicating how Einstein attempted to embody

Mach's principle into a complete theory. The major themes in this
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controversial topic include whether Mach's principle is contained in
Einstein's General Relativity (Dicke in particular demonstrates that it
is not) and, perhaps as a separate issue, whether Mach's principle is
valid in some theory alternative to Einstein.

The theory specifically constructed to incorporate Mach's principle
is that by Sciama, which is described next. There are also further
developments from the original simplified theory.

A more elaborate theory incorporating Mach's principle is that by

. (15)
Brans-Dicke , 1961.

2.4(a) Main theories as to the origin of the inertia of mass

Einstein

Einstein made two attempts to make his equation fully incorporate
Mach's principle.

The introduction of the Cosmological constant so that there would
not be a solution for the case of an empty Universe, was challenged by
De Sitter and the resulting Einstein-De Sitter Cosmology goes beyond the
scope of this thesis.

Einstein(2 , 1922, considered a weak field solution variation about
flat Minkowski space giving a wave-type equation which was solved using
retarded potentials to give an expression,in terms of the integral over
all space of the matter tensor:

0 A

d—t"[mH +Plv] =gradpm + 6; m - m(vacurl A) E2.5

where ¢ and A are the scalar and vector potentials formed by inte-
grating the delayed effect of all the mass sources and the product of the

sources with their velocities for masses which are sufficiently local to
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leave the metric at great distance tending to Galilean space-time.
This gives the integral effect of matter on a test particle of mass M
moving at velocity Y in the frame in which ( A : C,b ) has been
evaluated. Nightingale(72 , 1977, has calculated a value for CP sugges—
ting that if the known Universe is removed the left hand side in the
above equation becomes zero, which agrees with Mach. It was shown by
Thirring(93) » 1918, that the above equation also gives a centrifugal
effect as well as the dragging and Coriolis-like effects of the second
and third terms in the right hand side. An increase in the inertial mass
of the test particle due to the added presence of massive bodies may be
attributed, however, to a co-ordinate effect. A critical discussion of
this result is given in section 2.4(b).
Sciama

The main attempt to set up a theory alternative to that of Einstein
and incorporating Mach's principle, is that by Sciama which has been
further modified and aéveloped by Davidson and Brans-Dicke.

3)

An introduction is given in Sciama , 1957, and more mathematical
detail is given in Sciama(82), 1953. He postulates a Newtonian type
inverse square law field and a further inverse distance induction poten-
tial (or radiation field by analogy with electromagnetism). The
generation of an inertial force when a body is accelerated is by induction
in the four-vector field created by the matter in the Universe. This
system is Machian in that 'matter is moving against matter'. A free
test particle moves in a gravitational field so that the gravitational
field of the local mass is cancelled by the induction field of the
Universe as viewed in the proper frame of the test particle. Electromagnetic

effects are not included in this simplified form of the theory.

The first component of the field from every body is the inverse




27
square field from the static scalar potential:

= - Gm/ > E2.6
~ grav r 3
which falls away rapidly with increasing distance. (This component is
assumed to be approximately independent of the velocity.) The integral
of this field component for all the mass in the Universe gives no net
field although there is a uniform, non-zero, potential:

qb = (Ell— \Y ~ - (ijﬂ— E2.7
r R

Universe
where R 1is the radius of the Universe and M is its mass assumed to be
of uniform density p .

The second component of the inertial gravitational field is induc-
tive. The Universe generates a 4-potential field as, when a test particle
moves with velocity Y in this q5 , there is a local and instantaneous
formation of a vector potential A (as in electromagnetism) where

~

f\ = - G—p‘y—dv ¢ E2.8

- o~ —i v
T c ~
(The Hubble law distribution of radial velocities gives, because of
symmetry, zero net vector potential). Again by analogy with electro-
magnetism, the vector potential gives a field having a negative sign:
$ v
B = - et E2.9
dt

~. . 2
inertial C

It may be observed that this field is proportional to the potential Cb

(rather than the gradient of the potential(ﬁ ) which means that its
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amplitude, as for Qb itself, decreases inversely with distance.The case of
centrifugsl forces in a rotating frame is also considered here. /n
important property of this field is that, although all bodies generate

qb according to E2.7, it is primarily determined by the large
quantities of matter at great distances because of the inverse distance
law. Local masses have negligible effect on the inertial force.

A test particle moving near a mass [I) , moves so that in its own

frame the sum of the inverse square law field F and the inverse
~ grav
distance field F , cancel to zero. Hence
~ inertial
Gm dv _ 0
r2 et dt
2
C

m G E2.10
2 s
r’o

which gives a value for the gravitational constant of:

Acceleration =-

1 = - — . E2.11

Thus in a sense (O is not constant but depends on the masses of the

Universe according to E2.7, giving:

B e E2.12

The form of this equation may also be derived, by simple dimensional
argument, from the basic dimensions of the Universe. Dicke , 1964,
has remarked that in order for this equation to remain valid, it is as if
the Universe were a giant servosystem, continually adjusting particle

masses to the value appropriate to the above equation as a feedback
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condition.
Equation E2.9 considered only the analogue of the 'electric' field
generated by the 4-potential. 1In general there may-also be a 'magnetic'

field:

' E2.13
F = curl A
~ inertial =

This acts on a particle, moving with velocity V past the main body, to
give

!
Coriolis acceleration = V A F E2.14

~ inertial
Thus Sciama, used a four-vector potential with which he was able to obtain
the main properties of inertia. However, to derive Newton type laws for
all possible motions requires that inertial forces should be derived from
a tensor potential. ‘Ten potentials are required to specify the stress-
epergy-momentum of the sources of the gravitational field and ten are
required to give the effect on light rays (Sciama , 1969) which is twice
that for a scalar potential.

Lynden-Bell Ll 1967, criticised Sciama's simplified theory for not
including electromagnetism. Light cones in 4-space are both the limiting
surfaces onto which very fast particles tend and the invariant structure
of space-time. To be consistent, the light cones must be twisted in
precisely the same way as the limit at great velocity of particle paths,
so the twisting should be attributed to the same cause. Inertia and
the local space-time frame must be determined by the same cause.

Davidson(ZO), 1957, -equated Sciama's 4-vector potential with certain

complete components of the metric temsor. These components are trans-—

formable to any frame.
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2
A B~c9,; ¢ =:-49,, E2.15

Sciama's equation for the combined effects of the inertial fields is:

Acceleration =-grad P - %{—g—?— —V A curl é\} E2.16

which Davidson writes (strictly l.h.s. involves g.. v' sbut g ~1) as
1 11

dv'_ a9, 9
dt 2 9l Jt

. K994 _ 99
(_94?) * eV Bk dx' E2.17

k \
vy E particle velocity ( /C «1) ik =123

However, this equation may also be obtained from the spatial equations
of the geodesic equations of General Relativity for the approximation of
small velocities and.&eviations from Galilean conditions. Hence it has
been demonstrated that the acceleration of a test particle by the field
postulated by Davidson (and Sciama) is (approximately) the same as for

a particle following a geodesic of General Relativity. The former, however,
accounts for the complete value of the components of the metric tensor
rather than only the variations about their value at great distance
from matter. In the frame in which the Universe is stationary the com-—
ponent g iz is obtained by an integral over all matter by Sciama's
approach. Then by general transformation the metric is determined in
any other frame and hence ‘Ai and \(ﬁ are determined in any other

frame.

The Integration of Gravitational Effects

The integral, rather than differential, form of Einstein's field
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equation was considered briefly by Einstein(zL , 1922, (and E2.5 above)

by obtaining by approximation an equation of the 4-D form of Poisson's
equation and re-writing it in integral form. To avoid the approximations
made by Davidson (following Einstein) in accounting for the integral
effect of all matter recetved at some position, the integral form of

the field equation has to be considered in detail. Lynden—Bell( s 1967,
has specified the main problems as being how to integrate effects from
components-of the-energy-momentum tensor of matter at different metric
potentials and how to account for the non-linear properties of gravita-

tional effects in the summation.

2.4(b) The controversy over Mach's hypothesis

The main papers are by Dicke who is primarily concerned with proving
that Mach's principle is not fully contained in Einstein's theory, Wheeler
who is primarily concerned with boundary conditions, and McCrea who is
primarily concerned Qith local versus Cosmic origins of inertia.

(17)(22) (1) ) . .
: , 1964, has pointed out that the metric derived

Dicke
from Einstein's field equations is partially dependent on the total mass
in the Universe and is not fully dependent on it. According to this
description, space has physical structure and properties despite its
mass—energy content. In particular he makes the following objections to
Einstein's approach in the context of Mach's principle.

Einstein's equation has solutions for a Universe which is almost
empty (apart from the masses of the test equipment), having structure
and boundary conditions little related to the trivial amount of mass
present. For example, a laboratory inside a small hollow shell of mass

M and radius R rotating at () , inside such a Universe would be

influenced by the Lens-Thirring effect dragging the inertial co-ordinate
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GMw

frame by an amount /'R C2 , but the full inertial properties do
not depend on the mass of the shell. Again, Taub has found a solution
of this equation for an empty Universe containing space-time curved by
gravitational radiation. There are flat space-time solutions for both
an empty Universe and the space within a massive hollow shell (although
this latter is the nearest to incorporating Mach as the shell will give
a small proportion of Machian effects).

Einstein's differential equation requires boundary conditions and
these are usually supplied by reverting to Newtonian equations as a first
approximation when the fields have become weak.

Mach's principle requires that (5 is (at least potentially) a
variable depending on the total distribution of matter. Local masses
should have some small (but unmeasurable) effect on the inertia of test
particles.

It has been suggested that Mach's principle cannot be obtained in
General Relativity because the energy-momentum tensor for matter pre-
supposes already metrical magnitudes. This point is explained by
McVittie(sg), 1954.

Wheeler'1 , 1964, makes the following objections. Einstein's
equations are non-linear, and it is wrong in principle to superpose the
effects from different sources. For a general space-time metric the
distance is not well defined and yet is required for the inverse-distance
property. The retardation of potential from sufficiently distant matter
may go back to some undefined initial condition. The necessity for imitial
conditions has been taken up by Graves(3 , 1971, and Ohanian # , 1976.

McCrea(GB) » 1971, has suggested that Mach's principle is founded

on an illusion. By looking at a distant object one is looking in a fixed
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direction, if distant objects are defined as those so far away that the
angle they subtend does not vary appreciably even if they move near the
speed of light. By watching such a remote object, one is picking out a
succession of parallel null lines. The remote object sets up the null-
cone structure observed in the locality of the observers world-line.
This suggests that a mechanical system such as a Foucault pendulum explores
or detects the local null cone structure. Thus looking at distant
objects or watching Foucault pendulum are just alternative ways of explor-
ing the local null-cone structure. The remote masses need not determine
the local structure. |

Klein ik , 1962, suggests there is hardly any direct meaning of
Mach's principle in General Relativity. Present knowledge suggests
regarding the Cosmos as a weak zero point energy exicitation of the vacuum

(85)

state comparable with Newton's absolute space (c.f. Sciama , 1978).

2.5 Cavity-Trapped Radiation and Closed Systems

This thesis is specifically concermedwith trapped monochromatic
radiation. However, the subject arose out of the work of authors on
black body radiation and the thermodynamics of cavities for which
Schmid(g]) , 1970, is a summary containing the following points. Einstein
(1907) emphasised that whether or not the energy and momentum of a system
are the components of a four vector depends on whether or not the stress
energy of the container is included. Hasenohr1(37), 1905, attempted to
improve Abraham's model of the electron by considering the radiation
pressures on the boundary containing the electron. He indicated that the
second law: of thermodynamics (that entropy does not decrease) requires a
Lorentz type contraction; and obtained an expression for the effective mass
of the trapped radiation. Lenard(63), 1936, analysed a cavity system in

which the whole container moves off instantaneously when pushed and so he

does not consider the energy interchanges with the Binding mechanism.
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Also he considered a multiplicity of frequencies so there is no locking
of the system according to wavelength but only by the radiation pressures
when there has been one circulation of the energy. He summarized previous
work by considering radiation along one direction for a cavity containing
energy = pushed by force E against its increase of internal radia-

tion pressure, at velocity 0V for time 5t:

- E dv
s e E2.18
~ c? &t
A74) a ey . . .
Pauli , 1921, in a section on the relative motion of a black body

cavity of radiation, observes that the radiation pressure on the walls
is an invariant.
(11) ;

Birtwhistle , 1927, obtains the result (to first order in v/c)
that when a spherical enclosure of perfectly reflecting walls has the
walls moved in or out, the Doppler shift of the frequency of the internally
reflected waves in aﬁ& direction is such as to change the wavelength
in the same ratio as the cavity size (thus standing waves may be maintained
within perfectly reflecting walls when moved to a different separation).

Krause(59 , 1975, notes some suggestions by G. W. Leibniz as to how
considerations of cavity radiation may be extended to considering funda-
mental atomic particles as modes of oscillation in resonant elementary
volumes of space. Inertial forces experienced when such an element is
accelerated are due to differences of radiation pressure on the reflecting
surfaces. After being accelerated, such a cavity of radiation has an
additional wave, certain parameters of which should contain a measure of
the momentum absorbed and relate to the De Broglie wave.

Newburgh and Dewan o , 1970, considered (in the context of thermo-

dynamics) the kinetic and dynamic aspects of the Lorentz contraction for a
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spring binding two rockets and.clarified the role of the potential energy
changes of the binding mechanism. The authors call a 'pure' acceleration
one of Lorentz contraction which leaves the internal state unchanged. The
subsequent discussion report mentions using an electrostatic field for

the binding energy and travelling waves to determine the separation.

Also the distinction between the total system including the container,

and the part-system of the confined radiation, is made. This point was
. . . 61) 4 :

considered in detail by Landsberg and Johns( s 1967, who derived in a

very simplified fashion (consideringithe trapped energy as particles with

momentum) the equations for the moving system:

V
E =yl E +¢(— \%
Y Eg*§ =) PV,
1 E2.19
g 35172
\%

P = = E + \% = -/ 2

P=-57 B+ épPV, , Y c
where § = 0 for a system including the container and £ =1 for
a confined part-system. E » P and V are the energy, pressure

(o] o

and volume in the rest frame of the container. V  1is the velocity with
which the system is moving past. E and P are the energy and momentum

of the system.

2.6 Ball Lightning

This section describes the conditions during a thunderstorm (which is
the environment in which Ball Lightning- may be formed). It then des-
cribes Ball Lightning; itself. Only a mention of the main references will
be given here because the interest of this thesis is only in the existence
size and possible electromagnetic structure of this phenomenon.

(66) 26)

Malan ,'1963, and Encyclopedia Britannica describe the formation

of thunderclouds and distinguish between tropical convection of air off
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the warm ground and temperate: climates where a warm air front is pushed
up and over a cold front. Fork lightning consists of a leader stroke
taking a negative charge down from the cloud with emission of h.f.
electromagnetic waves and, when a full conducting plasma has been formed,
a return stroke emitting lower frequency waves. The cloud is at about
108—109 Volts and the base of the thundercloud is about 2km and the top of
the cloud about 12km above ground. The lightning stroke is preceded by a
~leader with stepped motion, whose tip gives a highly convergent electro-
static field (much more intense than the average over the space below

the cloud) of the order of 30-60kV/cm for propagation of the leader.

The flash discharges about 20 coulombs and an energy of about 1010 Joules.
Estimates of ionisation in the plasma give about 4X1018 electrons/c.c.

Kosarev(58), 1969, reported measuring radio frequency radiation from
thunderclouds at 800 M.Hz. and 1300 M.Hz. and possibly another maximum at
higher frequencies. The h.f. was emitted with the stepped, dart, leader
stroke. An explanaﬁfon of the h.f. radiation as being from intrar~cloud
streamers based on current variations is still problematic.

A survey of Ball Lightning reports has been made by Singer(89 , 1971 and
Raylé77), 1966, conducted a questionnaire to which he received 112 positive
replies. Different shapes reported include hollow, oval, torus and
some report a halo. Most observations are l-5sec. duration but cases up to
one and even 15 minutes are recorded. Singer's repavt on the sizes of the
ball is reproduced in Fig.6.1 and Rayle's report indicates an average
diameter of about 14 in.

The absence of any heat radiating has been especially noted in the
surveys but if the ball becomes attached to a conductor (including humans)

it is burnt. Most estimates of the energy trapped in the ball seem so

large as to suggest that it is not true Ball Lightning which is being
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described. Thus Rayle quotes 106 joules as the average energy content.
The energy content has been indicated by the water—tub report of
Morris(7ol 1936, as 107 joules and Balyberdin(S) , 1965, estimates

4X109 joules released in the final explosion. However, the Smethwick
report of Wooding(QS), 1976, of a Ball 10 cm. diameter with halo, suggested
the damage caused corresponded to ZX103 joules total Ball energy.

In frequent reports the Ball travels in passageways and through
orifices (those travelling near the ground appear guided by possible
electrical conducter3). Rotation of the Ball is commonly reported.

Individual reports.on Ball Lightning include the following.
Jennison(LS) » 1969, reported a personal observation of a Ball within a
flying metal aircraft. It was about 22 cm. diameter and appeared to be
guided by the walls of the craft. In a postscript,. Jennison(L6) s 1973,
suggests no steady sﬁrong magnetic field was associated with his observa-
tion, and that a further aircraft report suggests that the Ball is inde-
pendent of airflow pégt it. He suggests the formation of a phase-locked
loop of electromagnetic radiation at a specific frequency in the intense
fields of the lightning storm (which may be analogous to electron—positron
formation by 1.1 MeV gamma rays).

Mention will now be made of the work of two authors who have con-
sidered possible structures for Ball Lightning involving the trapping of

electromagnetic waves.

. 5¢)
Kapitza ,» 1955

Kapitza proposed a plasma mechanism resonant to impinging electro-
magnetic waves and postulating the existence of an intense, external
electromagnetic radiation to supply a continuous energy input ( and hence

account for the comparitively long life-time of the Ball). He suggests
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that waves reflected off a conducting earth surface form standing wave
antinodes which tend to stabilise the height of the Ball (these waves

may also be formed in waveguide-like openings). This theory was extended
by investigating the confinement of charged particles by a polarized
standing electromagnetic wave where particles are drawn into the electric
nodes.

Kaptiza(SS), 1970, has attempted to reproduce Ball Lightning-type
conditions in the laboratory. He conducted a series of experiments on a
gas trapped in a spherical metal cavity that was resonant for high power
microwaves, of wavelength about 19 cms. being continuously supplied from a
magnetron. The results were in two main sections. At higher pressures
(about 2.9 atmospheres) and with more microwave power supplied (of the
order of 100 k.watts), a filament of discharge was formed of about the
length of a half wavelength of the radiation. This filament tended to
float upwards in the cavity unless stabilized by rotating the gas about
the central horizontéi axis of the container. The filament was stable
with reflection of internal electrons off the double layer formed at the
boundary with the cooler gas (this was most easily performed with helium
gas but air could be used as the gas). At lower pressures (below one
atmosphere) and lower power supply of the microwave, a diffuse, oval shaped
glow (which might represent Ball Lightning) tended to be formed in the
region of maximum electric field.

Endean

Endean 7), 1976, suggests that positive and negative space charges

may on occasion be formed by the leader stroke of fork lightning as it

approaches the ground drawing charge of opposite polarity from the ground

in such a way that they are out of allignment and form a rotating vortex
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of air separated into different charged regions which forms a rotating
dipole field in a cylindrical cavity with an ionised sheath separating

it from the atmosphere. The return path for the current in the walls of
the cavity is the displacement current. In this mechanism for Ball
Lightning, the extremity of the field from the dipole rotates with a phase
velocity greater than c¢ and gives an outward radiation pressure on the
ionised sheath separating the internal cavity from the atmosphere. For

a stable configuration he obtains for the rotating dipole field a rela-
tion between the magnetic and electric fields which ensures a balance of
the internal radiation ﬁushing outwards and the atmospheric pressure

pushing inwards.

2.7 The Work of some Previous Authors on Possible Electromagnetic Field

Structures of Fundamental Atomic Particles

The possible similarity between the structure of Ball Lightning and
stable atomic particiés is only mentioned in passing in this thesis, and
this section will be kept very brief.

Theories on atomic particles may be classed into those which consider
point or diffuse particles and those which consider the structure of
extended particles. 1In the present context both approaches raise prob-
lems in that point particles constitute singularities and infinities of
the fields while ‘extended particles raise questions of rigidity across
the extended.! region and a coercive force acting over an extended space.
Here we shall be concerned primarily with those aspects of the second
class of theory -which throw light on a possible trapped wave extended
structure based on an electromagnetic wave configuration or a small non-
linear modificationof Maxwell's equations.

One approach to the problem has been to account for the extended
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structure (and, in some cases, source of electric field) of atomic
particles by non-linear fields forming the particle). For example, non-
linear electromagnetic fields were postulated by Born and Infeld(1L) -
1934, (following an unsuccessful attempt by Mie (q.v. Sen(86 , 1968)).
By analogy with the relativistic form of the expression for kinetic
energy compared with the Newtonian expression, they extended the Lagran-
gian for the electromagnetic field to give an upper limit to the electro-
static field (say, at the centre of the electron) and obtained modified
Maxwell equations in terms of a maximum field strength (analogous to a
limiting velocity). These authors quote the value of this physical
constant as 1016 e.s.u. of electric field. The field equations have the
form of Maxwell's equations for a polarizable medium for which the diele-
ctric constant and magnetic susceptibility are special functions of the
field components.

Following this theory there has been a range of work developing a
more accurate accoun£~of relativistic (e.g. Dirac(2 , 1951), and
quantum (e.g. Schiff , 1962) properties. A non-linear field equation
for electromagnetism causes both self-interaction of the wave so that it
appears to be in a medium of different refractive index and wave-wave
interaction in which one field may act to refract the other wave.

Another approach to the problem has been in terms of an internal wave
structure of the particle and what binds such an extended structure
together (the waves should circulate in the proper frame of the particle
to give the effects considered in chapters 3 and 4).

Japolski “ , 1935, made an extensive study of rotating electro-
magnetic waves. He postulates a wave whose motion may be described as

corkscrew. This shape of wave may either be said to propagate along the
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line of axis or rotate about the line of axis without change of shape.
Using Maxwell's differential equations he obtains a solution of the field
pattern. He divides the circularly polarized wave into plane polarized
components and makes an analogy between the rotating electric field and
the magnetic field of a polyphase induction motor. Using multiple
frequencies he obtains a wave packet which he relates to De Broglie wave
requirements. This analysis has been criticised by Podolsky(76), 1936,
on the grounds that the Maxwell equations are linear and therefére-cammot
give rise to interactions (or self-interactions) of the 'whirl' wave
packets envisaged by Japolsky. Later Japolski(41 , 1936, refers to inter-
actions between fields due to interactions between displacement curreats
in the medium.

Thompson(gL , 1939, éonsiders the waves constituting the electron
as spiralling in a helix and equates these with the waves calculated by
Japolski. The size of this electron varies with its velocity becoming
large at low velocitiés. This wave spiralling around the direction of
motion in a helical motion, viewed in the frame of the electron, would be
a wave rotating about the centre which is equivalent to two waves in space
and time quadrature.

L8)

Jennison , 1978, has suggested thatmodes of electromagnetic
standing waves in a cavity may represent a simplified form of the three-
dimensionsal spinning wave configuration which may represent an atomic
particle.

Gerharz , 1976, postulates a strong local curving of space (c.f.
Wheeler's 'geons') causing a collision process between 04 and V rays

in counter rotation about the electron circumference.

The binding mechanism has been a perennial problem since Abraham
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assumed a mechanical stress on a spherical electron structure (c.f.
Yadava(9 7), 1976, for a brief list of authors on this topic). The
cohesion pressure introduced by Poincare (1906) which enveloped the
electron at rest like a membrane under confining tension is not unlike
the 'quark bag' structure suggested recently for the nucleus (Hasenfratz

8
and Kuti(a ), 1978).

2.8 Experimental Investigations for Electromagnetic Field Non-

VLinearities

One of the consequences of a non-linear property of electromagnetic
waves is that there should be self-interaction of the wave. The experi-
mental result of this is that the waves should travel slightly more slowly
depending on frequency (dispersion). Some physicists describe this in
terms of the photon having an appreciable rest mass.

Goldhaber and Nieto 5) , 1976, in the context of the Proca equation
tabulated the results of a number of exact investigations on Coulomb and
Gauss laws for electrostatic and magnetic fields (the inverse square
law is normally assumed to apply for Coulomb). The most accurate was the
measurement of Jupiter's magnetic field by a spacecraft which indicated
no measurable field non-linearity corresponding to the phaton rest mass
being less than 10_48 gm.

Bass and Schrodingerl , 1955, refer to De Broglie's estimate
from the lack of colour phenomenon in distant eclipsing binary stars
(lack of dispersion) that there was no wave self-interaction corresponding
to the photon rest mass not exceeding 10_44 gm.

Clark and Watson(18) » 1929, investigated if there is any change of

wavelength of a plane polarized wave as it moves into a static electric

field parallel to its E vector. They used a diffraction grating to
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measure (any change of) wavelength and applied a steady field of 80 k.V./cm.

The image on the photographic plate would have detected a change of wave-

length AXN=Ax3 x 1 0-5 . Thus there was no greater change in
refractive index produced by the transverse electric field than 1.3><10_7
per e.s.u.

Kennedy and Thorndike s, 1931, compared the frequency of a spectral

line from a mercury discharge lamp at zero potential with that of the
electrostatic potential of 50 k.V., the observing apparatus being at zero
potential. To avoid Stark effects the source was screened. The light

was detected in aMichelson interfermeter and a type of synchronous
detection was used by repeatedly photographing the patternwith the e.h.t.
alternately on and off. The change in frequency was less than three parts
in 1014 per volt (the experimental error).

Jones > , 1961, performed an elaborate experiment to determine any
deflection in a beam of light due to a wedge shaped (prism) magnetic
field. Synchronous detection was used. There was no change in refractive
iﬁdex to one part in 1012 due to a field of BXIO? oersted (6><105 amp m—l).
The author comments that this method would not have detected a split or
symmetrical scatter by the magnetic field.

Banwell and Farr , 1940, report an experiment using a Michelson
interferometer to detect the effect of a magnetic field on the velocity of
light. The result indicated a possible increase in the velocity of
34 (x19) cm./sec. 1in a field of 2X104 oersted (1.6><106 amp mfl) but
the authors expressed doubt about the result.

Shamir(87) , 1970, passed the beams of an interferometer (using a
laser) in opposite directions through an electrostatic field (Fig.2.6(a))
over a distance of 60 cm. and in a second experiment with the field in

only one beam (Fig.2.6(b)). He showed the change in refractive index was
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-10
such as to cause a change of velocity of less than Ac<Lcx7x10 for

an electrostatic field of 7><105 V/m.

There are some further authors on this subject listed by Kane and

3)

Basavaraju , 1967.
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Chapter 3

THEORETICAL CONSIDERATIONS OF THE PROPERTIES OF TRAPPED

ELECTROMAGNETIC RADIATION FOR INERTIAL FRAMES IN

FREE SPACE

3.1 Introduction

This chapter derives in detailed theory the movement of the
particul ar system described below when a steady force is applied to
one of its reflectors. The force causes it to move from its initial
state of rest in the labofatory (assumed to be an inertial frame). The
chapter is entirely restricted to the conditions of Special Relativity
for movement from one inertial frame to another. The analysis shows
how a series of step increases in velocity constitutes an acceleratian
of the system regulated by the (stepping) time for the disturbance
caused by the force to_@istribute throughout the system. The derivations
of the physical operation of the change of length and frequency of the
internal radiation, as the system is moved from one inertial frame to
another, as described herein, are original work of this author
based on the system set up by Jennison in the papers of Jennison and
Drinkwater(47w, 1977, and Jennison(LB) s 1978. A discussion compares
this system with those of previous authors,set up to define rigid
measuring fods. The final section indicates how Jennison has related
this approach to the physical properties of the electron,

The undisturbed system consists, in its proper frame, of
monochromatic waves of equal amplitudes moving in opposite directions
and forming a standing wave(Fig.3.1). To close the system it is assumed
that perfect reflectors of'negligible mass are placed at two of the
nodes of the electric field to recirculate the energy. However, the

movement of the free reflectors is determined by the wave. A binding
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force balances the radiation pressure and the amplitude (and frequency)
observed on the reflector remains constant. An external force applied

to one of the reflectors over-rides the above condition on frequency by
pushing against the increase in radiation pressure of the internal waves.

It is shown that the distance between the reflectors and the
frequency of the internal radiation,in the final inertial state, compared
with that in the initial inertial (laboratory) frame agree with the
equations of transformation of length and time given by Special Relativity.
The parameters of length and time are referred to measurements made with
apparatus that could, at least in imagination, be constructed around
electromegnetic waves. This suggests that length and time in a moving
frame should be established by similar principles. It is also shown
that the trapped waves behave as an inertial mass.

The caloulations are performed as follows. The kinematic equations
for the movements of each end of the system,when the first end is given
a steady change of velocity, is analysed first. This is done by repeated

“application of the Einstein(ZS), 1905, equation for transformation of
frequency of a light ray (as seen by an observer moving at another
velocity) to the wave reflected off each mirror. It is then required
that the frequency, V , observed on the mirror is constant and this
then determines the motion of the mirror.

The chenge of frequency of a clock, based on the repeated returns
of a ray to the first reflector as its timing mechanism, is calculated
for the same change of conditions of the system, using a space-time
diagram.

The analysis of the dynamics of the system is performed by
considering the extra force when the system is pushed at one of the
nodes of its internal stan&ing wave. The calculation is based on the
method of considering the condition as seen by an observer moving with

the reflector as it is pushed into the radiation. In this frame the
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usuzl laws of reflection of the waves describe the physical condition.
An eauation is obtained relating the total trapped energy (which is
required in the final equation for the equivalent mass) to the conditions
at the first reflector. A second equation equates the forces for
equilibrium at the first reflector. These equations are then solved to
express the externally applied force in terms of the total energy of
the system and the average acceleration (calculated in the previous

section on kinematics). |

3.2 Kinetics of the Etalon and the Lorentz contraction

This section obtains equations for the movements of the reflectors
at the ends of the system when it is pushed, at one end, from one inertial
fyame to another. It demonstrates that the system 'lock's into' a new
stable state of motion after each complete circulation of the wavefront
caused by the external disturbance. If one reflector is changed to a
different velocity, the frequency of the monochromatic wave reflected
off it will change and therefore the second reflector has to change to
a suitable velocity if the waves are to continue to appear at the same
frequency, V , to a2n observer on.this mirror. The reflectors only reverse
the direction of the travelling wave at the node of the stonding wave
and it is the waves and their nodes which determine the motion. Because
the forces at the reflectors must always balance, there must be a binding
force to balance the radiation pressure and these binding forces are
constant. To keep the radiation pressure in equilibrium with this
constant binding force as observed on each reflector, the amplitude of
the wave as seen by this observer must remain constant (apart from the-
condition when an external force on the reflector enters into the
equilibrium equation). The-equations of Einstein(ZS), 1905, show that
amplitude and frequency transform according to the same function of

velocity. Hence the condition requiring constant amplitude of the wave
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Etalon stationary in lab frame
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Frequency conditions at the two ends of the etalon (seen from the

laboratory), (a) Before and (b) After the external force is applied.
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for an observer on the mirror is the same as requiring constant frequency.

The conditions may be thought of as maintaining a constant length,
after accelerating from one inertial frame to another, by a type of
radar ranging of each mirror to the other with a delay time for the
ranging signal to make the return journey. The distaznce is kept a constant
number of half wavelengths by the condition that the wave returning to
the mirror is 171 out of phase with that leaving it.

Fig. 3.2(a) shows the frequency, V , of the monochromatic travelling
wave circulating between the reflectors when the system of Fig. 3.1 is
stationary and in equilibrium in the laboratory frame. Fig. 3.2(b) shows
the first mirror,m1 ’ wheﬁ a step increase of velocity, V , moves it
into the radiation of frequency vV . By a double application of the
relativistic equation of E:'Lns‘l:eir.(2 y 1905, the reflected wave has

frequency:

v = . vV o E301

This travels to the second mirror which then moves at velocity VZ
(as shown in the lower part of Fig. 3.2(b)) so as to maintain the above
condition that frequency 7V is seen in its own frame. As a result, the

wave geen on the moving mirror ﬂ12 has frequency:

1

1 - Vz/c /5
’
v s v . E302
1+ VZ/C
This gives an equation relating V2 and V .
v : v b
1 + '/C 1‘_ Z/KC 2
v = 9 E3.3
) \ \%
1 -7/ 1 +7°2/

c Cc
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From whichs

v = L4 E304

This is the equation for the relativistic addition of the velocity V

to the velocity V. It mey be re-written in the form:

E3.4

—
|
—
e} |~<
1
N
1
—-—
]
<
N
o
9]
N

It has now to be confirmed that if the mirror m2 moves with this
velocity V2 y it gives a frequency of the ray returning to M ; which
allows m1 to have the correct coasting velocity V2 if the external
disturbance is removed at this instant and the mirror M, moves so as
to maintzin the frequency 7V in its own frame. The frequency of the
wave reflected off mzié:

1 -2y,

v = v ——“V . E306
1 + 2/C

When this ray returns to m1, m1 should coast at wvelocity V2 (as the

external force has now been removed)and see a frequency:

Y

v V. = v 9 E3.7
1 -V,

from equations E3.6, E3.1 and E3.3. This is the condition that is
required for the mirror mit° continue to coast at velocity V2 o
If m1 continues to move at velocity V2 s the frequency of the

waves reflected off it as seen in the laboratory frame, is:
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motion of the
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space

The motion of each end reflector,as seen from the laboratory frame,

when the first end is pushed (showing the timings of each event).

Fig 3.4
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1 +V2/C 1/2 1 + V/C-‘
v i —————— — — | V .

1 _VZ/C 1 —V/CJ

This is the same frequency as was reflected off ﬂ11during the previous
period (equation E3.1) and hence the wave path is closed without any
further discontinuities circulating between the mirrors.

If the force continues to be aspplied after the system has been
established in the second inertial frame, the same process will be
repeated in the new inertial frame where the final velocity when
established in this frame moving at V2 sis given by the relativistic
addition of velocities. Thus, if the force continues to be applied,

a series of steps of velocity is built up, which becomes progressively
smaller (in the laboratory frame), as indicated in Fig. 3.3 for the

first mirror. The final coasting velocity, V, s after n steps is

derived from the coasting velocity of the step before, V y ass
n-1
\% + \% :
v, = 2 158, . £3.8
1 V2 Vn-i
c 2

The change in length (observed from the laboratory) between the
mirrors, when the system is moved:« from the laboratory frame to lock
into the inertial frame moving at velocity V2 s Will now be calculated.
Consider the time interval from when both mirrors are stationary to
when one mirror moves with constant velocity and the wavefront due to
this change of velocity has returned to the first mirror (Fig. 3.4).
The system storts with length L and the first mirror,starting to
move at velocity V , sends a ray to reach ﬂ?zin timel"/e o If this

ray returns in time t1 s the mirrors ﬂ11 and ﬁ12 moving at velocities
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VvV and \,2 sy have moved distances such that:

L - vt e /e = et
_V
t - -1_/_CL . E3.9
: v /
1 « /C C

In the c=se that rn, is pulled rather than pushed (Fig. 3.5), the

corresponding time for the ray to return tom-1 is given by:

Vv
1 + /e L
tz = —_— /C . E3.10
Y%
1 - £
The total delay time, | , is:
L
T = Z_ = %t . E3.11

For the case of the mirror being pushed, in the laboratory frame, the
distsnce between the mirrors,at the inst=nt when the ray returns to the

first mirror, is-(from equations E3.4 and E3.5):

\ \%
L = LD—-\é—(m—l—"%)»rvc—z(J—v/E)J
+ /¢ 1 ="
2
1 - V/Cz
gl el
1 + /CZ

= L (1 —[lcz—] )1/2 ) E3.12
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This is the same as the Lorentz contraction,seen from the laboratory
frame,2t the moment of return of the ray.

A crlculation similar to that =2bove but based on Fig. 3.5 shows
that the etalon still has a Lorentz contraction if the first mirror is
pulled instead of pushed,

If the external force were removed part-way through the delay
time, | , then the energy added in this part-cycle should be re-radiated
out of the system to maintain the binding condition. Thus the change of
state from one inertial frame to another is performed in a type of
'quantized' step.which has to be completed for the system to lock into

the next state.

3.3 The Etalon as a clock

It is shown in this section that the repeated return of a
particul ar wavefront of the circulating wave to a mirror of the system
may be taken as the ticks of a proper clock of the system. The time
for each tick, T , wheﬁ~the system is staticnary in thHe laboratory frame
is related td the time for each tick, 7} sy when the system is established
in the frame moving at velocity Vz,according to the equation of Special
Relativity for time dilatation. The system also has the property that
a full definition is given of how the clock may be accelerated from one
inertial frame to another.

In both Fig. 3.4 and Fig. 3.5 the final speed of the system is Vz,
although in opposite directions, and l_1 is the same for both diagrams.
Thus the time t2 in Fig. 3.4 is the same as the time , in Fig. 3.5.
Hence from equations E3.9 and E3.10, the time (observed in the labordtory
frame) for one complete circulation of a wavefront for the system moving

at velocity'V2 is:

2
_ 1 v
& /CZ 2 L
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But the time for one complete circulation in the original laboratory

frame was:

Thus the ratio of these times (in terms of V, from equation E3.5) is:

1
2 -7y

T Vv
1 1 —_ —2 ] E3'13
T &

This equation is the same as the equation of Special Relativity for

|
1}

the dilatation of time.

3.4 The dynamics of the Cavity

The mirrors of the system considered in section 3.2 have radiation
pressure on them. This is shown in detail in Fig. 3.1 where the system
is aligned along the x axis and the plane wave radiation moves in both
directions along this axis. Because a full three dimensional system is
now being considered,rather than just rays between end reflectors, the
system will be referred to as a cavity. The analysis of this section
considers unit cross-sectional area of the cavity and reflectors although,
to make edge effects negligible, this unit area may be considered as
part of an extended cavity. Because unit area is considered, the force
on this area is numerically equal to the pressure. In Fig. 3.1, the
radiation pressure per unit area 6n each mirror is indicated by Fw.

In the stationary system in equilibrium in the laboratory frame,
the pressure of the internal radiation must be balanced by some binding
mechanism. An example of this binding mechanism is given below. However
the exact detail is not regquired but only that it supplies a constant
force at each end to balance the radistion pressure in the proper frame

of the system. (indicated by Fb in Fig. 3.1).
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The energy associated with the binding mechanism will now be
calcul 2ted for the particular example of having opposite electric
charges on each end reflector so that the attraction between the charges
acts as a binding force. Fig. 3.6 indicates the parameters of the system
which are required for this calculation. The case has been taken of the
mirrors being separated by one wavelength, %~, of the internal radiation.
The electrostatic field between the mirrors holds the system in
equilibrium against the pressure of a monochromatic electromagnetic
standing wave of wavelength Ao Then, neglecting edge effects, the
energy in this binding system will be that to pull the plates apart from
when in contact to distance A . Assuming the field lines between the
plates remain parallel as this is done, the force, Fb s remains constant

and the energy, Eb s stored in the binding mechanism is:

E.= - F = A ; 214

However, the force, r , from the rodiation pressure (the waves are

W
totally reflected) is equal to twice the incident energy density. If
“the total wave energy is E:w s then:
F_a 'Ew/ . £3.15
A
Hence, as the force from the binding mechanism balances the force from
the radiation pressure when the system is stationary in the laboratory

frame:

E 2 E 5 E3.16

In terms of the total energy, E, , this gives:

t

E = 2E . E3.17
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The dynamics of the system will now be analysed by considering
what happens when the system,initially at rest in the laboratory frame,
is pushed by one of its reflectors. There are different ways of setting
up the problem. For example, the analysis in the paper by Jennison and
Drinkwater(L7 sy 1977, considers pushing the end nﬂ1,similar to the case

(48)

in section 3.2. The paper by Jennison s 1978, mentions different
possible wave configurations and pushing the system from a reflector
at a node of the standing wave,at the centre of the system. The first
c=se to be considered here is a linear system pushed by 2 reflector at
it's central node, C , indicated in Fig. 3.6. This has the advantage
of being a balanced system and is effectively two etalons of section 3.2
attached end-to-end so that the binding forces at (C cancel each other.
However, it has the disadvantage that the time for one complete circuit
of the radiation after the moment when the force has been applied is
different for the two sides. Thus 'locking into! the next state is
a two st~ge process with the second st~ge taking a small fraction of
the total time,for small values of 7 .

Considering the system of Fig. 3.6 at rest in the laboratory frame
with the wave energy,ff@, divided equally between each side of the
reflector C . The total wave energy is the sum of that to the right

of C , Ewr, and that to the left,Ewl , SO that:

E,=E_ +E_ = 2E_ = 2E . E3.8

T W wr wl wr wl

If the reflector C is set moving at velocity V +towards the right,
the forces experienced in the frame of an observer moving with the
reflector are given as follows.

Because rnz has not moved, the conditions on the right of the
mirror C appear to the moving observer as a train of waves moving

towards him (part of this train is being reflected off ﬂ12) of energy
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E 'wr (The relativistic transform of the energy E wr according to the
equation of Einstein(ZS), 1905, for a light oomplex) and length A'
(the Doppler transform of_A‘). This-zives an energy density received

by the moving observer of:

1

E:NF = | e 1+ /¢ 1 71+% 77
N wr [.l 2 T/z ;\ 1 -V
/CZ C
_ Ewr 1+ %%
= o E3.19
A1 =Y

As the radiation is fully reflected, the radiation pressure is twice
the norm2lly incident energy density. As unit cross sectional area is
being considered, the pressure is equal to the force. Hence the force

on C generated by the radiation moving in on the right is:

Vv
- 2By, V1 + 7 . E3.20
r DN 1 —V/C

A similar calculation for the radiation moving in from the left

gives a force on C smeasured by the moving observer, of:

v
N 2By 1-7c . E3.21

l A '1+V/C

|
There is also the externally applied force, F , pushing from the left.

These three forces are in equilibrium at the surface of C . This gives

an equation of equilibrium,for the observer on the moving mirror,of:
F = f§ -t . , E3.22

Putting in the values from equations E3.20 and E3.21, and using
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equations E3.18 and E3.17 to obtain an expression in terms of the

total energy, gives:

Y ! \V;
- B 32 e B 2% s

SRRV AL

As shown in section 3.2, after a delay time (which is different

for the cavities on each side of (C ) the system will lock into the next
state at a new velocity ‘vz. The time for this will now be taken as the
average of the times for each side as given by equations E3.11 (there
being a second order term for the transformation to the moving frame).
As this is only an approximation, the calculation is now made to first
order in ch . The average time is approximately:

| T, + T,

ay 2

. E3.24
. The velocity gained when it locks into a new state after this delay
time corresponds to an average acceleration:

. v, 2vVc
A

D
"
R

E3.25

Vv
from equation E3.4, to first order in /C .

\") /
Tzking eauation E3.23 to first order in /C , the force, F ,

may be expressed in terms of the acceleration (given by E3.25) as:

F = G ° E3o 26

This equation is Newton's law in which Ezg%? represents the inertial

masse.
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The calculation may be made to greater accuracy, as briefly
indicated below, but the system considered is unbalanced. Fig. 3.7
shows a system which is equivalent to just the right hand side of
Fig. 3.6 by itself, so that some of the previous equations remain
valid.

Because the system is not balanced by internal waves on both
sides of the motive reflector, consideration must be made of the
binding force,l:b » at the reflector (C . When the system is stationary
in the laboratory‘frame, the binding force equals the force from the

radiation pressure and hence is equal to:

F - o E3o 27

When the mirror (C is pushed by an external force,'ﬁ s SO
that it moves at velocity VvV , the binding force remains the same and

hence the equilibrium of forces as measured on the moving reflector is:

E e § -=- F . E3.28

’ 1 '
From enuations E3.27 and E3.20 (F=F if F parallel to v ):

. E 2 Y ‘
=~ T C ' =R E3.29

A1 =YY

where E " is the total energy of this system and is twice the energy
of the waves ( see also appendix AB.1 ),

For this system the delay time, 'Ti , may be calculated
accurajely at the single instant when the system locks into its next
stable state. Applying equations E3.11 and E3.9 for the case of an
etalon of length hyzz s the time according to the observer in the

l=zborstory freme, is:

A 1
T = " E3.30

1 c P + v%]
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Hence the equation E3.29 for the force may be written in terms

of the delay time,'T s of equation E3.30 and the change of velocity

1

from rest to v2 s Observed in the laboraztory frame, as given by

equations E3.4 and E3.5:

E
FT = ! sz L E3.31
1 C [1 _ VZ/ 2]/2
C

This analysis should be considered with care in regard to the frame

in which the acceleration is measured (a force, however, remains the

same value in different, relatively moving, co-ordinate frames when the

relative velocity is in the same direction as the force). The analysis

above has been made for a constant force which, viewed from the

laboratory frame, causes a change of velocity from zero to V2 in time
1-1 . If this is compared with equation (1-28) in the book by French}3” "

1968, for exactly similar conditions, they are seen to be of the same

form, The equation (1-28) in French's book is now quoted verbatim as:

Ft =2=mvy. = . E3.32

[1 - V/2 Cz] "2

for a force F acting on 2 body for a time t . The acceleration

measured in this frame is not constant (as the effective mass is varying
with velocity). The term Eﬁytz in equation E3.31 may be equated with
the rest mass of the body according to equation E3.32.

The analysis might have been made in terms of the frame moving
with the accelerating system and in this frame the acceleration is
constant for a constant applied force. The approach to the analysis of

(31)
acceleration is discussed by French , 1968.
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3.5 A comparison of the cavity system with the rigid rod described

by McCRea.

Because the end mirrors of the cavity move so that, to an
observer on the mirror, an exact number of half wave standing waves is
maintained between them while the frequency is maintained the same, in
the final steady state of the system it always has the same proper length.
Hence,in inertial frames,it is rigid. However, this system also defines
what happens in the process of accelerating and this may be compared
with McCrea's consideration of the problem.

McCrea(67t 1952, and HOgartﬁBQ), 1952, (described in section 2.3)
is 21most entirely concerned with the conditions of his rod between the
times when the first end of the rod is stopped until the other end has
first (momentarily) stopped. What happens after this is not fully
discussed. The analysis of the previous sections (3.2 ta 3.4) has
considered giving one reflector of the cavity system a steady increase
in velocity. However, the reverse process of stopping one end when the
rod is initially moving at V , will follow a similar type of analysis.
‘This means that, because the velocity of an impulse in Mcdfea's rod is
the 'velocity of light', the reaction to stopping one end of either
McCrea's rod or that of the system of this chapter is at first the same.
That is, a 'signal' is sent at the speed of 1light to the other end
which continues to move in its previous motion until it receives this
signel. At the instart at which this signszl reaches the other end the
rod has momentarily a length given by E2.3 (the aneslysis being similar
for the system considered in this chapter). McCrea calculates for this
instsnt the perfect conversion of the initial kinetic energy to stress
energy in the rod. The cavity system is also lossless and undergoes a

similar operation.

The subsequent motion is defined for the cavity. When the radiation
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Diagram from Jennison , 1978, showing (dotted 1line) the waves of

the system following a closed path to each side of the central node

and (full line) a similar system forming the binding mechanism.

Fig 3.9

The electric and magnetic fields for a standing wave formed from
circulrrly polerized waves. The second diagram is the time quadrature

of the first.
Fig A3.1
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completes one circuit, the first end locks into the next state and,if
the constraining force is removed at this instant, the cavity moves at
velocity V away from the object that had been holding it. That is,

the cavity performs a bounce off the constraining object.

3.6 The relation of the dynamics analysis to the electron

48
This section presents the anzalysis made by Jennison( ) y 1978,

relating the stepping action, caused by the delay time for the intermal
waves to perform each circulation, to the quantum conditions for the
electron atomic particle. It is not known exactly how the electron may
be Fformed by internally trapped waves. Section 2.7 of chapter 2 discusses
this . Appendix A3.1 gives some detail of the field configurations
for a linear system. It is suggested for the following analysis that
the electron may be represented by the double-sided, balanced, system
of section 3.4 and that in the physical phenomenon of pair formation
there may be some novel mechanism which forms the single noded linear
gsystem of Fig. 3.8 into a self-closing system of some configuration
like that of Fig. 3.9, which represents the rotation of the linear
system.

If the node of such a two-sided, balanced,system (for example,
mirror C in Fig. 3.6) is pushed by a force generated by external
radiation of frequency Vo being reflected normally off it, the external
force pulsates at 2 ve (see Appendix A3.2). TRe-external frequency should:
balance the difference in frequency of the two internal waves Doppler
shifted from the original frequency V , in the proper frame of the
moving node. It is shown by Jennison(LS) sy 1978, that the velocity of
the node is related to the frequency of the impinging radiation according

to:

V =V — E3.33
2 1
e [1 _ V/Cz] /2
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This may be used to calculate the momentum gained, in the time for
one return journey of the internal radiation, by associating a rest

mass, nno, with the system and calculating:(from E3.4 and E3.5):

m, 2V
myv. =

7 9! 2
2 [1 ) Vz/cz‘J/z 153 v/c;2

2mv
= e 5 . E3.34
1 = V/C2

When this is combined with equation E3.33 to eliminate V :

2
2.m. e Ve
Momentum gained = . E3.35
|

v G Y;QZJbb

The gaining of this amount of mnﬁentum'oorresponds to the system locking
into the next stable state and is a type of quantized taking on of
momentum with the quantity in brackets being a proper constant of the
system. To an accuracy of first order in YZ: yit is of the form
Momentum = constant X frequency.

This may be applied to find the wvalue of the proper constant in
the case of an atomic particle such as the electron. In pair productien-

the energy of the gamma ray is :

hv = 2m_c , E3.36

where N  is Planck's constant and ngis the rest mass of each particle
of the pair. If it is now assumed that this frequency is the frequency

of an internally trapped wave which constitutes the particle then:

vV =29 ’ E3.37
Compton

and the proper constant in equation E3.35 is:
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2
f2m,c J - h ) E3.38

L v
This suggests that the internal structure of the particle contains in

some way the frequency of the gamma ray from which it was formed.

3.7 Conclusion

The analysis in one dimension of the cavity dynamics may now be
regarded in the overall view. It seems feasible to loosely think of
extending the container of energy to three dimensions. A complex of
energy is trapped in a container whose dimensions are controlled by the
wavelength of the trapped monochromatic waves and there is a balance of
the forces at the boundary containing the energy. This container of energy
contracts in size, according to an observer who does not move, when it
starts to move., The holding forces containing the energy may remain of
the same magnitude when {kinetic) energy is added to the system because
the container in its own frame of reference still has the same radiation

pressure.
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Appendix to chapter 3

A3.1 The electromagnetic field patterns in the cavity

To give a steady radiation pressure on the mirrors, it is assumed
that the waves are circularly polarized. If the waves in the stationary

crvity form a half wavelength standing wave, then the two plane
pol-=rized components of the two waves travelling in'opposite directions

are:

_ 2" m

Moving forward- n k = _Ti— - [
E sin(wt- kx) " H sinfwt -kx)

y - z :
Ezcos (0t - kx) —Hycos-(cht—k’x)
Foving back-

—éysin(cot+kx) stin(cot+kx)
-Ezcos(wt + kx) —Hycos (cot + kx)

“here the electric field is reversed on reflection at X:=O.

These forward and b-ck w=ves combine to give a stending wave:

E = 2 (E‘ycoscot = Ezsinwt ) sin k x
H = 2| F{zsinoo’r —ﬂycosw’r ) coskx

dhich is a nnttern of elecfric and magnetic fields rot~ting =bout the

X 2xis without ch~nge of shrpe. Fig. 3.1 1indicates the standing
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wave formed by a plane polarized wave, Fig. A3.1 indicates the wave
formed by circularly polarized waves.

Over the length of the cavity, at the moment when W { =7 :

Total linear momentum = O
L
Total electromagnetic energy:= — |(E sinfi)_(_ + H cos — )dx
2 y 4 L z
0
_ L A 2 A2
. = S &% A%
4
Tot~l electrom~gnetic >

L
angul »r momentum = — Energy;)
cm

. 21
according to Dicke and Whittke( ), 1960.

A3.2 Radiation pressure

As an indication of the order of magnitude involved, the radiation
pressure, for example, caused by reflection of a wave of 3 X 103
watts/sq.m. normally off a mirror has an incident energy density of

-2 3 e Sk - -5 2
10 Joules/h « This gives a radiation pressure of 2 X 10 Newton/m“,
which is of the order of magnitude of one milligramme weight per square
metre.

For a plane polarized wave, the radiation pressure fluctuates as

the square of the amplitude of the incident wave. This may be written

as: 2

Pressure o< Azsinzwt = —%—(1 < cos20t)

which is a sinusoidal oscillation at twice the original frequency.
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Chapter 4

THREE EXPERIMENTS WHICH DEMONSTRATE REFLECTORS MOVING ACCORDING

TO THE CONDITIONS DESCRIBED IN CHAPTER 3

4,1 Introduction

The work described in this chapter is entirely experimental. It
has the purpose of showing, with simple apparatus, how reflectors
driven by servo-controlled motors may be made to follow conditions
similar to those of the reflectors in the system analysed in chapter 3.
The first two experiments use monochromatic electromegnetic waves which
form standing waves on reflection. By having a detector to sample the
interference pattern formed by the waves, the servo control positioned
the reflector so as to maintain a constant optical distance between the
reflectors. Thus, although in practice the reflectors must have
appreciable mass, the amplifiers and transducers positioning the
reflectors cause the reflectors to move according to the signals from
the trapped waves. This is as if the movement were caused by the waves
themselves. These experiments have been reported briefly by Jennison

(47)
and Drinkwater- s 1977.

The first experiment is based on a Michelson interferometer
powvered by a He-Ne laser beam. The mirrors of the interferometer were
positioned by transducers. Cne mirror was positioned by a closed
loop servo control with a three term controller in the circuit processing
the signal from photo detectors of the interference pattern. The second
mirror could be positicned by an externsl test signal. Thus the servo
control maintained the position of the first mirror so that there was
a constant number of waves difference between the lengths of each arm of
the interferometer. In this experiment it is not the conditions at the

mirror which are sampled
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but the interference pattern formed according to the comparative
distances of the two mirrors from the beam splitting prism. The object
of this experiment is to illustrate how a type of rigid me=~suring rod
is formed according to the interferometric me=sure of length. When one
end is accelerated, the other automatically follows. This should have
implications in the description of a relativistically rigid rod.

The second experiment consisted of two trolleys on a pair of rails.
The first trolley carried an X-band Gunn diode microwave generator and
transmitted the waves from a horn to the second trolley which had a
concave reflector,(perturbed at audio frequency about its mean position
to give a direction-detecting mechanism for the control signal), to
trap the waves. There were current loop aérials on the surface of the
reflector and in the horn of the transmitter, which sampled the
interference pattern for each trolley to give control signals (after
phase sensitive detection) to the motors driving each trolley. Thus
each trolley was independently servo-controlled to maintain a maximum
of the magnetic field anti-node of the standing wave at the position of
-its current loop aerial detector. Hence the system should maintain a
distance corresponding to a constant number of half wave standing waves
between the trolleys without any reference to the laboratory by making
muﬁual_continuous wave radar-type measurements continuously and
independently from each.end.‘This condition should be maintained even if
eifher eﬁd trolley is pushed or both are free to move together.

The third experiment arose out of the difficulty in obtaining the
effect caused by the delay time for the propagation of signals between
the end reflectors. Because any mechanical system will have too low a
frequency response compared with the time for electromagnetic waves to
‘traversé the apparatus, an analogue computor circuit, with time scaling,

of the delays was set up..This apparatus should demonstrate the geneisal
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property of a lossless, distributed, system in which time is taken to
propagate the effects of a displacement to the far end and back again.

The main property demonstrated by these experiments is that of a
self-regulating system which has reference only to its internal radiation.
The condition on the reflectors in the theory of chapter 3 is that
they ~re perfectly reflecting so that the same radiation is continually
circulating, and that the frecuency and amplitude of the wave onto the
reflectors remains the same except when an external force is applied to
the reflector. The main limitations to a practical realization of these
conditions are as follows. The reflectors are not perfect and there is
always some loss of radiation from the cavity, which has to be made up
by a generator (in this case, of a fixed frequenoy from a laser or Gunn
diode). Although the trolleys of the second experiment do make the
detection at the reflectors, it is not the frequency or radiation
pressure which are measured directly but the nodes of the interference
patterns. This generates an error signal depending on the difference
between the distance between the reflectors and an integral number of
- half wavelengths.

The contents of this chapter are arranged as follows. Section 4.2
describes the apparatus, setting up a control loop round components
having a certain open loop frequency response, and the results for the
interferometer experiment (a preliminary experiment on a type of
transducer to position the mirror using a loudspesker system is described
in appendix A4.3). Section 4.3 describes the apparatus for the trolley
experiment and the operation of the closed loop control for each trolley.
The results are then given. Section 4.4 describes the construction of
the delay units for the analogue experiment and the setting up and
‘results for this experiment. Section 4.5 considers how the feedback
control on the reflectors may be taken to a theoretical 1limit to simul ate

the ideal, massless, reflectors described in chapter 3.
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A.2 The Interferometer experiment

4.2(a) The apparatus.

This section describes the apparatus and a diagram of the complete
system is shown in Fig. 4.1. The experiment was based on a Michelson
interferometer(Photo 1).0ne mirror was positioned by the test signal.
The position of the other was controlled by a servo unit, consisting of
a comparator, three-term controller and power amplifier, for which the
error signal was obtained from the interference pattern,as in Fig. 4.2.

A 1 m.watt, He-Ne Rofin, C.W. Radiation Inc., Laser (Model S102)
of central frequency 6328 K, visible red, was used to supply the
interferometer 1ight beam. Because of the narrow bandwidth of light
from a laser (OA= 164 A ) the coherence distance for the beam was far
greater than the length of the apparatug. The main problem was to adjust
the positions of the transducers and the beam splitting prism on an
ad justable table to give an angle between the interfering beams which
gave a pattern of suitable spacing.

To reduce the effect of ambient mechanical vibrations, the beam
splitting glass block and mirrors were mounted separately on an
acoustic filter made of concrete blocks (paving flagstones) interlayered
with thick, firm, but pliant packing material. It was found that to
reduce vibrations over the whole frequency range, all supports must be
secure and the lengths of iron rods kept short. The interlayer materiil
absorbing vibrational energy should be sufficiently rigid not to allow
swaying at low frequencies. Wooden supports tend to absorb vibrations
without allowing swaying. The focussing and detecting units were mounted
on an optical bench as vibrations in this section have comparatively
little effect. To give an interference pattern of size suitable for
detection, an adjustable diverging lens was inserted in the beam.

A beam—-splitting prism was used as a 'half silvered mirror' to
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o
divide the beam. It consisted of two 45 glass prisms stuck together

along their hypotenuse surfaces so that the beam was split at this thin
film. The beam entered and left the prism normal to the surface but,
even so, there were multiple reflections off these surfaces.

The two photocells and preamplifiers (Radiospares FET-OPA) were
mounted on adjustable optical bench supports so that they could be
readily positioned at a half fringe width distznce apart on the
interference pattern. This gave a differential signal measure of the
fringe position which was sensitive to fringe movement but insensitiwe
to changes in the ambient light in the room. The photodiodes (Radiospares)
were arranged to set on either side of a fringe minimum, when the servo
control ecircuit was operating, so that, if the interference pattern
started to move, the 1light on one increased and on the other decreased.
Each circuit consisted of a photodiode and amplifier circuit as in
Fig. 4.3 in which a small, light dependent, leakage current from a
reverse biased diode is fed into an operational amplifier with feedback
adjusted to give a signal of the order of volts as the fringe moved.

_The other photodiode with reversed polarity was connected to the positive
supply volts-—go that XIts amplifier output was in opposite phase to the
first circuit. These signals of opposite phase were.fed into a summing
amplifier at the comparator input. Thus the summed result measured the
change in light between the two diodes but not the same change on both
of them. The resulting signal went through the comparator and three-term
controller to the transducer positioning the mirror. Hence the position
of the mirror was controlled by the phase difference between the two
beams forming the interference pattern.

The comparator of Fig. 4.4 has a switch to open or close the
overall control loop. The input is cdmpared with the bias on the

potentiometers, or an external signal can be added into the summing
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Circuit diagram of the three-term controller, showing the

direct, integrated and differentisted signal poths.
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junction. There is a veriable gain control.

The circuit of the three-term controller is given in Fig. 4.5.

It combines variable proportions of derivative and direct signal in the
output summing amplifier and also a variable amount of the signal
integrated by the circuit in the lower part of the diagram. There is a
potentiometer at the input to control the overall gain. The theory of
the three-term controller is described in appendix M.2.

_ The power amplifier circuit is described in Fig. 4.6. Ther? is
either current feedback from the voltage generated across the 2.5 ohm
resistor in series with the load, or voltage feedback from the amplifier
input. A bissing potentiometer feeds current to the summing junction
to 2llow adjustment for any off-set further back in the circuits. The
FET transistors supply a constant bias current to the power transistors
which could be adjusted to minimise cross-over distortion.

The first transducers used in the experiment to position the
mirrors were two Radiospares 15 ohm, 10 watt Wide Range Speakers with
the iﬁner cone removed and a small mirror (made from a silvered
microscope slide cover glass) fixed to the centre. The final version of
the experiment used Vibrator transducers as described below. Each 15 ohm
speaker was driven by the power amplifiers with a 15 ohm resistor
connected in parrllel with the speaker and 22 ohms: in series with it and
voltege feedback on the amplifier as shown in Fig. 4.6. The resistor in
perallel tended to damp resonances in the cone. The spezkers were attached
to building bricks which increased the inertia of the fixed components
of the speakers and reduced the effects of reactive forces when the
coils moved. This size of speaker was used to allow a large (0.25 inch)
swing in position while maintaining a good frequency response. As well
as the fundamental resonance at about 60 Hz., there were resonances due
to 'break up' of the surface of the vibrating cone in the range 1-10 k.

Hz. The .effecd. of microphonous pick-up of vibrations in the air:leading
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to possible acoustic resonances in the room did not seem to occur because
surrounding the speaker with padding and placing a heavy block with a
window in front of the spenker, did not change these resonances. 4s an
experiment, the entire cone of the speaker was cut awasy and the coil and
former supvorted by two rubber bands at right angles, fixed to the metal
frame of the speaker. This gave a much less rigid support but there were
still resonances in the range of interest. A different 'horn type!
specker was tried but still gave resonances in this range (and had less
movement). Also an 8 inch. speaker was mounted in a 12 inch length of
drainpipe packed with wool and blocked at the far end with foam rubber.
This did reduce the 2.6 k.Hz. resonance but increased the pick-up of
vibretions in the air. Vibrations were not transmitted between the
loudspeaker supports as was shown by acousticzlly isolating the speaker
by st-nding it on foam rubber. Hence the only way of dealing with these
reson=nces was to compens~te for them electronically. Some preliminsary
experiments using the loudspezker transducer‘and notch filters to
compens~te for the worst resonances of the cone are described in appendix
M.3.

In the final version of the experiment, the mirrors were driven
by Vibrator units (ling Dynamic, 200 series Vibration Testing system)
which were set with Plaster of Paris in 8 inch concrete-blocks. These
did not require the notch filters. Using these more powerful transducers,
the 1light mirrors could be replaced with heavy glass corner reflector
prisms (made by AGA-SWEDEN) which always return the bezm along the
direction of incidence-and are useful for beams travelling over large

distences., However, the flat mirrors were used for this experiment.

4.2(b) The Vibrator transducers.
Beczuse the response of the control loop is dominated by the

transducer in terms of its amplitude and phase reponse as an element




85

JolaWwoJs }dajuj

| dwy Jamod

o><vl

6is | ] |
ysnipy | | “
| - _
|

_ SJ82NpSuUDJ] | JWo13Us3od

_ D _ mnoumoJ
140499 }2p030Yd dwy ._m>>om_

zd L | 300 , ioubis

493114 dsd / > sdoud uipw

LdLl/ , 914D I JDA

v L 4

J0}DJBUS Y

. . |jpubig

}sel
Z 8don2s | 8dod2s

The complete interferometer system and units for measuring its open

loop amplitude and phase response, using the Phase Sensitive Detector

as a correlator.

Fig 4.7




86
of the system, this section gives a detailed description of the transducer
open loop response., The transducers are compact and enclosed compared
with the loudspeakers so that there was far less problem of microphony.
They require more power thaen the loudspezkers and were connected directly
to the outputs of the amplifiers of Fig. 4.6 with 2.5 ohm resistors in
series to enszble current feedback to be used round the amplifiers.
According to the mmnufacturer's specification, current feedback gives a
more even variation of azmplitude with change of frequency. The coil has
1.5 ohm d.c. resistance and operates up to 2.5 amp. r.m.s. without
forced cooling. It gives a maximum displacement swing of 0.5 cm. The
extra load added by the small mirror was less than the effective
armature weight of 20 gm.

A survey of the open loop response was made with greater accuracy
than had been made for the loudspeaker. Because there was a random
fluctuation of the interference pattern due to mechanical vibrations,
quite large compared with the signal for one fringe width over some
frequencies, it was necessary to use a correlation technique. For this
purpose the phase sensitive detector described in section 4.3 was used,

- _with the constant amplitude signal from the function generator used as
the reference signal. The phase of the reference signal was adjusted so
that it was always in phase with the system output snd 0O =0.

Output of p.s.d. = ABcos 6 = AB E4.1
as A was constant, the output was a measure of B .

The apparatus of Fig. 4.7 was arranged so that an adjustable
signal from the generator was fed through the amplifier to the transducer.
The output from the photodetectors was monitored on the oscilloscope by
Lissajous figure to compare its phase with the test signal from the
function generator. This test signal was of adjustable phase with respect

to the main signal. The output also went to a p.s.d. whose output was
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a measure of the correlated, averaged, signal as read on the Avometer.
The phase of the signals in the p.s.d. was also monitored (by Lissajous
figure) on a second oscilloscope so that the phase difference could be
set to zero before measuring the amplitude (to account for any phase
shift in the p.s.d.). There was an adjustable current signal to the
second transducer so that the light path distance could be adjusted to
bring the interference pattern back to the same mode as used in the
control condition (bright or dark band between the phototransistor
detectors).

The measurements were performed over a range of frequencies from
40 Hz. to 20 k.Hz. by adjusting the input signal to give a suitable
output .signal and the second mirror to position the interference bands.
The phase of the test signal was adjusted to give a zero phase line on
the Lissajous figure, gnd recorded. Then the phase was adjusted to give
zero phase line on the oscilloscope 2 so that the true amplitude of the
output was obtained from the phase sensitive detector and recorded.

The system was calibrated by replacing the interferometer by a
.direct link. This calibration indicated that the phase sensitive detector
required special calibration below 40 Hz. and was not used in this
range.

The resulting amplitude response,between the input to the power
amplifier and the output from the photodetectors, is presented in
Fig. 4.8 (the full line being the result before the three-term controller
was added). The phase response,measured at the same time,is presented
(by the full line) in Fig. 4.9.

The linearity of the system was measured at 4, 8 and 13 k.Hz. by
varying the amplitude of the input oscillation and measuring the gain.
The result of the measurement at 4 k.Hz. is plotted in Fig. 4.10 and
indicates a non-linearity causing a variation of more than 6 dﬁ. over

the different-size of input amplitude. At 8 and 13 k.Hz. the variation
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was more random. This non-linearity of the transducer may account for
the discrepancy between the manufacturer's specification of a sprung
mass resonance at 50-60 Hz. and the fundamental resonance indicated in
Fig. 4.8 and Fig. 4.9 at 210 Hz. for very small amplitudes. The linear
theory of apvendix M.l relates the resonant frequency to the coefficient
for the spring of force per unit displacement, K , and its inertial mass,
M . Equation EM.2 indicates that if the effective K is 16 time less
for larger amplitudes than for the small amplitudes of less than a half
wavelength of the light used, then the resonance frequency would be 4
times smaller. This is in the ratio of the results for small and large
amplitudes.

";If the Vibrator is represented, for small amplitudes of movement,
by linear equations, the results given in PFig. 4Q8 indicate , that there
is a fundamental sprung mass resonance at 210 Hz; of width 80 Hz. and
putting these parameters in the linear equation EA 4.1 of appendix A 4.1

gives a basic transfer function for the Vibrator of:

5

T. F.(S) = - o 2 o
s + 500s +(1320)

This being given in the form of the Laplace transform where S is a
complex variable and the result of operating in the frequency domain

is obtained by setting S =j We

4.2(c) Method of performing the interferometer experiment.

This section describes how the apparatus was operated when the
servo control on the one mirror was running with its control loop closed.
The performance of the system was investigated by modulating the position
of the first mirror from a sinusoidal test signal so that the second,

controlled, mirror should follow its motion. The measurements described
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here are of the amplitude and phase response of the open loop system,,
whose response is dominated by the transducer and three-term controller,
from which it can be shown how the system is stable when the loop is
closed.

The purpose of the three-term controller may be described, in terms
of the complete open loop response, as being to reduce the effect of phase
lag in the transducer (when the phase 1ag becomes 1800, the closed
loop will be unstable if the open loop gain is more than unity at this
frequency) at higher frequencies,by the differential term of the
controller, and to increasé the gzin (and hence reduce the error signal)
at lower frequencies,by the integral term. The gain of the controller
should be as large as possible (to give a full sweep of the transducer
for a small value of the error signal) within the constraint of having
stable phase and gain margins on the Bode plot of the open loop response.
Whereas the open loop response has an amplitude maximum near the natural
frequency of the system, the closed loop response has a maximum
approximately where the open loop response most closely approaches the
gain= -1, phase= -180 point.

The controls on the complete circuit of the servo loop were set
up as follows. Because the operation of the integrator in the three-
term controller depends on stable conditions round the control loop
(otherwise it integr~tes the error signal to saturate the amplifier),the
integrator term wes at first set to zero. The gain and d.c. bias on the
comparator were adjusted to suitable positions. The direct and
differential terms of the three-term controéller were increased so that
the fringes of the interference pattern became locked. The first mirror
was then oscillated by the test signal over a small amplitude of
displacement at low frequency and the gain and differential terms given

further adjustment so that the servoed mirror followed the first mirror.
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At this stage the integral term was increased and then the amplitude

of the test signal could be increased to give a much greater swing in

the oscillations of the two mirrors. The gains of the controller were
increased as far as possible, however the noise in the photodetector
units limits the signal which can be detected from the interferometer.
The maximum signal which may be generated at the photodetector,due to
movement of the mirrors causing the fringe pattern to make the maximum
change in light, is caused by a relative movement between the mirrors of
half a wavelength of the light. After amplification, this signal controls

4

the position of the servoed mirror over approximately 10 wavelengths.
However, the noise in the photodetectors is amplified by the same factor
and if it gives an output displacement of more than a half wavelength,
there is jumping of fringes.

When the adjustments had been made, it was found possible to
modul ~te the position of the first mirror by a test signal and the
servo control would cause the second mirror to track the movement of
the first without jumping a fringe of the interference pattern. If
the first mirror was moved at a higher frequency, the frequency response
of the control loop could cope with only a smaller amplitude before the
tracking was lost. The accuracy of this tracking depended on the accuracy
of setting the optics of the interferometer and tﬁé gains of the three
controller terms.

To measurg_the frequency response of the three-term controller
when it had been correctly adjusted, with the loop closed a small
amﬁlitude ginusoidal signal was applied to the first transducer and the
amplitude and phase of the resulting signal‘into and out of the controller
both with end without the integrator-term, were measured over a range of
frequencies by a method similar to théf deScribed above for the
transducer. Hence the frequency response of the integratof was measured

while in the control loop.




94

With the integrator term set to zero, the frequency and phase
response of the controller were measured directly on the controller on
its own.

Thus the amplitude and phase responses of the controller had been
measured over both the low frequencies where the integrator has an
effect, and the high frequencies where the differentiator has gain. The
dotted lines in Fig. 4.8 and Fig. 4.9 show the combined result of the
addition of this response to the uncompensated response (full line).
These results are discussed in the conclusion to this experiment.

_»_As a further check on the system, a frequency measurement was
made és follows. At low ffequencies the integrator of the controller
should reduce the error signal at the detector for 2 given amplitude of
driving the test signal mirror. The error signal on the photodetector
was measured at 1 Hz. with the loop closed having no integrator term
and again with the integrator term. The error signal, as measured, was
reduced by -39 db. Thephthe response of the controller wss measured.
Without the integrator it had a gain of k2 = 2.3x10_2. The integration
was measured by putting a step function into the integrator and measuring

the ramp. Then:

=1
Controller term k1 = T —;—r~ = 9.8 sec FA.3

where (O is the output after time T ,
and ] is the amplitude of the step input.

The differentiator has negligible effect at this low frequency and so

the effective transfer function is:

ky 2
1 9.76
TF(s) =2 —-+ k. = — + 2.3x10 E4.4
S 2 S
Hence the sinusoidal response at ¢) = 2 71 , obtained by setting

S :.jCO , gives at this frequency:
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_ ) 38.79
Amplitude gain = /

20

Comparing this with the controller'having no integrator (gain = 2.3><10-2),
the incresse in gain is 37 db. Within the experimental error, the
reduction in size of the signal error by -39 db is accounted for by

the increase in open loop gain at 1 Hz. of 37 db.

4.2(d) Results of the interferometer experiment.
As indicated in fig. 4.2, the position of the fringes is effectively
a comparator of the relétive positions of the two mirrors and hence a
mpgspée of the rigidity of the.éystem considered as a measuring rod. For
the'apparaius of‘Figf 4.1 to’represent this rod, the second transducer
migh@ be positioned albngsdde the first with a passive_mirrqr turning
the beam through a fighf anéie asrindicéted by a dotted section in
Fig. 4.;. The control system had limited gain and hence the system is
n&t perfectly rigid but gives a displacement of the fringes when one
end is accelerated. The rigidity was estimated by driving the first
“mirror with what was assumed to be a sinusoidal motion of A sin Wi,
where A could be measured on a scale placed next to the moving mirror,
giving:
Acceleration = -Acozsin(.)t . E4.5
For a number of spot frequencies, the amplitude of the test

signal was increased until the system lost control. The amplitude (A)

of the transducer displacement at this setting was:

Frequency Amplitude (A)
Hz. m.m.
4 1.8
9.8 0.9 B4.6
30 0.5

It is assumed that for this condition the error signal on the position
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of the fringe is the distsnce of a half fringe width so that it just

starts jumping fringes. The graph of Fig. 4.11 indicates the maximum
acceleration against frequency calculated by'equaxion E4.5 (for an error
signal of one half fringe width). Thus,considering the distance between
the mirrors as a rigid rod, at 9.8 Hz. a strain of about 3:<10-5 cm.

was caused by accelerating one end at 0.2 g.

4.2(e) Conclusion to the interferometer experiment.

At the high frequency end of the range it may be noted that,
withou% the controller, the phase changes to —1800 by 1.1 k.Hz.

(Fig. 4.9) and hence the gain reduced by more than 45 db on that shown
by the full line on Fig. 4.8 would be required to give a stable gain
margin. Due to non-linearities these are approximate results and the
effect of the main resonance at 210 Hz. (Fig. 4.8) bringing the phase
ropidly towards -180° at 400 Hz. did not in fact reach —180Funder control
conditions as indicated by the final stable system. With the controller
(2dding gain -26 db.), the phase changes to 180" by 5 k.Hz. giving a
‘gain margin of 2 db. and phase margin of 7° at 3.3 k.Hz.

At the low frequency end of the-range the integrator has_
considerable effect. A relative movement between the mirrors of a half
wavelength of the light causes maximum change of fringe position. This
maximum error signal causes a tracking movement of the servoed mirror
by a distance equal to the gain of the control loop times 7&/2 . Thus,

taking typical values of gain for the complete control loop from

Fig. 4.8:
f - gain gain x >\/2
HZ. dB. CMe
. 13 Lot E4.7
10 55 0.22

80 37 0.03
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The final column indicates the maximum swing of the mirrors by the
test signal before the servo looses control due to having only a
maximum signal into the controller of one fringe. In practice, it was

about half these values (c:f. Table E4.6 ). 7\\\

4.3 The Prolley experiment.

The purpose of this second experiment is to extend the idea of-;”
rigid interval being maintained by control from waves travelling between
reflectors, to a system in which both reflectors may move at any velocity
relative to the laboratory while being controlled by the waves, In this
experiment the fields of the standing waves are detected at the reflectors
(corresponding to the positions of the mechanism determining the motions
of the reflectors in the analysis of chépter 3) .and this signal goes
round a control loop to.drive the motor positioning the trolley. Each
trolley and its control loop were entirely independent except for the
waves between them and the complete loop of the automatic control for
one of the trolleys is shown in Fig.‘4.12. Because th<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>