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IX

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 D.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 laboratory. 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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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 Vector potential of Sciama's induction field.

c Velocity of light.

E Energy of the system.

E t= E T Total energy of the system.

E Electric field.

G Gravitational constant.

9 ; k Spatial terms of the metric (i,k = 1,2,3)*

9 /i v 
L

Space-time terms of the metric ( = 1,2,3,4)* 
Proper length of the rod or etalon.

m Mass of body.

m o Rest mass of body.

m 1 First mirror.

m 2
Q

Second mirror.

Quality factor of resonance.

q Charge.

r Radial distance from object.

s Laplace operator.

t Time.

V Velocity of system past observer.

y
r  2 fVo  

*  [1 - V/ c2

€o Permittivity of space.

A Wavelength.

Scalar potential of Sciama's induction field.

9 Phase difference of sinusoidal waves.



LL i 
LL 2

Angular rate of rotationCO

d 1 Element of spatial length.

A L Change of length of rod. caused hy force T . 
Field of gravitational force^

g r a  v

Field of inertial force.
i n e r t i a l

Chapter 2

Chapter 3

m cr Energy in the binding mechanism.

E„ Total energy in the waves.

Wave energy to right of centre.

Ewl Wave energy to left of centre.

f, Pressure of radiation on the right.

f, Pressure of radiation on the left.

F' External force.

Fb Binding force.

F, Radiation pressure.

h Planck’s constant.

L, Length of etalon when ray returns to the first mirror.

t, Time for ray to return ( rni pushed).
F 2 Time for ray to return ( fn pulled).

T.1 Total delay time.

V Velocity of first mirror m during first delay time.

V2 Velocity of second mirror IT! .

X Wavelength of trapped radiation.

T Proper time per oscillation.

T1 Time per oscillation when system is moving at .

V Frequency measured and maintained at the reflector.
/V Frequency reflected off first mirror as it moves at V
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V Frequency reflected off second mirror moving at V^.

V e
Frequency of external radiation.

Chapter 4

C.L.T.F Closed Loop Transfer Function.

f Proportion of derivative signal in controller.

F Coefficient of frictional force.

9 Acceleration due to gravity.

G (s) Transfer function in Lapla.ce form.

k Constant of proportionality.

k i Fraction of integrated signal.

k 2
k3
k'

Fraction of direct signal. >3-term controller. 
Fraction of differentiated signal.„

Fraction of signal through the controller.

I It) Input signal.

K Coefficient of the spring. Also a constant of proportion

M Mass of moving object.

0 (t ) Output signal.

T.i Time constants.

T.F. Transfer Function.

Chapter 5

E t Total energy.

A  F Force required to hold cavity at one end.

V ’ 4-velocity of first mirror.

Frequency of ray leaving one end.

^2 Frequency of ray received at other end.
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l

N. F. S.  

T 
T,f
T ,
TSC

y 2

x,

V

Amplitude of signal of phase Q to reference.

Capacitance of sphere on Van de Graaff.

Frequency.

Frequency Stepping (mode of operating the equipment). 

Height of pulse.

Distance from centre of sphere.

No Frequency Stepping (mode of operating the equipment). 

Time between clock pulses.

Time constant of filter.
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Chapter 1

INTRODUCTION

1.1 Beginnings
The project arose out of the thoughts of Professor Jennison after

a discussion he had had with McCrea in 1972 on the precise nature of
,  (39)the rod that he(and Hogarth 9,19529 has described, in which the velocity 

of sound equals that of light. Consideration of an electromagnetic 

structure for this rod which may he 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
( 89 )  U.6)Singer , 1971» on the nature of Ball Lightning. Jennison , 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
( U 7 )Jennison and Drinkwater , 1977» which contains the main ideas and 

some account of the theory.

1.2 The Idea

Inertial forces occur in common experience quite as freauently as 

gravitational ones and, because the acceleration can be very great (as 

in impulsive blows), often involve much greater forces for a given mass. 

Yet the cause of these forces is unknown, as is any physical explanation
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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 hody relative to the average rest frame 

of the Universe.

AL1 masses have some finite extension and it requires a finite 

time for the effect of a force applied to some part of a hody to he 

transmitted to the wholo mass. 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 spatial extension of all bodies.
Consider, as an example of a hody, 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 

expl anations.

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 distance' 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 internal 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 whole 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 law (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 oonsrtant 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 actual 

structure and mechanism of inertia in atomic particles, then the structure 

of the electron may be related to the gamma radiation required for pair

formation
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1.3 The objectives of the project

The system oonsidered consists of monochromatic radiation reflected 

normally between two perfectly reflecting parallel planes. The component 

parameters are, the length between the reflectors, the del ay 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 transformations and raises questions in the context 

of a novel approach to the nature of inertia. The motion, dynamics and 

rest mass of such a system, when a steady force is applied, is described 

and the analysis gives some account of how inertial and gravitational 

forces act in the system.The motion of the boundary reflectors being 

determined by the internal radiation.

A thought-provoking experiment which simulates the theoretical 

system 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 system should be independent of 

reference to the laboratory and move at a constant 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 7 investigate a possible structure for Ball Lightning. 

An overview of each chapter will now be given.

Chapter 2
This chapter is confined entirely to objectively reporting the 

work of previous authors 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
(89)which is considered, for example, by Singer , 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 structure 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 subject 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 chapter. 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 

considers non-linear field equations containing constants whose values 

can be set to give the required solution. The second considers as the 

structure a form of rotating wave contained within a confining boundary. 

The' extent to which previous authors have ascribed an internal wave 

structure 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 mechanical 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 analysis by, for example, having a delay time 

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

Chapter 4

The reflectors at the 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 length 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 5

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

2, to inertial mass as defined by the cavity system, is discussed.
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Chapter 6

There have been a number of reports (including Jennison^^' ,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
(46)some transitory explosion. If one takes up the suggestion by Jennison 

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 metal 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 deals 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 steady 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 accounting 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.

Chapter 7
The experiment of chapter 6 was looking 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
[ 88 )Silberstein , 1924) attempted to give a theoretical description of

the motion of a rigid body and this set up the form of the debate fol-
(67)lowed by subsequent authors until McCrea , 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



11

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 phenomenon 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 conditions.
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
86 ( 79)of Krypton (Sanders , 1965, comments that line broadening limits the

g
accuracy of this to one part in 10 ). 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 10^.

The whole field of accurate length measurement has been revolutionized 

by the easy availability 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
(57)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.
(52)Most systems use the He-Ne laser (ref. Kaminow , 1973) with 

wavelength 0.633ym. 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.
(52)It was reported by Kaminow , 1973 that the most refined inter

ferometer instruments can measure to better than 0 .0 5 j im . 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
( 80 )reported by Schede , 1967. Ranges of 60ins. have been demonstrated 

and of over lOOins. are reasonable, with air turbulence being the limi

ting factor. A correction of about 0.6jj, in./in./°F and 0.4/i.in./in. /m.m. 

of barametric pressure, is required. As the moving reflector moves, a 

sine wave signal is generated 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/Lin. 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
4between cavity modes. If the pattern has 8x10 fringes per m., 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.
no)An indication of coherence lengths available is given by Berger , 

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 3x10  ̂ ins.

2.2(b) Accurate experimental determination of the velocity of light 
(32)Froome , 1958 measured the velocity of microwaves to an accuracy 

of 3:10^. The basis of the determination consisted of the simultaneous 

measurement of the free 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
gone part in 10 ) by comparing the klystron output against a high harmo

nic of a quartz crystal standard and measuring the beat frequency.
(2 8 )Previous determinations of this parameter include that by Essen , 

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 to the same type of standards as in the above 

experiment. It was accurate to one part in 10^.

The most recent determinations of the velocity of light, by Blaney
( 1 2 )et al. ,1977, uses lasers and frequency locking techniques to obtain

9an accuracy of one part in 10 .

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

accelerated frame of the rotating earth.

2.2(c) The Caesium Clock
(29)Essen and Parry , 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 10^). 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 weak uniform 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 a rigid rod was first considered, in the 

context of Special Relativity, by B o m  and this sets up the form of the 

debate followed by subsequent authors until McCrea. Although the title of 

Born's paper was "The theory 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 , 1974.

(13)Born's , 1909, rigidity criterion is a mathematical description

in terms of the four dimensional interval between the world lines of the 
. . (92)particles comprising the rod. However, Synge , 1960, has interpreted 

this in terms of the time elapsed between emittinga ray and its return 

from the other end of an infinitesimal element of the rod after reflection. 

For rigidity this time shouTd 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 
(73)of Marzke and Wheeler , 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^ ^, 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 time 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^ , 1974):

d i = ( -  g +ik
9  4 i 9  4 k ) d x ' d x E2.1

4 4

' . k = 1,2,3

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, d 1 , may not be inte

grated to a macroscopic distance unless then is independent of time.
(2) . V  . .Ashworth and Jennison , 1976, have pointed out the essential difference 

between a mathematical step-by-step integration along the path being



20

measured and the experimental methods of radar (with extensions to

triangulation, parallax and luminosity intensity methods). Ray signal
. 169)radar employed directly as co-ordinates is described by McVittie ,

1945.
Basri , 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-
(78)ferometers can be lined end-to-end. Reichenbach , 1958, defines three

particles to be co-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 agree 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 i.iitiertial 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
(30)

type rigidity to that of McCrea, are those by Evett , 1963, and
(71)Newburgh , 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 X) 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:

d
v

L ( 1 -  / c 2 )

1 -  v /

and

X X ( 1 -  V/ c 2 ) /2 

1 - VA

Hence:
/

E2.2

He concludes that provided the rod undergoes B o m  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 

electromagnetm waves appear to be the best method of realising ideal

measuring rods with B o m  type rigidity.
(67)McCrea____ , 1952

McCrea has reasoned that because the Lorentz contraction occurs



22

(»>

A

(b) A

A  moving at velocity V is 
first stopped, and sends a signal.

B
<---- movement

The whole rod stops at the instant when fully
compressedB

B  receives signal

VI I
t H

The end A of the moving rdd A B is stopped and this event is 
’signalled' to the far end.

F i g  2 . 5

Electrostatic /  
field . \ \ \ h  /

7

, i / 1 aser

laser

Y  - »  —  *— y  -—  * —
half silvered 

V reflector

detector

(a)
Electrostatio field

/////// a
" / /V //,

vl
I

V

i

c = ]
detector

Mach—Zender interferometer.

00
Two forms of interferometer used in Shamir's experiment, 

(showing the electrostatic field across the beam)
F i g  2 . 6



23

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 c, 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 in 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. In Fig.2.5, a rod of proper length L moving past at 

velocity V has a length given by the Lorentz contraction of:

L
v2 V2 

L ( 1 - / c2 )

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

to reach the end B is :

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

lV --C

Thus

I = L
1 + V/r

E2.3

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

C E2.4

where m  is the mass per unit length and the modulus X  determines the 

tension T  according to:

T

A L / L
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.

X

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 id described next. There are also further 

developments from the original simplified theory.
A more elaborate theory incorporating Mach's principle is that by

(1 5)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.
(2 4) . . . .Einstein , 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:

—  [m(1 +<£)v] = q r a d < £ m  + 
d t  ~

d  A
~ dY

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 IT1

moving at velocity V in the frame in which ( A  (£ ) has been
(72)evaluated. Nightingale , 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
(93)Thirring , 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 developed by Davidson and Birans-Dicke.
(8 3)An introduction is given in Sciama , 1957, and more mathematical

(82)detail is given in Sciama , 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
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square field from the static scalar potential:

F
~ grav

G m
V

E2.6

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:

<P
G p d v G  M E2.7

r R
U niverse

where R  is 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 V in this ( f i , there is a local and instantaneous 

formation of a vector potential A  (as in electromagnetism) where

A  = - G p v dv <*> E2.8
c r

(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:

F
i ner f i al

d y 
c 2 d t

E2.9

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

(rather than the gradient of the potential (p> ) which means that its
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amplitude, as for ( f i itself, decreases inversely with distance.The case 

centrifugal forces in a rotating frame is also considered here. An 

important property of this field is that, although all bodies generate 

Cp 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 m  , moves so that in its own 

frame the sum of the inverse square law field F and the inverse

distance field F

G m 
r 2

, cancel to zero.
i n e r t i a l

d  d v  
c 2 d t

~ grnv 
Hence

0

of

A c c e l e r a t i o n  = m G î

which gives a v a lu e  for the gravitational constant of:

1

E2.10

E2.ll

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

Universe according to E2.7, giving:

G
c2 R 

M
E2.12

The form of this equation may also be derived, by simple dimensional
(17)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



condition. 29

Equation E2.9 considered only the analogue of the 'electric' field 

generated by the 4-potential. In general there may also be a 'magnetic' 

field:

i
F = c u r l  A
~ inertial ~

E2.13

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-

energy-momentum of the sources of the gravitational field and ten are
(84)required to give the effect on light rays (Sciama , 1969) which is twice

that for a scalar potential.
(64)Lynden-Bell , 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.
(20 )

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

complete components of the metric tensor. These components are trans
formable to any frame.
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A . E2.15

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

1 f a  aAcceleration =-grad ----—  ~ V A C U T  I A E2.16

which Davidson writes (strictly l.h.s. involves g V* »tut g a t 1 ) as

dv'  c2 dg U
d t

| _ ( _ g  C) + C V k/ ^  ^ k
2 d x d t A ' 9 x k d x ' E2.17

k VV = paxticle velocity ( /r 1 ) i,k = 1,2,3

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 deviations 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 Q 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 A ■ and Cp 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 , 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 received at some position, the integral form of
164)the field equation has to be considered in detail. Lynden-Bell , 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 with local versus Cosmic origins of inertia.
( 17) ( 22) (1 )Dicke , , 1964, has pointed out that the metric derived

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 CO , inside such a Universe would be
*

influenced by the Lens-Thirring effect dragging the inertial co-ordinate
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frame by an amount / D 2 , but the full inertial properties doK C
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 G 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
(69)McVittie , 1954.

( 17) . . .  . . .Wheeler , 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 initial
(36) . (73)conditions has been taken up by Graves , 1971, and Ohaman , 1976.

(6 8)McCrea , 1971, has suggested that Mach's principle is founded 

on an illusion. By looking at a distant object one is looking in a fixed

G M GO
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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.
(75)Klein , 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

(8 5 )state comparable with Newton's absolute space (c.f. Sciama , 1978).

2.5 Cavity-Trapped Radiation and Closed Systems
This thesis is specifically concerned with trapped monochromatic 

radiation. However, the subject arose out of the work of authors on 

black body radiation and the thermodynamics of cavities for which
(91) . . . . . . .Schmid , 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
(37)energy of the container is included. Hasenohrl , 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
(63)of the trapped radiation. Lenard , 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 E pushed by force F against its increase of internal radia

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

E2.18

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.
Hi)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 any 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).
(59)Krause , 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.
(9DNewburgh and Dewan , 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 anctclarif ied 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 

considered in detail by Landsberg and Johns^1  ̂ , 1967, who derived in a 

very simplified fashion (consideringithe trapped energy as particles with

momentum) the equations for the moving system:
2

o + M - VE  = y  E  ♦ { P v.

7Ï2.19

P  = y  e + i  p v y  = 1 - V/c2

P and V are the energy, pressure r o

where £ = 0 for a system including the container and £ - 1 for

a confined part-system. E o
and volume in the rest frame of the container. V is 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 Lightnings may be formed). It then des
cribes Ball Lightnings 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 
8 910 -10 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 10^° Joules.
18Estimates of ionisation in the plasma give about 4x10 electrons/c.c.

(58)Kosarev , 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 explanation of the h.f. radiation as being from intra^-cloud 
streamers based on current variations is still problematic.

(89)A survey of Ball Lightning reports has been made by Singer , 1971 and
(77)Rayle , 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 report 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 10 joules as the average energy content.

The energy content has been indicated by the water-tub report of
. (70) 7 . (5)Morris , 1936, as 10 joules and Balyberdin , 1965, estimates
94x10 joules released in the final explosion. However, the Smethwick

report of Wooding^^ , 1976, of a Ball 10 cm. diameterwith halo, suggested
3the damage caused corresponded to 2x10 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 conductor^). Rotation of the Ball is commonly reported.

Individual reports on Ball Lightning include the following.
(45)Jennison , 1969, reported a personal observation of a Ball within a

flying metal aircraft. It was about 22 cm. diameter and appeared to be
. , • (46)guided by the walls of the craft. In a postscript,; Jennison , 1973,

suggests no steady strong magnetic field was associated with his observa

tion, and that a further aircraft report suggests that the Ball is inde
pendent of airflow past 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.
(54)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.
(55)Kaptiza , 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 horizontal 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
(27) . .Endean , 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 pushing 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 particles 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. In 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 modification^sT 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-
(14)linear electromagnetic fields were postulated by Born and Infeld , 

1934, (following an unsuccessful attempt by Mie (q.v. Sen̂  ^  , 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 10^ 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
(23 )more accurate account of relativistic (e.g. Dirac , 1951), and

(81)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).

. (40)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
(y 6)requirements. This analysis has been criticised by Podolsky , 1936,

on the grounds that the Maxwell equations are linear and therefore; cannot

give rise to interactions (or self-interactions) of the 'whirl' wave.(Allpackets envisaged by Japolsky. Later Japolski , 1936, refers to inter

actions between fields due to interactions between displacement currents 

in the medium.
(94) . .Thompson , 1939, considers 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 velocities. 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.
(48)Jennison , 1978, has suggested that modes 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.
(33)Gerharz , 1976, postulates a strong local curving of space (c.f. 

Wheeler's 'geons') causing a collision process between y  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.
(97) . .Yadava , 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
(38)and Kuti , 1978).

2.8 Experimental Investigations for Electromagnetic Field Non- 

Linearities

One of the consequences of a non-linear property of electromagnetic 

waves is that there should he self-interaction of tfce 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.
(3 5)Goldhaber and Nieto , 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 photon rest mass
-48being less than 10 gm.

(8) . . .Bass and Schrodinger , 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
-44to the photon rest mass not exceeding 10 gm.

(1 8 )Clark and Watson , 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 A  X = X X 3  X 1 0  . Thus there was no greater change in

refractive index produced by the transverse electric field than 1.3x10  ̂

per e.s.u.
(56)Kennedy and Thorndike , 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 a Michelson interfermeter and a type of synchronous

detection was used by repeatedly photographing the pattern with the e.h.t.
alternately on and off. The change in frequency was less than three parts 

14in 10 per volt (the experimental error).
(50)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
. 1 2  . 3 5 - 1index to one part in 10 due to a field of 8x10 oersted (6x10 amp m ).

The author comments that this method would not have detected a split or

symmetrical scatter by the magnetic field.
(6)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
4 6 - 134 (xl9) cm./sec. in a field of 2x10 oersted (1.6x10 amp m ) but

the authors expressed doubt about the result.
(87)Shamir , 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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such as to cause a change of velocity of less than A c  4.C*7x10 for 

an electrostatic field of 7*10"̂  V/m.

There are some further authors on this subject listed by Kane and
!5 3 )Basavaraju , 1967,



The system of internal waves trapped by end reflectors
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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 

particular system described helow when a steady force is applied to 

one of its reflectors. The force oauses it to move from its initial 
state of rest in the laboratory (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 acceleration 
of the system regulated by the (stepping) time for the disturbance 
caused by the force to distribute 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
(47 ) ( 4 8 )Drinkwater , 1977» and Jennison , 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 eleotron.

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. Hov:ever, 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. M  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 

electromagnetic 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 calculations 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
(25)'application of the Einstein , 1905» equation for transformation of 

frequency of a light ray (as seen by an observer moving at another 

velocity) to the wave reflected off eaoh mirror. It is then required 

that the frequency, "U , observed on the mirror is constant and this 

then determines the motion of the mirror.

The change of frequency of a clock, based on the repeated returns 

of a ray to the first reflector as its timing meohanism, 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 standing 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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usual laws of reflection of the waves describe the physical condition, 
to eouation 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

•J 11 ft • •• ,*• , • ' J-  , i . l  * J '* -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 
frame 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 oontinue to appear at the same 
frequency, U , to an observer on this mirror. The reflectors only reverse 
the direction of the travelling wave at the node of the standing wave 
and it is the waves and their nodes which determine the motion. Because 
the forces at the refleotors 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

. ' (25)equilibrium equation). The equations of Einstein , 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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for an observer on the mirror is the same as requiring constant frequency.

The conditions may he thought of as maintaining a constant length, 

after accelerating from one inertial frame to another, hy 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 distance is kept a constant 

number of half wavelengths hy the condition that the wave returning to 

the mirror is f l out of phase with that leaving it.

Pig. 3.2(a) shows the frequency, D , of the monochromatic travelling 

wave circulating between the reflectors when the system of Pig. 3.1 is 

stationary and in equilibrium in the laboratory frame. Pig. 3.2(b) shows 

the first mirror, m  1 , when a step increase of velocity, V , moves it

into the radiation of frequency V . By a double application of the
(2 5 )relativistic equation of Einstein , 1905, the reflected wave has 

frequency:

1
V V

1
E3.1

This travels to the second mirror which then moves at velocity v ̂

(as shown in the lower part of Pig. 3.2(b)) so as to maintain the above 

condition that frequency D is seen in its own frame. As a result, the 

wave seen on the moving mirror m  has frequency:

V
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li E3.2
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From which*

2 v
E3.4

This is the equation for the relativistio addition of the velocity V 
to the velocity V . It may he re-written in the form:

1

1
E3.£

It has now to he confirmed that if the mirror fT) 2 moves with this 
velocity V 2 , it gives a frequency of the ray returning to m  ̂which 
allows m  to have the correct coasting velocity if the external 
disturbance is removed at this instant and the mirror [T1 1 moves so as 
to maintain the frequency 1) in its own frame. The frequency of the 
wave reflected off (Tl̂ is:

« /
V = V

2/ r

_ 1 + V .
E3.i$

When this ray returns to IT) ̂ , m  ̂ should coast at velocity (as the 
external force has now heen removed)and see a frequency:

n
V

+ V ,
1» E3.7

from equations E3.6, E3.1 and E3.3» This is the condition that is 
required for the mirror m  ■ to continue to coast at velocity .

If m i continues to move at velocity , the frequency of the 
waves reflected off it as seen in the laboratory frame, is:
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The motion of each end reflector,as seen from the laboratory frame, 

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

F i g  3 .  U
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This is the seme frequency as was reflected off during the previous 
period (equation E3.l) and hence the wave path is closed without any 
further discontinuities circulating "between the mirrors.

If the force continues to he applied 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 V^ ,is 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 Pig. 3»3 for the 
first mirror. The final coasting velocity, V n , after n steps is 
derived from the coasting velocity of the step before, V , as:

1 +
E3.8

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 , 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 s t a r t s  w ith  len g th  L and the f i r s t  m irr o r ,s ta rtin g  to

move at velocity V , sends a ray to reach ID in time ^~/r . If this2 ^
ray returns in time t ̂ , the mirrors IT) 1 and m  moving at velocities
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The motion of each end reflector, as seen from the laboratory frame, 

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

F i g .  3 . 5
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V and V ̂ have moved distances such that:

L v ( t + L / c )i c

t E3.9

In the case that m  is pulled rather than pushed (Fig. 3.5), the 

corresponding time for the ray to return to m  ■ is given hy:

t
2

1 V /
 ̂ + |_

E3.10

The total delay time, T  , is:

T. t . E3.11

For the case of the mirror being pushed, in the laboratory frame, the 

distance between the mirrors,at the instant when the ray returns to the 

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

L
1

1 ^ ,  + v- i ,
1 + VA

1 ~ V /r

1 + V ,C

r 1 V
= L

/c2

L 1 v
/c2

= L ( 1 E3.12



This is the same as the Lorentz contraction,seen from the laboratory
56

frame,at the moment of return of the ray.
A calculation similar to that above "but based on Pig. 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,T, 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 

particular 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 , when the system is stationary in the laboratory frame 
is related to the time for each tick, , when the system is established 
in the frame moving at velocity V 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 Pig. 3*4 and Pig. 3*5 the final speed of the system is , 
although in opposite directions, and L is the same for both diagrams. 
Thus the time t in Fig. 3*4 is the same as the time t  ̂in Pig. 3*5* 
Hence from equations E3 .9 and E3.10, the time (observed in the laboratory 
frame) for one oomplete circulation of a wavefront for the system moving 
at velocity is:

t + tT
1 - v2/ c 2 J c2



But the time for one complete circulation in the original laboratory
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frame was:

T  = 2  L

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

2 1 - A
1 - E3.13

This equation is the same as the equation of Special Relativity for 
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 Pig. 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,ra.ther than just rays between end reflectors, the 
system will be referred to as a cavity. The analysis of this section 
considers unit oross-sectional area of the oavity and reflectors although, 
to make edge effects negligible, this unit area may be considered as 
part of an extended oavity. Because unit area is considered, the force 
on this area is numerically equal to the pressure. In Pig. 3*1» the 
radiation pressure per unit area 6n each mirror is indicated by F w •

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 i3 not required but only that it supplies a constant 
force at each end to balance the radiation pressure in the proper frame
of the system (indicated by F . in Pig. 3.1).b
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A single-noded system for which the conditions at it's ends form 
anti-nodes.
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The energy associated with the binding mechanism will now he

calculated for the particular example of having opposite electrio

charges on each end r e f le c t o r  so th at the a ttra c tio n  between the charges

acts as a binding force. Pig. 3*6 indicates the parameters of the system

which are required for this calculation. The case has been taken of the

m irrors bein g separated by one wavelength, X , o f the in tern a l ra d ia tio n .

The electrostatic field between the mirrors holds the system in

equilibrium  against the pressure o f a monochromatio electrom agnetic

standing wave of wavelength X . Then, neglecting edge effects, the

energy in t h is  binding system w ill  be that to pu ll the p la te s  apart from

when in contact to distance X . Assuming the field lines between the

p la te s  remain p a r a lle l  as th is  i s  done, the fo r c e , F , , remains constant
b

and the energy, E  , stored in  the binding mechanism i s :

E  = F  x X
b b

E3.14

However, the force, F w , from the radiation pressure (the waves are 

totally reflected) is equal to twice the incident energy density. If 

the total wave energy is E  , then:

F  = E W/ . E3.15
w 7 x

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  = E  . E3.16b w

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

E  = 2  E
t w E3.17



The dynamics of the system will now he analysed by considering
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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
[ U  7)Drinlcwater , 1977» considers pushing the end m  ̂ »similar to the case

(̂  q )
in section 3.2. The paper by Jennison , 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

case to be considered here is a linear system pushed by a 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 th at the binding fo rc e s  at C cancel each o th er.

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 stage process with the second stage taking a small fraction of
V/the t o ta l tim e ,fo r  small valu es o f / q .

Considering the system of Fig. 3.6 at rest in the laboratory frame

with the wave energy, ETw , divided equally between each side of the

reflector C . The total wave energy is the sum of that to the right

of C , E  , and that to the left,E , , so that: wr w 1

E = E + E . = 2 E = 2 E .w wr w l wr wl
E3.18

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 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 /Tl̂ ) of energy
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F (The relativistic transform of the energy E according to the 
w r w r[25) \ -v'equation of Einstein , 1905» for a light complex) and length A

(the Doppler transform of X  )• This gives an energy density received

by the moving observer of:

E
/
w r E i 

_^ + O i __
_J ~ 1

>̂u+1___ V2 1
w r

P  -  V/c J /2 J X 1 - V

E » ,  1 + v/ c
A 1 - v/ c

23.19

As the radiation is fully reflected, the radiation pressure is twice 

the normally 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:

2 E 1 + v/ cw r 'f E3.20
X 1 -  v/ „

A similar calculation for the radiation moving in from the left 

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

f 1 - 1 ~ /c . 23.21

' X 1 * \

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:

I
F - E3.22

Putting in the values from equations E3.20 and E3.21, and using
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equations E 3.I8 and E3.17 to obtain an expression in terms of the 

total energy, gives:

2 V/r

- v; 
^C2

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 • The time for this will now be taken as the

average of the times for each side as given by equations E3»ll (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 
Vorder in . The average time is approximately:

T T, - T
av

»  A. • E3.24
C

The velocity gained when it locks into a new state after this delay 

time corresponds to an average acceleration:

T

2 v c
E3 .2 5

av

v/from equation E3.4, to first order in ' C  •
V, r -<Taking equation E3.23 to first order in /q , the force, r , 

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

F
This equation is Newton’s law in which

I
E3.26

represents the inertial

mass.



The calculation may he made to greater accuracy, as briefly 

indicated below, but the system considered is unbalanced. Pig. 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, F » at the reflector C • When the system is stationary b
in the laboratory frame, the binding force equals the force from the 

radiation pressure and hence is equal to:
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2 EL wr E3.27
b X

When the mirror C is pushed by an external force, F  , so 

that it moves at velocity V , the binding force remains the same and 

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

f '  -  f '.r b
I /

Prom equations E3.27 and 33.20 ( F  = F if F parallel to V

E3.28

):

F 2 %
1 -  v/

E3.29

where E ^ is the total energy of this system and is twice the energy 
of the waves ( see also appendix A 8.1 ),

For this system the delay time, T. , may be calculated 

accurately 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 2 » "time according to the observer in the 

laboratory frame, is:

X  1T  = ---- -------- . E3.30



Hence the equation E3.29 for the force may he written in terms 

of the delay time, T  , of equation E3.3O and the change of velocity 

from rest to , observed in the laboratory frame, as given by

equations E3.4 and E3.5 :

6 4

F T
1 1

E3.31

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 in time
T  /  o x  (31I 1 . If this is compared with equation (1-28) in the book by French 

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:

F t m v
m 0 v E3.32

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

measured in this frame is not constant (as the effective mass is varying

with velocity). The term E t/c 2 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 , I968.



3-5 A comparison of the cavity system with the rigid rod described
65

~by McCfea

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.
(67) (39)McCrea , 1952, and Hogarth , 1952, (described in section 2.3) 

is almost 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 seotions (3*2 t.Q 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 McCrea'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 a.t first the same. 

That is, a 'signal* is sent at the speed of light to the other end 

which continues to move in its previous motion until it receives this 

signal. At the instant at which this signal reaohes the other end the 
rod has momentarily a length given by E2.3 (the analysis being similar 

for the system considered in this chapter). McCrea calculates for this 

instant 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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1^8)Diagram from JenniBon , 1978, showing (dotted line) 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.

F i g  3 . 9

The electric and magnetic fields for a standing wave formed from 

circularly polarized waves. The second diagram is the time quadrature

of tie first.
F i g  A 3 . 1



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
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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

relating the stepping action, caused by the delay time for the internal 

waves to perform eçich circulation, to the quantum conditions for the 

electron atomic particle. It is not known exactly how the electron may 

be formed 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 

system 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 being reflected normally off it, the external 

force pulsates at 2 "U (see Appendix A3.2). The'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 , 197°» that the velocity of 

the node is related to the frequency of the impinging radiation according

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

to s

V e l> E3.33



68

This may he used to calculate the momentum gained, in the time for 
one return journey of the internal radiation, "by associating a rest 
mass, m  , with the system and calculating; (from E3.4 and S3.5):

m v
G

1 ~ V
/  c2

E3.34

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

Momentum gained
2 t n 0c

v J c

V,
’ v2 V /
1 '  \ 2 i  2

E3.35

The gaining of this amount of momentum corresponds to the system locking

into the next stable state and is a type of quantized taking on of

momentum with the quantity in braokets being a proper constant of the
V,system. To an accuracy of first order in / q  ,it is of the form 

Momentum = constant x frequency.

This may be applied to find the value of the proper constant in 

the case of an atomic particle such as the electron. In pair productiain’' 

the energy of the gamma ray i s ;

h  v  =  2  m o c 2 ,  E 3 . 3 6

where h is Planck's constant and ITI is the rest mass of eaoh particleo
of the pair. If it is now assumed tha.t this frequency i3 the frequency 

of an internally trapped wave which constitutes the particle then:

V  -  2  V
Compton

E3.37

and the proper constant in equation E3.35 is:
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P 2 m& c2
L  -u

h
E3.38

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 he 

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 
cavity form a half wavelength standing wave, then the two plane 

polarized components of the two waves travelling in opposite directions 

are :

Moving forward-

A

E s i n  (cot -  k x )
y

E c o s ( c o t - k x )  z

Moving back—

k = -- = -
■ A L

H s i n  (co t -  k x )

H c o s  ( go t - k x )

A

-  E s i n ( co t
y

A

-  E c o s  ( co t z

+ k x ) 

+ k x ) -  H
y

s i n  (co t + k x )

c o s  ( c o t  + k x )

Where the electric field is reversed on reflection at X = 0 .

These forward and b-^ck waves combine to give a standing wave:

E = 2 ( E coscot  -  E s i n c o t ) s i n k x
y z

H - 2 ( H s i n c o t  - H  c o s c o t  ) c o s k x-  z y

^hich is a pattern of electric and magnetic fields rotating about the

X axis without change of shape. Fig. 3*1 indicates the standing



wave formed by a plane polarized wave, Pig. A3.1 indicates the wave 

formed by circularly polarized waves.

Over the length of the cavity, at the moment when CO t = 7T i
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Total linear momentum = 0

L
1Total electromagnetic energy—  —
2

0

( E s i n  —  + H c o s 2—  ) d x  
z  L z L

L f *  2 ~ 2,
= -  ( E + H )

U .

Total electromagnetic

angular momentum ?» —  ( E n e r g y )
CfT

21according to Dioke and Whittke , I960.

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 10^ 

watts/sq.m. normally off a mirror has an incident energy density of 

10 Joules/nr. 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 :

P r e s s u r e  oc A2 s i n CO t
2

~  ( 1 -  co s 2co t )

which is a sinusoidal oscillation at twice the original frequency
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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 electromagnetic 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 , 1977*

The first experiment is based on a Michelson interferometer 

powered by a He—Ne laser beam. The mirrors of the interferometer were 

positioned by transducers. One 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 positioned by an external 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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tut 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 measuring rod 

is formed pxcording to the interferometric measure 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 aerials 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 

mutual continuous wave radar-type measurements continuously and 

independently from each end. This condition should be maintained even if 

either end 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 

traverse the apparatus, an analogue computor circuit, with time soaling, 

of the delays was set up..This apparatus should demonstrate the general
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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 hack 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 are perfectly reflecting so that the same radiation is continually 
circulating, and that the frequency 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 frequency from a laser or Gunn 
diode). Although the trolleys of the second experiment dn make the 
detection at the reflectors, it is not the frequency or radiation 
pressure which are measured directly hut 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 loudspeaker system is described 
in appendix M»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. Seotion 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 limit to simulate 
the ideal, massless, reflectors described in chapter 3»
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Block diagram of the closed loop control system

F i g  U . 2

1 M

F E T  - O P A

The photodiode detector circuit

F i g  U . 3
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4.2 The Interferometer experiment 

4.2(a) The apparatus.
This section describes the apparatus and a diagram of the complete 

system is shown in Pig. 4.1» The experiment was based on a Michelson 
interferometer(Photo l).One 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, asein Pig. 4*2.

A 1 m.watt, He-Ne Rofin, C.W. Radiation Inc., Laser (Model 3102) 

of central frequency 6328 1 , visible red, was used to supply the 

interferometer light beam. Because of the narrow bandwidth of light 

from a laser (5 A  * 10^ A  ) the coherence distance for the beam was far 

greater than the length of the apparatus. The main problem was to adjust 

the positions of the transducers and the beam splitting prism on an 

adjustable 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 material 

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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The comparator and variable gain amplifier, showing the 

switch to open or close the control loop.

F i g .  U . U



odivide 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 distance apart on the 

interference pattern. This gave a differential signal measure of the 

fringe position which was sensitive to fringe movement but insensitive 

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 circuit was operating, so that, if the interference pattern 

started to move, the light 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 so that its 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 compared with the bias on the 

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

direct, integrated and differentiated signal paths.
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junction. There is a variable gain control.

The circuit of the three-terra controller is given in Pig. 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 A4.2.

The power amplifier circuit is described in Pig. 4*3• There 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 biasing potentiometer feeds current to the summing junction 

to allow adjustment for any off-set further back in the circuits. The 

PST 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 inner 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 parallel with the speaker and 22 ohms- in series with it and 

voltage feedback on the amplifier as shown in Pig. 4*£. The resistor in 

parallel tended to damp resonances in the cone. The speakers 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 effect 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 speaker, did not change these resonances. As an 

experiment, the entire cone of the speaker was cut away and the coil and 

former supported 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' 

speaker 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 

vibrations in the air. Vibrations were not transmitted between the 

loudspeaker supports as was shown by acoustically isolating the speaker 

by standing it on foam rubber. Hence the only way of dealing with these 

resonances was to compensate for them electronically. Some preliminary 

experiments using the loudspeaker transducer and notch filters to 

compensate 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 light mirrors could be replaced with heavy glass corner reflector 
prisms (made by AGAt-SWEDEN) which always return the beam along the 

direction of incidence and are useful for beams travelling over large 

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

4.2(b) The Vibrator transducers.

Because the response of the control loop is dominated by the 

transducer in terms of its amplitude and phase reponse as an element
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The complete interferometer system and units for measuring its open 

loop amplitude and phase response, using the Phase Sensitive Detector 

as a correlator.
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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 than the loudspeakers and were connected directly 

to the outputs of the amplifiers of Fig. 4*6 with 2.5 ohm resistors in 

series to enable current feedback to be used round the amplifiers. 

According to the manufacturer’s specification, current feedback gives a 

more even variation of amplitude 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 and 0  =ot
Output of p.s.d. » A B COS 0 = A B 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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plot of the amplitude response of the open loop systemBode

(full line) - Without three-term controller
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Bode plot of the phase response of the open loop system including 

Vibrator transducer. (full line) - Without three-term controller.

(doshed line) - With three term controller.
F i g  4 . 9
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Graph showing the non-linearity of the system as the open loop 

gain varies with the amplitude of the input signal.
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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 he 

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, spid 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 

Pig. 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 Pig. 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 Pig. 4*10 and 

indicates a non-linearity causing a variation of more than 6 db. 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 

Pig. 4 .'3 and Pig. 4.2 at 210 Hz. for very small amplitudes. The linear 
theory of appendix A4.1 relates the resonant frequency to the coefficient 

for the spring of force per unit displacement, K , and its inertial mass, 

M . Equation EA4.2 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 he 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 Pig. 4.8 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:

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 GO .

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,

T .  F. (s) E4.2
s2 4- 5 0 C s + ( 1 3 2 0 )

2

controlled, mirror should follow its motion. The measurements described



here are of the ajnplitu.de and phase response of the open loop system,, 

whose response is dominated "by the transducer and three-term controller, 

from which it can he 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 lag becomes loO , 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 increase the gain (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
Ogain= -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 integrates the error signal to saturate the amplifier),the 

integrator term was 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 controller 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 he 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 he detected from the interferometer.

The maximum signal which may he generated at the photodetector,due to 

movement of the mirrors causing the fringe pattern to make the maximum 

change in light, is caused hy a relative movement between the mirrors of 

half a wavelength of the light. After amplification, this signal controls 

the position of the servoed mirror over approximately 10^ wavelengths. 

However, the noise in the photodetectors is amplified hy 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 

modulate the position of the first mirror hy 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 the gains of the three 

controller terms.

To measure the frequency response of the three-term controller 

when it had been correctly adjusted, with the loop closed a small 

amplitude sinusoidal signal was applied to the first transducer and the 

amplitude and phase of the resulting signal into and out of the controller» 

both with and without the integrator-term, were measured over a range of 

frequencies by a method similar to that described above for the 

transducer. Hence the frequency response of the integrator was measured 

while in the control loop.
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With the integrator term set to zero, the frequency and phase
94

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 a x e discussed in the conclusion to this experiment.

As a further check on the system, a frequency measurement was

made as follows. At low frequencies the integrator of the controller

should reduce the error signal at the detector for a 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. Then the response of the controller was measured.
-2Without the integrator it had a gain of k^ = 2.3x10 . The integration

was measured by putting a step function into the integrator and measuring 

the ramp. Then:

0 1 -1Controller term k, = ---- ------ = 9*8 S e e  S4-3
1 I T

where 0 is the output after time T , 

and I is the amplitude of the step input.

The differentiator has negligible effect at this low frequency and so 

the effective transfer function is:

T. F.  ( s)  = —  • + k = - h -5  + 2 . 3 x 1 0  E 4 .4
S 2 S

Hence the sinusoidal response at CO = 2 n , obtained by setting 

S = j CO , gives at this frequency:
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.Amplitude gain = 9 . 7 9

/.
2 n

_p
Comparing this with the controller having no integrator (gain = 2.3x10 ),

the increase in gain is 37 dh. Within the experimental error, the 

reduction in size of the signal error hy -39 dh is accounted for hy 

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

4.2(d) Results of the interferometer experiment.

As indicated in Pig. 4«2, the position of the fringes is effectively 

a comparator of the relative positions of the two mirrors and hence a 

measure of the rigidity of the system considered as a measuring rod. For 

the apparatus of Pig. 4*1 to represent this rod, the second transducer 

might he positioned alongside the first with a passive mirror turning 

the beam through a right angle as indicated hy a dotted section in 

Pig. 4.1* The control system had limited gain and hence the system is 

not perfectly rigid hut gives a displacement of the fringes when one 

end is accelerated. The rigidity was estimated hy driving the first 

mirror with what was assumed to he a sinusoidal motion of A sin GOt, 

where A could he measured on a scale placed next to the moving mirror, 

giving:
2Acceleration = -AGOsinGOt . E4»5

Por 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.
4
9.8
30

m.m.
1.8
0.9
0.5

E4.6

It is assumed that for this condition the error signal on the position
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of the fringe is the distance 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 hy equation 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 x 10 J cm. 

was caused hy accelerating one end at 0.2 g.
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4.2(e) Conclusion to the interferometer experiment.

At the high frequency end of the range it may he noted that, 

without the controller, the phase changes to -180° hy 1.1 k.Hz.

(Fig. 4*9) and hence the gain reduced hy more than 45 db on that shown 
hy the full line on Fig. 4.8 would he 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
n 0 n 0rapidly towards -180 at 400 Hz. did not in fact reach -180 under control

conditions as indicated hy the final stable system. With the controller
0(adding gain -26 db.), the phase changes to -l80 hy 5 k.Hz. giving a 

gain margin of 2 dh. 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 

hy a distance equal to the gain of the control loop times . Thus,
taking typical values of gain for the complete control loop from

Fig. 4.8;

f gain gain x ŷ2
Hz. dh. cm.
1 73 1.7
10 55 0.22
80 37 0.03
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Block diagram of the trolley servo control loop, positioning the 

trolley according to the signal from the detected magnetic field 

antinode (similar for the other trolley with transmitting horn).
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The two trolleys with standing waves formed between them
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The final column indicates the maximum swing of the mirrors hy 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 ).

4* 3 The Trolley experiment.
The purpose of this second experiment is to extend the idea of a 

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 chapter 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 Pig. 4.12. Because the time for the 

microwaves to traverse the gap of about 10 cm. between the trolleys is 

0.03 JJL • sec. which is so short compared with the response time of the 

apparatus, the stepping motion between the two ends (described for the 

system in chapter 3)»caused by the delay time for information to cross 

between the reflectors, was not demonstrated.

4.3(a) Ttye apparatus for the Trolley experiment.

The apparatus is based on a system of two trolleys, built by M.A. 
Jennison,with P.A.C. construction kit(Pig.4.13 & Photo 2). They run on 

rails set 10 cm. apart and are 13 cm. high. Towards the top of each 

trolley is a 3 cm., 6 V. d.c. reversable motor (Swiss made, Escap 

SR 601.A12, 3*72 and used by Feedback Go. as motor for SA 135» Part No. 

?565-22l) with a small cog on its output shaft that engages in a length
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The detector circuit of the microwave magnetic field.
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Diagram of the ’characteristic* of the trolley system, showing 

the change of phase of the output,caused by the modulation of the 

reflector, as the trolley moves through the required position 

(where the freouency is doubled).
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of 2 BA studding running along the top centre of the rails. This motor 
has a 4 n.f. capacitor across its terminals to reduce interference 
feeding hack to the amplifiers. There is an idler pulley on the trolley 
above the studding to hold the studding onto the cog.

The first trolley carries a 4»5 cm. length of waveguide with a 
short at its outer end 3 cm. from a Gunn diode (Mullard CL 8630) mounted 
across the guide. This generator of 10.7 G.Hz. microwaves is bolted to 
a horn which flares out to 5*5 cm. square aperture. The electric field 
in the guide is orientated vertically. A probe of two turns of diameter 
0 , 5 cm. of wire, with its axis horizontal across the aperture, can be 
positioned inside the length of the top edge of the horn by a micrometer. 
The loop connects to a detector diode AEI CS9-B as in Pig. 4.14 and the 
output went by screened cable to the phase sensitive detector.

The second trolley carries a 35 °hm Radiospares 3" speaker on the 
centre of the cone of which was stuck a metal cap and socket (from a 
valve cover) carrying a 3 inch diameter, slightly concave reflector to 
trap the microwaves, and in the centre of which was a rubber grommet 
supporting a similar two turns of detector coil behind which was the 
detector circuit.

A point contact of sprung metal (clock spring) was attached to 
the top of the second trolley and a micrometer mounted on the fixed 
studding enabled small movements of the trolley to be measured by 
adjusting the micrometer until it just made electrical contact with the 
spring. There was a free pulley over one end of the chassis rails to 
enable a cord fixed to the second trolley to go over the pulley and 
hang down to weights. There were flying lead cables to the moving 
trolleys.

The two trolleys facing each other were each automatically driven 
by the motors controlled from the detectors of the standing wave between 
the trolleys. The 3 cm. waves were generated by a Gunn diode, a device
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in which the oscillations occur in the hulk of the material rather than

/ (O  ̂ Xat a narrow junction (Baden Puller , 1969). The frequency range of 

the radiation is determined hy the dimensions of the specimen.and a 

fine control is given hy the resonant oavity in which the diode operates 

(there being feedback from the microwave field to the device) reducing 

harmonics. The device was run from a 7*5 volt d.c. supply as this gives 

the greatest frequency stability. The output power is about 10 m.watt.

The frequency of the waves was determined by the resonance of the shorted 

waveguide behind the diode and to a small extent by the total cavity 

formed by the horn and reflector on the other trolley. Depending on 

exactly at what angle the waves were reflected from the other trolley, 

it would resonate in different ways and there was some instability due 

to switching between resonances. This problem was partly solved later 

by isolating the generator from the rest of the system by a partly 

absorbing padding attenuator (of resistance paper) in the guide between 

the diode generator and the horn.

The loop aerial on each trolley couples in to the magnetic field 

of the microwaves, detecting a signal which goes to a phase sensitive 

detector. Instead of taking the error in position directly, one of the 

mirrors was perturbed at audio frequency about the required position 

and the phase change of the signal generated by the magnetic field as 

it moved through the antinode, was used to servo to the required position. 

The audio frequency perturbation was obtained by driving the loudspeaker 

an excursion of the order of 100 microns. The two detectors operate in 

slightly different ways. That on the trolley with the microwave generator 

finds the standing wave antinode between the emitted wave and that 

reflected back from the second trolley. The detector on the other 

trolley is always at an antinode because it is in the plane of the 

reflecting surface where the electric field is maintained zero. It looks
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Circuit diagram of the Phase Sensitive Detector, showing the four 

diode ring detector circuit and output smoothing.
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for the condition of resonance of the complete system of multiple 

reflections indicated by a build-up of the amplitude of the standing 

wave.

The signal from the microwave detector circuit (Fig. 4.14) went 

to the input of the amplifier with gain 47 on the circuit of the phase 

sensitive detector shown in Fig. 4*15* The signal which goes to the 

loudspeaker also went to the other input of the phase sensitive detectors. 

The diode ring detector effectively forms the scalar product of these 

two signals of the same frequency but different phase. It is followed by 

an integrator to smooth the fully rectified signal. The phase sensitive 

détector performs two functions. For waves of a single frequency it 

gives an output according to the equation:

Output => A B cos 6  . E4.8

where A and B are the amplitudes of the two signals and 9  is the phase 

angle between them. For a signal mixed with noise it acts as a correlator 

and improves the signal/noise ratio. The phase sensitive detector 

generates an error signal from the phase difference between the signals 

from the detector and the reference signal (Fig. 4-12). The loudspeaker 

transducer had a resonance at 74 Hz. so the required phase could be set 

by driving the loudspeaker modulation at this frequency and moving to 

either side of the resonance to give the required phase in the loudspeaker 

oscillation. The phase of the detected signal sweeps rapidly from 

positive to negative as the trolley moves through its correct position, 

giving a tight detection of its position but when the output has swung 

to full voltage in either direction, the amplifier is saturated and 

there is no further control.

The signal from the phase sensitive detector,which was a measure 

of the error in position of the trolley, was fed directly to the power 

amplifier circuit shown in Fig. 4*6 (but with current feedback) which
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drove the motor, thus completing the control loop. Each driver amplifier 

was powered by a separate pair of Radiospares accumulators (RS No . 

591-023). This ensured that there was no electrical effect of one 

circuit on the other and also that surges of current were available from 

the supply when required.lt was found later that,by having a 10 k. 

potentiometer between the voltage and current feedback points on the 

power amplifier circuit, it was possible to tap off a variable type of 

feedback. Some of this feedback came from the back e.m.f. generated by 

the motor and on going back through the amplifier caused it to effectively 

damp the movement of the trolley.

4.3(h) Method of performing the Trolley experiment.

The loudspeaker modulation vibrates the detector about the magnetic 

field antinode such that on one side of the node the variation of 

output is in opposite phase to that when it is on the other side 

(Fig. 4.16). ALthough there is only a small variation of the amplitude 

of the standing wave about the antinode, this null-searching technique 

gives a rapid change of the phase of the output signal as the trolley 

moves through the correct position. The detector gives a measure of the 

power signal at the aerial, with polarity depending on the polarity of 

the diode, and all phase information about the microwave and standing 

wave is lost, leaving only information on the amplitude of the standing 

wave as the modulation moves the detector across the field.

The complete adjustment for each control loop was as follows.

With opposite motor unpowered, adjust the gain of both inputs to the 

phase sensitive detector-to give a smooth, balanced, variation of error 

signal (monitored on the oscilloscope). Then the overall gain was varied 

until the mechanical friction was just sufficient to give a non- 

oscillatory system. Then the Gunn diode source of microwaves was switched 

off and the d.c. bias set to give zero output with zero input.
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When this had been done for both control loops, they were both 

connected in working order and the position of the loop detector on 

the micrometer on the trolley adjusted so that,when in a static condition, 

both outputs were zero (i.e. both trolleys were controlled to maintain 

the same, rather than different, distances). A final check was made with 

the Gunn diode off, that both circuits gave zero output.

The resulting system would maintain the distance between the 

trolleys however either trolley was separately moved provided it was 

not moved faster than the frequency response of the control could 

respond. While the external force was applied, the outputs of both 

control loops swung over to drive the trolleys in the appropriate 

direction. However, when one trolley moved generating an error signal, 

the gains of both loops should be adjusted so that this error gives 

much the same driving force to each trolley. If this is not so, it was 

found that the resistance to being pushed of the trolley in the higher 

gain circuit was greater (or much greater).

As the operation of each control system in this case was determined 

mainly by the driving of the trolleys, which was somewhat random due 

to stiction and the multipole construction of the motors, they were 

non-linear compared with the transducers of the previous experiment 

and linear frequency compensation was not added to the electronics.

In order to simulate the delay time of the system considered in 

chapter 3, consideration was given to introducing an artificial delay 

in the control circuit. The reason why this was not implemented is 
discussed in appendix

4.3(c) Results of the Trolley experiment.

The parameters required for equation E M . 4,which describes the 

trolley in terms of its transfer function, were measured for one of 

the trolleys and found to be:
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Graph of change of length between trolleys versus force pushing 

one trolley (the other trolley being fixed).

F i g  £ . 1 7

eojo J¡-
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Mass = M  =1.36 k.gm. E4.9

Friction coefficient = F  = 50 (±15) gm.wt. sec/crn.

The value of F  was vague, varying with velocity end position along the 

track. Inserting these values into equationEA4.4 for the open loop 

function for the trolley gives:

F_ _ 5 0 x 9 8 1  
M  " 1 3 6 0

36 sec E4.10

By inspection, the Bode plot of the frequency response of a system, 

described by equationEJ54.4 with this value of parameter, has a break 

frequency at 6 ( ± 3) Hz. The form of equationE.A4.4 suggests that there 
is a pole at the origin giving -6 db/octave up to this break frequency 

above which it should be -12 db/octave.

The (open loop) frequency response of the trolley driven by the 

power amplifier was measured roughly and found to be:

-6 db/octave from 0.5 Hz. to 1 Hz.
E4.ll

-12 db/octave from 2 Hz. to 4 Hz.

Thus there appears to be slightly more frictional force when the motor 

is being driven than when being pushed without electric power. This 

may be due to feedback of the back e.m.f. generated by the motor, through 

the power amplifier.

With the power disconnected from one trolley, a displacing force 

was applied to the other (by weights hanging from a cord over the 

pulley). *Fig. 4*17 plots the displacement of the trolley caused by a 
series of increasing forces. This is an indication of the rigidity of 

the etalon. The graph is approximately a straight line so that Hookefe 

law is obeyed with modulus, for a total length of 7 cm. between the 

current probes:

ForceModulus X
Strain

63 k.gm. wt. E4.12
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The system had a breaking force of about 2 k.gm. wt. (this depended on 

how accurately the controls had been set up).

If a block of Perspex was placed between the trolleys, they moved 

so as to set the same optical distance modified by the refractive index 

of the Perspex. It was also possible to control the movement of the 

complete system by moving the Perspex.

If either trolley was pushed slowly, the other followed and, if 

the controls were well adjusted, would continue to move when the 

external force was removed (thus demonstrating conservation of momentum).

4.3(d) Conclusion to the Trolley experiment.

The apparatus demonstrated motion independent of the laboratory

and the result of E4-12 demonstrates a type of rigid system which may
(39)be compared with McCrea. ,1952, a*id his theory of a rigid rod described 

in chapter 2.

The following comments are made on the equipment. The phase 

sensitive detector, as well as operating on the phase difference between 

the signals at its. inputs, also operated on the amplitude of the detected 

signal. To be strictly phase sensitive, the signal from the detector 

would have had to be further amplified and clipped to give it a constant 
amplitude.

AS the motor on each trolley turned^it generated spikes of noise 

voltage. Attempts were made to reduce the spikes getting into the 

amplifier. This included a good earth wire between the trolley chassis 

and the detector amplifier case, 4^«f. capacitors across the motor 

terminals and a 0.5 /I.f. • capacitor across the output of the microwave 

detector circuit. It was suggested that there should be an emitter 

follower type buffer stage between the control amplifier output and the 

motor (that is, the power transistor stage in Pig. 4-6 should be outside 

the feedback loop of the power amplifier circuit).
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Out

Basic positive feedback circuit with delay unit.

F i g  4 . 1 8

Analogue of the delay time for the waves to traverse the étalon in 

each direction. The voltage differences correspond to velocities in 
the étalon system.

P i g  4 . 1 9
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The optimum condition for positioning a system such ?s the trolley 

is when the system is critically damped. Equa.tionEM.5 shows that the 

closed loop system behaves like a damped oscillatory system with inertia, 

damping and a 'spring' holding it about the required position. The only 

damping in the trolley system was the friction in the traction drive 

(which tended to vary along the track) and an electronic derivative 

term was likely to be of limited use because the signal in the control 

circuit contained too much noise and was non-linear (although the back 

e.m.f. generated by the motor could be fed back into the power amplifier). 

A suggestion for future improvement would be a bar between the tracks 

on which friction pads, attached to eaoh trolley, would clamp and give 

more (and more even) friction damping than that measured in E4.9 above.

4-4 The electric analogue experiment

The purpose of this experiment is to demonstrate (non- 

relativistically) the effects of the time delay for radiation to cross 

the cavity. As this could not be done in real time, an analogue at 

reduced speed was made to send electric analogue signals along a delay 

unit (built round a tape recorder and play-back) and back on a second 

unit. This was fed back into the input as positive feedback with unity 

gain as shown in Pig. 4*18.

Because of the doubling effect, the velocity of the reflector 

moving according to the conditions described in chapter 3, is double 

that of the original change (to first order in v/c). Hence the exact 

analogue is that of Pig. 4*19> where the inverter gives a difference 

signal which is doubled. Likewise the inverter at the summing end gives 

a signal which is the original step combined with a doubling of the 

signal returning on the second delay unit. As double inversion may be 

removed so far as the electronics is concerned, the inverters were 

ommited. However this means wdien reading the experimental graphs, that
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Circuit for frequency modulation decoder, showing the pulse shaping 

circuits (including amplitude clipping hy diodes) and integrating 

circuit.

Fig. 4 . 2 0



Circuit for frequency modulation coder, showing the voltage controlled 

oscillator circuit.

1 16

Fi g.  ¿ . 2 1
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trace 2 for the reflector velocity (Fig. 4*23) should he:
S"fcAnalogue of 1

=* ( Trace 2 - -g- Trace 1 ) . E4.13
reflector velocity

As the gain of the recording of trace 1 already reduces it by about 

a half, this function should be subtracted from trace 2.

4.4(a) The apparatus for the analogue experiment.(Photo 3).
The two delay units were made as follows. A two channel stereo 

Tape Recorder (Truvox Stereophonic Model PD104) was modified by mounting 

a two channel playback head ip an adjustable yoke positioned just before 

the wind-on ^ inch tape reel. A Teflon bobbin was added on the far side 

of the head to guide the tape over the gaps in the head. This arrangement 

was used to give two delay units. The tape was run at 7*1" i.p.s. in 

Recording mode and there was a distance of 6.25 inch along the tape 

between record and pi ay back.heads. The signals from the playback head 

went to a, dual amplifier (Stern's Tudor). The output of this amplifier 

went to the demodulator (Fig. 4*20) and was adjusted to a suitable 

amplitude. It was clipped and triggered a monostable which supplied a 

stream of pulses of fixed width. This stream was smoothed to give the 

final output. In order to be able to delay signals of frequency down to 

d.c., this system of first recording a frequency modulated signal to 

represent the original signal was used. The amplitude-to-frequency 

conversion was performed by the circuit of Fig. 4.21. In this circuit, 

the signal goes through a biassing amplifier to an FET transistor whose 

resistance is modulated by the signal. This transistor formed the 

resistance component of the feedback in the oscillator circuit so that 

the frequency of oscillation was controlled by its resistance. The 

frequency was modulated by about 2:1 about 7 k.Hz. The delay unit 

operated from d.c. to 30 Hz. when the tape was running at 7"2 i.p.s. 
and gave a delay of 0.8 sec.
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Recorder traces for the analogue experiment 119

T r a c e  3

Output from the first delay unit.
1 c m / s e c

T r a c e  2

Input to the first delay unit.

T r a c e  1
Step perturbation to the

summing - 

amplifier.

F i g  4 . 2 3



The units were arranged as in Pig. 4.22 so that the signal from 

the summing amplifier (analogue of the velocity.of the first reflector) 

went through a delay unit (analogue of the delay time along the etalon) 

the output of which was the analogue of the velocity of the second 

reflector. This signal returned through the second delay unit. There 

was an extra filter with time constant 50 m.sec. to remove high frequency 

noise introduced into the system hy imperfections in the delay units.

The signal returned to the summing amplifier where the loop was completed.

At a second input to the summing amplifier a step signal could 

he added from a unit with a push button which added an adjustable step 

of voltage when required.

The chart recorder recorded the signals simulating the two 

reflector velocities and also the signal from the push button unit.

4.4(b) The results of the analogue experiment.

The experiment was run and the system would run (on open loop 

in the first case) and settle down with both outputs steady. The gain 

was reduced until with a closed loop and adding a step input, a slightly 

decreasing series of steps were obtained (it was found that the gain 

had to be somewhat less than unity as measured on the open loop.

However, the converters were not quite linear and there was ambiguity 

of gain). The measurements were made by starting the tape recorder, 

monitoring the open loop output and adjusting the bias to give zero 

output with zero input. The chart recorder was started and the loop 

closed. The push button signal was added.

The charts shown in Pig. 4*23 were obtained with gain such that 

steps of almost steady size (perhaps slightly increasing) were obtained. 
The signals corresponding to these traces are indicated by corresponding 

labels in Pig. 4-22 of the circuit diagram.

120
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4.4(c) Conclusion to the analogue experiment.

This experiment has demonstrated the effect of the delay time,for 

the signals to cross between the reflectors, by using a time scaling in 

which the 0.03/1 . sec.,required for the electromagnetic waves to move 

between the trolleys of the previous experiment, is represented by
70.8 secs in the tape recorder. This is a time scaling of 1 : 3 * 10 .

The results of Pig 4*23 show the stepping motion of the first 

reflector and this may be compared directly (apart from the second 

order relativistic term in v/c) with the graph of Pig. 3»3 obtained in 

theory. Remembering equation E4.13» the analogue of the first step in 

reflector velocity is half that of subsequent steps.

The timing of the motions of each end reflector was considered 

in Pig. 3«4 of chapter 3 . For small velocities t is approximately 

equal to T - t 1 and this corresponds to the steps in trace 3 of Pig. 4-23 

which are mid way between those of trace 2.

4*5 Going to the theoretical limit

If the mass of the reflectors in the experiment were reduced, 

then the control should be improved so that in the limit there would be 

no error (Also, no energy would be expended in moving a massless 

reflector and there would be no energy of the reflector to be dissipated 

by frictional damping). Then,in equationE.A4.5 describing the closed 

loop transfer function for the reflector, whenM ,f and F are zero, 

the transfer function becomes unity if the gain in the feedback loop is 

unity. This means that the reflector would perfectly follow the motion 
indicated by the control signal.

Vihen the mass tends to zero, the conditions approach those 

assumed in the theory of chapter 3 and the movement of the reflector 

imy be determined by the radiation pressure (no additional enhancement
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of the conditions by the controller amplifier now being required). Then, 
if the reflector is held by the binding force against the radiation 
pressure until an external force is applied , it moves the reflector 
until the increase in radiation pressure balences the external force. 
Prom chapter 3 it follows,to first order in v/c, that the increase in 
radiation pressure is proportional to the velocity (equation E3.23).
Thus:

Increase in radiation pressure = A X E4.14
where A is some constant.
If the external pressure applied is a step function of amplitude p :

p = M X + A X

In Laplaces P
S M s2 x ( s ) + A s x ( s )

Solving for X (s) and transforming back:

X ( t ) =
A

t -
p M 

A 2

- A/ (.
( 1 -  e XM )

When M —> 0 this becomes: 

X { t ) = —  t
A

x (t)
A

E4.15

Hence, for zero mass, the velocity immediately changes to that value 
at which the radiation pressure balances the applied force.

This is a velocity control whereas the previous controls have
been of position
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4.6 Overall conclusion

It has heen shown that it is possible with comparitively simple 

apparatus to control the position of reflectors to within a very smaj1 

fraction of the wavelength of He-Ne laser light and X-band microwaves. 

However, the closed loop frequency responses of the resulting systems 

were not remarkably good. 7'

The experiments have demonstrated that a system with the properties 

of rigidity can be set up by trapped monochromatic waves whose standing 

wave nodes determine the positions of the confining boundaries, when 

stationary or when the whole system is moving. The trolley experiment 

demonstrated inertial-like properties of requiring a force to set the 

system in motion and of continuing in that motion when the force was 

removed. The experiments have demonstrated that servo controlled systems 

can effectively reduce the effect of the masses of the reflectors 

themselves and make them behave as if maintaining a condition determined 

by the low power waves reflected between them. The effect of the delay 

time for the waves to traverse the system was not demonstrated in the 

mechanical system but was demonstrated in an electrical analogue. The 

experiments have demonstrated the required principles (apart from the 

effects of the delay time in the mechanical system) and little more 

would be gained by a future extension of these experiments.

.Another version of the trolley experiment was built, as a third 

year undergraduate project, at Exeter University in the Winter of 1978-79* 

The phase sensitive detector, and power amplifier circuits were copied 

almost exactly. The trolleys were larger, driven by Meccano motors and 

had the complete control unit on each trolley with only the power supply 

from the laboratory fed to them by sliding contacts on rails. When 

this author visited them, one control unit was working but it appeared, 

that this type of motor has too much backlash and the circuits had been 

removed from the trolleys and connected by flying leads.
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K

= f o r c e

0  ( t ) = d i s p l a c e m e n t

A simple damped resonant mechanical system.

F i g  A A .1 ,

— >
f r e q u e n c y

Frequency response of the resonant system.

a) F i g A A . 2..

Amplitude response of the trolley, from the break frequency asymptoteB.
F i g  A A . 3
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Appendix to chapter 4

M.l The theory of damped resonant systems

The loudspeaker and Vibrator transducers may be represented as, 

basically, having inertial mass, M , a restoring force with constant of 

proportionality K force per unit displacement and a frictional force 

with constant of proportionality F force per unit velocity. These 
systems may be represented by the standard transfer function equation 

for the system of Pig. 44.1s

0 ( S ) k

1 ( s )  M s 2 + F S + K
E44.1

A system with this transfer function has a frequency and phase response 

as indicated in Pig. 44*2. The maximum amplitude at the peak of the

ccurs a t a frequency:

r  f 2 i >2 r  k  1 V2 r  k  1
CO = 1 -  ------ —

peak L u m k j L M J L M J

The peak has a. 3 db. bandwidth given by:

FA CO F*
M

E44.2

EA4.3

In the case of the trolleys there is no restoring force and the 

transfer function for a trolley is:

0  ( S ) k

1 ( s)  M s ( s + Fy )
7 M

E44.4

The frequency response of a system with this transfer function is 

indicated in Pig. 44.3.

It has been assumed, in representing the transducers by the above 

functions, that the force in the transducer is proportional to the
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Direct end derivative signal control on the trolley gives a system 

like that of a damped resonant meohanical system.

F i g  A 4 . 4

The frequency response in amplitude and phase of a three-term

controller.
F i g  A 4 . 5
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current end thet the devices are current driven. Because of hack e.m.f. 

this will he only approximately correct.

Closed loop servo control.

In general the relation of the closed loop response to the open 

loop response is complicated. The closed loop response (with unity 

feedback) resulting from a known open loop response may he obtained 

by plotting the open loop response on a Hall chart (or Kichol's chart 

if the gain is in db.)and the grid of M lines (constant amplitude ratio) 

and N lines (constant phase shift) enable the gain and pha.se of the 

closed loop response to be plotted. However, if it is only required to 

know that the closed loop system will be stable, the Nyquist stability 

criterion on the open loop response may be used. In the straight- 

foreward case this means that the open loop gain should be less than
Oone at the frequency when the phase lag has become l80 . The system 

of interferometer and three-term controller in the first experiment 

was- analysed in this way.

The trolley system of the second experiment is sufficiently 

simple to be able to usefully analyse the closed loop transfer function 

as follows. If the system described by the equation EM.4 is controlled 

in a loop with direct signal of proportion k and derivative signal 

of proportion f , it is represented by Pig. M«4* This has a closed 

loop transfer function:

0  ( S )

1 ( s )

k ( l<’ + f s  )

M s 2 + ( F + f k)s »• kk*
E M . 5

This is an equation of the sajne form as EM.l. It indicates that 

derivative feedback is comparable with adding frictional force and 

position feedback is comparable with a constraining spring. The step
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function response of such a system is critically damped, when:

( F + f k ) 2 = A k k ' M -  e m .6

This is the condition which should he set up in the control loop 

for each trolley. As an f term was not used, the correct value of k 
was fixed hy the values of F  and M  .

M - 2 The three-term controller

The output of this control unit is the sum of adjustable amounts 

of direct, differentiated and integrated terms of the input signal. It 

has an overall transfer function:

0  (s)
1 (s)

A ( k j / s  + k + k 3s ) . E a 4-7

This may he re-written:

K I 1 ♦ T, s ) ( 1 + T 2 s  )

V

T- T, T,= K (1 + — ) (1 + +
T, V L t , + t 2 I1/ ))s

EA 4.8

From which the frecuency response amplitude asymptotes and phase may 

he plotted ,as in Fig. A4.5- In this diagram:

K = — ■ ( k 2 + ( k 2 -  4 k , k 3 )1/2 ) • “ 4-9

Hence the hrealc frequencies are determined hy 1<1 and k^ , and the 

mid-frequency gain hy k ^ .

The purpose of the derivative term is to ensure that the open loop
Ophase response, as the frequency is increased, never changes hy 180 

before the gain drops below unity. This term first tends to cancel the 

effects of time delays in the system and then increases the damping 

for high frequency signals.

The integrating term is needed to reduce steady state errors.
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This m'-y he thought of as giving infinite gain in infinite time. If the 

open loop transfer function has a pole at the origin (the integrator 

of the three-term controller), it may he represented as:

A ( S )
N ( s)

S D ( S )
EA 4-10

Then applying the final value theorem to obtain the output,to a unit 

step function input to the closed loop system, after sufficient time:

s->0

N ( S )_______
s D ( s ) + N ( s )

>  1 EA 4-11

This indicates that,after sufficient time, the output becomes equal 

to the input and the error becomes zero.

A4. 3 Loudspeakers used as transducers

Initially the mirrors of the interferometer experiment were 

positioned by transducers made from loudspeakers. These transducers had 

mechanical resonances in the cones in the range 1-10 k.Hz. in addition 

to the main low frequency resonance. This section describes how two of 

these additional resonances were compensated for electronically to give 

a stable closed loop control. The final version of the experiment 

replaced these transducers with Vibrators.

As a unit of the control loop, the transfer function of the 

loudspeaker transducer is determined by the main natural resonance of 
its mass and the elasticity of the supporting cone, and a number of

minor resonances in the cone itself. The subject of good loudspeakers
(9)

(Beranek , 1954) will not be considered here. In general, the cone 

of a speaker will move as a whole up to about 500 Hz. Above some such 

frequency the cone vibrates in separate zones separated by nodal regions.
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The control loop when using the loudspeaker transducer, showing in 

dotted line the functions not present for the Vibrator transducer*

F i g  A A . 6

Sw
i t

ch



The amplitude of vibration in the outer cone is relatively small and 

the effective mass of the vibrating cone is reduced. As the cone forms 

different nodal patterns at different frequencies, there are a number 

of resonances.
The complete control loop is described in Pig. A 4-6 which 

indicates in dashed lines those functions which occured in the first 

experiment using the loudspeakers having additional resonances, but 

were not in the final experiment using the Vibrator transducers. The 

anti-resonances of the Notch filter compensate the two largest of the 

minor resonances in the loudspeaker transducer. The switch enabled the 

loop to be broken no that the open loop transfer function between the 

input to the comparator and the output from the photodetectors could 

be measured.
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A 4*3(a) The theory of the electrical compensation for the cone 

resonances.

The two largest of the minor resonances in the cone gave peaks 
in the amplitude response and these were compensated by an electrical 

filter whose response dipped at those frequencies where the transducer 

response peaked. A bandpass-type resonance with asymptotic roll-off of 

i 6 db/octave on either side of resonance has a transfer function:

G ( s )
K S C0o

s 2 +A cos  + co2o
EA 4.12

where

C0q is the undamped central resonant frequency 

A  60 is the bandwidth of the resonance to the 3 db points
and

A  Cl
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Showing how the minor resonance effects only a limited range of 

frequencies. F i g  A 4 .7

The Negative Impedance Converter.

F i g  A 4 . 8

1 R

n
1

NIC. Ro O u t

A resonant circuit for the Notch filter.

Fi g .  A 4 . 9



133
For the loudspeaker transducer, each minor resonance was considered 

as an addition to the fundamental characteristic of the transducer.
Thus the minor resonance mechanism was represented hy a transfer function 
such that away from its resonance it has nearly unity amplitude. The 
total transfer function was represented as the product of the transfer 
function without the minor resonances (fundamental transfer function) 
and the transfer function for the minor resonance, giving:

T o t a l  T. F  = ( 1 + G ( s ) ) ( f u n d a m e n t a l  T. F. ) .

The amplitude plot of ( "] + Q  ( j GO ) ) is indicated in Fig. A 4.7. When 
CO - CO , the amplitude has increased to:

1 + G ( jco ) = 1 + K Q = R■> o

and K = A id. ( R - 1 ) .
GO EA 4.13

The compensation, was achieved by an electrical filter whose 
response dipped as the transducer resonance peaked:

F i l t e r  T.  F. = ( 1 -  G ( s )  )

If K , CO and Q  describe the mechanical resonance and K* • GO* andO o
_ /Q  describe the notch filter, then:

r 2
C o m b i n e d  T. F =

s + s(  Q' ~ K G0o ) + co'0
2n

go' 2
Q

GO,
s 2+ s (q  + K0i)o ) + GO2

g30
~Q

2
jo
EA 4.14

This combined function is unity if:

GO n - GOo o

K = K > EA 4.15

A go - A c o + K c o



As the uncompensated frequency response of the loudspeaker has 

minor resonances, each resonance determines a value of CO (strictly
1 V7

CO ( 1 - y - 2) )»Aco and R . Prom equation EA 4-13 the value of K 
0 4 Q  t

is determined. These parameters in turn determine the values of CO ,AcO 

and K in the electrical filter, according to equations EA 4»15* 

Therefore it should he possible to build a circuit with this form of 

transfer function and adjust its parameters to give the required 

compensation.

A 4 .3(b) The loudspeaker transducer apparatus.

The 6-g- inch (Radiospares I63-TC) loudspeaker cones could be moved 

smoothly over a distance of about \  inch by varying the current.
The experiment was operated successfully using these transducers 

although it was susceptible to vibrations in the air being picked up 

on the cone. If the elastic forces in the cone could have been increased, 

more energy would have been required to displace the transducer and the 

energy of ambient vibrations would have had less effect.

A double notch filter circuit was built to compensate the two 

largest minor resonances in the loudspeaker. The circuit employs 

Negative Impedance Converter circuits (Burr-Brown Co. , 1966) which 

gave sufficient stability and a good range of Q. The principle of the 

Negative Impedance circuit is that the input and output voltages are 

the same. There are two feedback paths (Fig. A 4*8) which balance to 
give currents in the ratios

I R  = I R 
1 1  2 2

It effectively reverses the direction of the current and has a gain of

K , depending on the ratio of R  to R . The circuit of Pig. A 4.9
1 2

has a transfer functions

134



00
1/

i.t

Circuit diagram of the double notoh filters, showing in dotted 

boxes the Negative Impedance Converter circuits which form part of 

each resonant circuit.
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T.  F ( s )  =
s + s 1

-  K s

T
C , R

K
R C R  C R C 

“ 1 1  2 2  1 2J
+ 1

R C  R C1 1 2  2

EA 4.16

which is of the form of equation EA 4*12 (with inversion) if R 1 = R 

and C  ̂ = C_̂  . ^as advantage that Q  may he changed 

without changing the resonant frequency.

The double notch filter circuit was built as in Pig. A 4*10. It 

generates a function 1 -  G( s)  for each notch frequency by subtracting, 

at the output amplifier, the resonant signal of equation EA 4.16 from 

a steady fraction of the original signal. Each notch filter has two 

(10 k.) potentiometers to be set to the same value and give the required 

G^0 . The 25- k. potentiometer sets the value of Q  and the 5 k. 

potentiometer sets the nett gain.

A 4.3(c) Method of performing the experiment with loudspeakers.

Despite the ambient noise of mechanical vibrations disturbing the 

open loop system, it was possible to roughly measure the amplitude 

frequency response without using the correlator system that was employed 

in the main experiment-(except for low frequencies where the ambient 

vibrations were of too large an amplitude).

In practice, the open loop response of the loudspeaker was 

measured with the filter in circuit and the potentiometers of the 
notch filters adjusted until the amplitudes of the two largest minor 

resonances had been minimised. This could not be done perfectly but the 

two largest resonances were reduced to about 10%  of the uncompensated 

amplitude and this improved the overall control operation of the system.

When the adjustments for the compensation for the two minor 

resonances had been made in the open loop system, the control loop was
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closed and the terms of the three term controller were adjusted to 

reduce the error signal to a minimum when a test signal modulation was 

applied to the first mirror.

A 4.3(d) Results of the experiments with the loudspeakers.

The frequency response of the combined power amplifier and 

loudspeaker transducer (without any notch filter or controller) was 

measured up to 10 k.Hz. (this preliminary experiment was less accurate 

than the main experiment). The output signal was taken from the 

photodetector (only one of them being monitored for this measurement ). 

The results were:

100-600 Hz. was -15 db/octave (say, -18 db/octave)

600-2000 Hz. was -10 db/octave (say, -12 db/octave)

2-10 k.Hz. vague. EA 4.17

The two largest minor resonances at 2.6 k.Hz. and 4*1 k.Hz.

When the notch filter circuit and three term controller were 

included in the circuit and adjusted as described above, the closed 

loop system operated correctly so that the second mirror automatically 

tracked the movement of the first mirror when the first mirror was 

pehturbed by a test signal.

The closed loop was opened and the amplitude frequency response 

of the open loop,with the notch filters and three term controller 

(without the integrator term) operating in the same conditions as for 

the closed loop, was measured. The result indicated that the effect 

of the differential term of the three term controller was to give 

a slope of -10 db/octave from 150 Hz. upwards, adding about 10 db to 

the gain in the range above 500 Hz.
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Break frequency asymptotes for the open loop amplitude response of 

the loudspeaker transducer. Pull line- Without controller

Dashed line- With controller

F i g  -A A .11
Magnetic field

^  antinode
\

A simplified closed loop oontrol of the trolley including an 

artificial electronic delay.

A  U .1 2
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A 4<3(e) Conclusion to the experiment with the loudspeakers.

The notch filters compensated for the effects of the two worse 

minor resonanses in the cone hut this type of transducer was susceptible 

to vibrations in the air being picked up on the loudspeaker cone.

Tfte improvement in stability caused by the differentiator term 

of the three term controller is now considered. Only the frequency 

range from 100 Hz. to 2 k.Hz. will be considered as the extra term 

only has an effect above about 100 Hz. In this limited frequency range 

the fundamental resonance of the loudspeaker may be approximated by a 

double pole n e a r the origin. Then the results of the open loop 

(uncompensated) measurements indicated in Pig. A 4«11 (full line) 
suggest a transfer function of:

T .  F. ( s )
A ( s + 3 7 0 0 )  

s2 ( s  + 6 3 0 )
EA 4.18

Assuming from the experimental data a pole with break frequency at 

100 Hz.
. (6 2)

Now the Routh stability criterion (Langill , I965) applies to 

the denominator polynomial of the dosed loop transfer function and 

states that for stability there should be no alternations of signs of 

the Routh coefficients. For the open loop transfer function:

T.  F ( s )
A ( s + a )

s2 ( s + b )
e a  4.19

the closed loop Routh coefficients are:

1 A ( b -  a ) 
b

a A

ALl these will only be positive if b >  Q . Applying this condition to 

enuation EA 4-18 it gives an unstable closed loop and therefore the 

differential term of the three term controller is adding a zero to the
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transfer function which tends to cancel the pole at about 100 Hz. in 

the function of equation EA 4*18 (shown in a dotted line in Pig. A 4*11 )• 

Then at some frequency above 600 Hz. there will be another break 

frequency giving a pole such that this b >  Q . Within the large 
experimental errors, the zero of the controller at about 150 Hz. 

cancelled the pole assumed to be at about 100 Hz. of the Transducer 

(the above calculation indicates that, as there was stability, the 

zero must have occured at a lower frequency than the pole).

A 4-4 Analysis of a delay in the control loop

Consideration was given to introducing an artificial del ay-which 

might give a stepping type of motion between the trolleys. If this 

del^y is placed in the control loop as shown in Pig. A 4-12, then the 

transfer function of the delay for time T  is:

-  s T
e

Hence the transfer function when the loop is closed with controller 

fraction k of the signal is:

Without the delay unit, from equation EA 4»5 (when f =0 ):

k k'
C . L . T .  F ( s )  = --------------------------------- * EA4.20

M s 2 + F s + k k ’

With the delay unit, using EA 4«4 for the trolley:

C . L . T . F .  ( s )  = —
■ I • - s T  k k e

,. 2 _ , /, -  s TM s  + F s  + k k e
e a  4.21

However, the required function is a delay combined with the control 

of equation EA 4.20, which would be:
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C . L . T . F. ( S )
k k ' e

M s2 +

-  s T

F s  + k k'
EA 4.22

As EA 4-21 cannot be put in the form EA 4*22, this is not a valid 

method of simulating the delay.
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Chapter 5

SOME CONSEQUENCES OP THE EXTENDED STRUCTURE OP THE CAVITY

5.1 Introduction

The cavity has "been shown to have properties of inertial mass.

This chapter discusses this in the context of the work of previous 

authors (described in section 2.4 of chapter 2) on the problem of the 

origin of inertial forces when a body is accelerated and the attempts 

which have been made to account for these forces in terms of induction 

from the total of the masses of the Universe. The main new idea in the 

system with inertial mass described in chapters 3 and. 4 is that the 

cavity is not a point particle but is both extended between its end 

reflectors and has radiation propagating back and forth within it.

Section 5*2 suggests that these properties account for a local mechanism 

for the formation of inertial forces in such a system.

Newton assumed an 'absolute1 space with respect to which forces 

are caused by acceleration and rotation. In this context one might 
consider velocities as being between clearly defined objects (for example, 

the relative velocities of massive bodies) but acceleration as being 

'absolute* (for example, the centrifugal acceleration arising from' 

forces x*jhich give the sun an oblate shape).' Attempts to rationalize this 

'absolute' acceleration as being relative to something started with 

Berkeley and Mach. The controversy over Mach's hypothesis (described in 

section 2.4(b) of chapter 2) has been debated at increasing levels of 
detail, from Berkeley arid Mach's initial linkingjin some way»of inertial 

forces to acceleration with respect to the fixed stars, to attempts to 

obtain integral solutions of Einstein's equation. The following section 

points out the importance to this debate of analysing the structure of
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the masses in which inertial forces are generated.

Part of the reason for this subject becoming controversial was 

that the problem, or terms used in the debate, were insufficiently 

clearly described. For example, Mach was unaware that gravitational 

potentials from distant stars have to be delayed potentials. Also, some 

theories have not included electromagnetism. Or again, when Sciama 

equates dynamic motions with relative kinematic motions of the Universe, 

he omits to include the process of accelerating (from, say, an inertial 

fr=ne to one in rotation) the Cosmos which some examples of this require.

Sectio®. 5*2 considers first the component stages of the sequence 

to accelerate the cavity,as described in chapter 3» in the context of 

explaining inertial effects in terms of local interactions.
Chapter 3 has considered in detail the actions at the end reflectors 

of the cavity while assuming the wave propagation between the reflectors 

does little other than act as a delay line. The second part of section

5.2 makes sose comments on what may happen to the rays as they pass 

between the reflectors (of the double noded cavity) due to gravitational 

and inertial-type fields. These comments are based on the key equation 

(in the version obtained by Einstein, it is equation E2.5 of chapter 2) 

which has been derived by several authors in different versions of the 

same form and in particular by Davidson (equation E2.17 of chapter 2), 
in terms of the metric potentials of General Relativity, for the integral 

effect of a Humber of masses moving past a test particle (this problem 
is basic to the Machian question of the effect of all masses in the 
Universe on a test particle). Section 5»2 suggests how the forces 

generated according to this equation may be physically formed as the 

radiation moves along ray paths within the cavity. Thus the inertial 

forces in the cavity derive from changes in the amplitude (or,equivalently, 
the frequency) of the wave as observed at each end of the cavity.
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Appendix A 5*1 gives an (approximate)quantitative analysis (for the 

case of a double-noded cavity) of these effects of the metric field on 

the rays in the cavity when it is held stationary in the frame in which 

the Sciama field is evaluated.

5.2 A new aspect on the Machian controversy

It is to he expected that not only the cavity hut also atomic 

particles have some extension. The work of Born and authors following 

him (described in section 2.3 of ohapter 2) had in mind the extension 

of the electron particle and they derive a system,like that of the 

cavity,which has the physically maximum possible rigidity. When an 

extended system is pushed by a force acting on 3. limited part of it 

then the maximum rate at which this effect can be communicated to the 

rest of the body is at the speed of light. The accelerating of the 

cavity by a force acting on the reflector f for example, is a compound

process involving the transmission of effects by the internal radiation.
One may distinguish two stages in the sequence of operations for 

accelerating the mechanism described in chapter 3» The initial movement 

of the first reflector of the cavity on which the force is applied is 

not that of a massive entity but is governed entirely by equations for 

the movements of radiation. The second stage is the delayed 'locking' 

into the next inertial condition to generate the next step of velocity 

(c.f. Pig. 3*3 of chapter 3)* This is a local operation resulting in a 

nett acceleration. Further, equation E3.31 of chapter 3 describes 

what is happening during the time of the first of these stages. This 

equation,in terms of F  which has the dimensions of momentum, is:

r  2 -1

F T , =
c 2

E 5 . 1
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This equation has the same form as that (rearranged) of Sciama (c.f. 
equation E2.9 of chapter 2) for the inertial force generated hy moving 
in the vector potential field and giving an inductive effect. This 
equation is:

3 t  F m
inertial

E5.2

These equations show how a'similar resultant effect is obtained from 

essentially different approaches. Equation E5 .I describes an electro

magnetic mechanism resulting from the forces from fields trapped locally 

within the cavity. Equation E5.2 describes a mechanism resulting from 
the forces due to a field extending from all distant matter to the test 

particle. An extension to having these two different approaches may be 

obtained by considering that the inertial forces are generated locally 

inside the cavity when it is pushed and the rays crossing the space 

inside the cavity depend upon the local null geodesics of this space. 

Hence one may summarize the sequence of physical interactions:

1. Matter and the initial and boundary conditions set up the geometry 

of space;

2. The metric determines the null geodesics throughout the Universe;

3. The cavity is a mechanism for detecting the local null geodesics;

4. The waves internal to the cavity create additional force on the end 
as its velocity is increased;

5. To accelerate such a cavity, an external force has to balance the 

internally generated, inertial, reactive, force.
The rest of this section will consider how the (local) movement 

of the rays in the extended cavity, observed in the rest frame of the 

cavity (or one end of it), may be accounted for in terms of an inertial- 

gravitational field and give rise to gravitational and inertial forces 

(which for the particular case of rotation, are centrifugal and



14 6
Coriolis forces) acting in the cavity.

Theories of the origin of inertial forces,up to and including
(8 2 )Sciama's , 1953, initial theory,do not specify what happens in their

( 2 0 )account of inertial forces on ray paths. However, Davidson , 1957» 

equates the components of the inertial field with components of the

space-time metric (from which the effect on ray paths may he derived)
(68)and McCrea , 1971, has suggested that inertial forces generated in

a rotating mass axe derived from a detection of the local null geodesics.

It is then of only secondary importance that the rays hy which the far

Universe is observed reach the mass along these same null geodesics.

The Maxwell-type ponderomotive equation of the scalar-vector field

investigated in the work of authors described in section 2.4(a) of

chapter 2, for each component (c.f. Equation E2.16 of chapter 2) is:

Linear motion 
acceleration term

Acceleration of 
free particle

i . k = 12,3

dV| _ aAj_ _ vk /d A L _ dAk\
d t  3x '  c d t  c \ d x k 3 x ‘ )

Centrifugal
term

Coriolis
term circuìar 

motion

where Cp and A  are the scalar and vector potentials formed by

integrating the delayed effect of all the mass sources and the products
kof the sources with their velocities. V is the velocity of the mass in 

which the forces described by this equation are being generated, with 

respect to the frame in which the scalar—vector field potentials have 

been evaluated.

In this equation, the first term on the right hand side, being the 

gradient of the scalar component of the potential field, is compounded
f

from two physical effects. Heavy local masses generating a permanent 

gravitational field give a gradient to the scalar potential. Secondly,
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if the frame in which the ( A > <£> ) field has been determined is such 
that different parts of it a r e  moving at different velocities,with 

respect to the frame in which the average of the distant masses is 

stationary, at the time of evaluating the potential from the integral, 

then there is a gradient of the Cp field due to this inertial term.

(this results from the velocity for the transformation of the components

of the four vector (as in the inertial frame) being different at
(8 2 )different positions, as expounded by Sciama , 1953 )• M  important 

example of this is the case of rotating co-ordinates,when this term 

accounts for centrifugal acceleration.

The second term on the right hand side is a function of A  which 

by definition is itself a function of the apparent velocity of the 

distant masses. If the frame in which the A  , ( f i field is evaluated is 

such that the whole frame has a (uniform) acceleration with respect to 

the distant masses, then the apparent velocity of the distant masses is 

varying and this terra contributes an inductive effect (for example, 

generating the inertial force when a mass is given a linear acceleration). 

Notice that in the case of rotation, because of the symmetry of the 

Universe about the rotating observer, there is no variation with time 
of the A field.

The third term is a type of addition of the effects of one 

movement onto another movement. It involves a velocity V within the 

frame which is already moving in a non-inertial fashion. Under conditions 

similar to those for the spatial derivative of the scalar field, <p , as 

described above for the first term, the spatial derivative of the vector 
field,A, (in the form of its curl) may be non-zero when the velocities 

of the distant Universe, seen from different positions in the frame 

being considered, vary with position such that there is a rotation term 

of this field. For the case of rotation, curl A is a vector parallel to



the axis of rotation. This term then gives the Coriolis acceleration
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which is perpendicular to the curl A  vector and the velocity y .
( 8 2 )Sciama , 1953» attributes the curving of light ray paths in a rotating 

frame to this term.
Equation E5.3 has been written (approximately) by Davidson (20)

1957» with.-q in place of the scalar (b and-CQ in place of the vector
2 44 ^

A  » where g and g are the components of the total metric tensor
U U U j

in the frame in which the previous A  , ( p field was evaluated. For
example (from Atwater f 1974-) the components of the metric in a
frame with acceleration Q with respect to the distant Universe (there
being no local gravitating masses) are (approximately, for small^ )0

assumed to be:IIcn

. til 

<

a c t

2
A =  -  c g -7 3 4 2

U

2 1!O'uIII< 0
3 4 3

2
C 1

<P =  -  g =^ 2 4 4 y
c

E5.4

7,2

and if these values are inserted in equation E5.3> there is an 
acceleration,of a free particle in this frame,of a (as is to be expected). 

This is an example of conditions of small variation from the Lorentz 
metric. The metric in the frame of the cavity, which is in general 
linearly accelerating and rotating in the inertial frame, has small 
fractional variations of its main diagonal elements and may have large 
fractional changes of its off-diagonal elements.

An indication of how this metric guides the rays crossing from one 
end of the cavity to the other, in the frame of the cavity with both 
ends of the cavity stationary in this frame, will now be given. The
g term (which has been related to (p) and hence the first term in 

4 4
equation E5.3 for the motion of particles) changing along the path of
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wave
emitted

wave
received

Permanent gravitational field gives a
variation of the q component

y UU

c .
Instantaneously this mirror has a 
transverse velocity relative to the 
other mirror, in the inertial frame.

Instantaneous movement of the cavity in the inertial frame, showing 
the change of frequency due to the permanent gravitational field and 
to the rotation giving different velocities to the two ends(measured in 
the inertial frame).

F i g  5.1 ( a)

wave is emitted at some time

U P
wave is received at a later time when the 
cavity has a different velocity relative to 
the.original inertial frame.

Rays in an accelerating frame of reference.

F i g  5 . 1  ( b )

f -

i  i
I
\ I

Rays in a rotating co-ordinate frame.

F i g  5 . 1 ( c )
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•the ray as it crosses the cavity, gives an apparent change of frenuency 
as received by the second end. This change may be caused, for example, 

by its moving to a different potential in a permanent gravitational 
field and/or by the observer having an instantaneous transverse velocity 
to the emitter,in the inertial frame, whose clock runs at a different 
rate (e.g. in rotation). Both these physical operations are represented 
by the same term in the effect on the ray as seen in the frame in which
A * is evaluated (indeed, in free orbit motion about a massive body
«V

these two effects cancel in the frame of the cavity). For the reflector 

mechanism described in chapter 3» this change of frequency (and amplitude) 

gives an extra force which is balanced by an external holding force to 

keep the cavity in this frame. Fig. 5»l(a) attempts to represent this; 

although, as explained above, the two effects are indistiguishable in the 

frame of the cavity. Appendix A 5*1 gives an analysis of the force 

generated in the cavity by this term, thus linking both the permanent 

gravitational field force and the inertial centrifugal force (in the 

case of rotation) in the cavity held in this frame, to this mechanism 

as the ray crosses the cavity. It accounts for the first term in the 

right hand side of equation E5«3 and gives a physical justification for

Davidson's relating to the q term'of the metric.
U

The effect of the time variation of g (which has been related 
to A and hence, for the time derivative, to the second term in equation 
E5.3 for the motion of particles) is to give a (type of Doppler) shift 
in the wavelength. As in the case above, there is a change between the 
frequency at the emitter and receiver but in this case it is due to a 
change of the metric (over the whole frame perhaps) in the time taken 
for the ray to cross the cavity. With respect to the distant Universe 
there is a change in velocity,in the direction of the ray, in the time 
taken for the ray to cross, due to the acceleration. The magnitude of 
the shift depends on the product of the rate of change and the time for
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the ray to cross the cavity. The frequency shift is in the opposite
sense for a ray travelling in the opposite direction. Pig. 5 .1 (b)
represents this effect of the time variation of g and the analysis

of appendix A 5*1»for the effect of a frequency shift on the balance of
forces at the second reflector of the cavity, applies here as well as to

the previous section. This accounts for the second term in the right
hand side of equation E5 . 3  and shows how the q component of the
metric may he linked by a physical process to the inertial force when
the cavity is linearly accelerated.

A curved path of motion of the frame of the cavity with respect to
the inertial frame, gives metric components g which vary with position

U  i
and may have a non-zero curl function for the field. For example, the

(2 0 )approximate metric for rotating co-ordinates quoted by Davidson , 1957» 
has:

4 i

-CD CD n-  y -  x 0c J > c E5 . 5

For a frame moving with a further velocity V in this field there is a
change of metric with time because the velocity carries the new frame
to different positions on the original frame. This variation with time
gives an effect analogous to that considered for the time variation of

9 above. Hence there is an additional frequency shift as the rays 
4 i

cross the cavity (the length of the cavity being orthogonal to the 
velocity V ). Furthermore, although there is some debate as to what is
the exact metric in a rotating frame, it has been shown (for example,

(2 )by Ashworth and Jennison , 197°) that the ray paths become curved in 
opposite directions for rays travelling in opposite directions, as 
shown in Fig. 5*l(c).
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Appendix to chapter 5

A 5*1 The forces generated in the cavity because of a difference in

metric potentials at the two ends

If the metric is not changing with time and a ray of frequency x> 1

at a position of metrio potential g moves to a position of metric

potential q ' , the frequency D observed at the second position will be
LU 2(3)given by (Atwater , 1974)*

^2 = 
V ,

LU EA 5.1

If the metric is changing with time (a description of the effect of 

the term requires this) the calculation is not so direct and the
/ox**

method, using a number of mathematical techniques, is described by Synge
(9 2) , I960. It is not in general possible to give a direct explicit 

equation for the ratio of frequencies in terms of the change of metric 

in the time for the ray to cross the cavity because an integration of the 

effect on the ray,following a null geodesic path,has to be performed.The 

details will not be given here,as mathematical rather than physical 

principles are used, but an indication of what is involved in Synge's 

method is as follows. He considers a rgy moving from the emitter to 

receiver (here,the ends of the cavity have no spatial coordinate velocity) 
and obtains an expression for the frequency shift in terms of the four- 

velocity difference between the emitter when the ray leaves and the 
receiver when the ray arrives. Being a four-vector it includes the effectts 

of both the spatial and time components. To evaluate this change in four- 

velocity it is necessary to integrate the equation describing the 

parallel transport of the velocity four-vector along the path of the ray. 

This equation describing the parallel transport is in terms of the

metric field
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Consider the double noded aavity being held in this frame in

which the metric has been evaluated and held by its second mirror (m^).

The radiation from the first mirror (rï̂ ) will reach m  ? and appear with

a frequency shift given by one of the methods above. Because m ^  does 
not move, the ray will return to reach III with the original frequency. 
Although there is no actual movement, the first mirror appears at ITÎ 
(because of the frequency shift) to be moving with velocityAv given by 
equation E3.2:

V;
V ,

-, A

1

1 -

A v

A v  
c -J

( say)

A v  _ ^ 2 ~ 1
c ~ f 2 * 1

The force required to hold this end of the cavity against the increase 

in radiation pressure is now calculated as if A  V of additional velocity 

were being given to this end of the cavity. Thus from equation E3.29 

of chapter 3*

A F
A vA

1 - A va

1
2

EA 5.3

where L is the (approximate) distance between the ends of the cavity.
An example of the application of this equation is when the cavity 

is held stationary in the frame of a massive body. The length of the 

cavity is held vertically in the field so that the potentials at its

ends may be written in terms of the standard expression for the
.. . (3)Schwartzchild solution about a single mass M  (ref. Atwater , 1974) s
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EA 5 .4
„ 2 M G

u u  1 -

2

where n is ike potential at radial position f and n is the

potential at radial position . G  is the gravitational constant. Prom

equation EA 5*1» when equation EA 5*4 is inserted in expression EA 5*3

for the single noded system.

A second example is that of the inertial force generated when 
the cavity has the metric of E5.4,which is changing with time. For 

this particularly simple (approximate) metric, the equations for the 

parallel transport of the velocity vector along the path of the ray 

(i.e. in the direction of the x-axis) are:

where D  is the constant of integrating the fourth equation. Having 

obtained the equations for the nidi geodesic of the ray moving in the

2 M G  1 1

2 M  G,  2 1
/cr\

M G  f E T EA 5-5»

or Force = (gravitational acceleration) x Mass.
( ¿ 9 )This result is comparable with that obtained by Jennison , 1979»

d V '  + q D V A = 0 
d M

d V 2 d V 3 d V ^ EA 5.6
d ¡d d id d / i

direction of the x axis, one may obtain the change in the four-velocity 

in time T  on transporting it along this geodesic:

A  V -  a T EA 5.7
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Using Synge's equation and the property of the ray th at Energy* c x 

Momentum, the fractional change in frequency is:

or

A  V Q T
C

2 a  T 
c

Substituting in equation EA 5*3 and using gives:

A F

EA 5.8

EA 5*9

or Inertial force = Mass x a
where Q is the linear acceleration of the cavity with respect to the

inertial frame
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A PRELIMINARY EXPERIMENT OH THE REFRACTION BY AN ELECTROSTATIC

FIELD OF R.F. AT A FREQUENCY SUGGESTED BY THE SIZE OF

BALL LIGHTNING

Part I - DESCRIPTION OF THE APPARATUS 

6.1 Introduction

The experiments of chapter 4 and the theory of chapter 3 have 

shown that electromagnetic waves trapped under certain conditions give 

rise to properties of rigidity and inertial mass. As usually understood, 

waves have to he reflected off a conducting material or, possibly, be 

internally reflected in a refracting medium. It would be of interest, 

however, to find a system of trapped electromagnetic waves which involved 

a mechanism that did not already have massive reflectors, but moved so 

that the radiation pressure on the reflectors was constant (so that a 

fixed number of half-wave standing waves was maintained between them).

The balancing of the radiation pressure caused by the waves on reflection 

requires a definite binding force and this would have to be obtained in 

some way. A possible example of a system of this type is the phenomenon 

of Ball lightning. Although this has the disadvantage that its rarity 

makes it effectively inaccessible to direct experiment, it may represent 

a case of electromagnetic waves trapped without any additional material 

agent.

The relavence of Ball lightning to the considerations made in the 

first part of this thesis has already been partly explained in section 

1.4 of chapter 1 and is further discussed in chapter 7 . The main

Chapter 6

reasons for



doing this experiment in an attempt to detect an effect which would

account for the phenomenon of Ball lightning (described in section 2.6
x (¿6)of chapter 2 ) are as follows. Jennison , 1973» has suggested that 

Ball lightning is an entirely electromagnetic structure which is 

stabilized in a closed system independently of the air. The size of the 

ball could be determined by the wavelength of the waves trapped within 

it (similar to the length between the reflectors in the experiment of 

chapter 4) but there would have to be some property of space (in the 

presence of an electrostatic field) whioh caused the waves of this 

wavelength to be trapped. The following experiment assumes that this 

property causes some refraction of the waves even at low energy densities. 

The emission of visible light is discussed in chapter 7»

The assumption of self-trapping by the fields to account for Ball 

lightning is quite radical but no previous explanation (some of which 

are indicated in section 2.6) has been fully acceptable. The essence of 

the mechanism suggested here is that it occurs for waves at a very 

specific frequency in an electrostatic field. It is the properties of 

the electromagnetic waves at this frequency which are being investigated 

in the following experiment.

The spatial extension of the lightning ball shows how a binding 

mechanism must be present about its circumference. Despite its size, the 

stepped movement of the ball (follotiing the analysis of chapter 3) would 

be in such small steps as not to be apparent to the observers in the 
reports that have been made of Ball lightning events.

To account for the stability of Ball lightning (according to a
(89)number of reports, of 1-5 sec. duration (ref. Singer , 1971)) and its 

average size, it is assumed that there is some mechanism operating around 

the enclosed energy. Without advocating a precise system, the energy may

be stored in an electromagnetic standing wave across the ball ( c.f.
(34)Oroide , 1977» P-422). The suggestion is made here that the,
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Fig. 19. Distribution of ball lightning diameters.

p . 6 6  of  " T h e  N a t u r e  o f  Ba l l  L i g h t n i n g "  
by S.  S i n g e r  ( P l e n u m  1971 ).

The results of surveys of Ball lightning diameters.
F i g  6.1
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s p e c t r u m  o f  i n p u t
s w e p t  u p w a r d s

The result of convolving the system response with the spectrum of 

the input signal.
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otherwise untrapped, waves are caught in some form of resonance which 

occurs in a strong electrostatic field (thunderstorm fields are described 

in section 2.6). Thus at a specific frequency the vacuum itself becomes 
resonant to electromagnetic waves under certain conditions of electro

static field. Although such a suggestion is quite radical, it has a 

parallel at much higher frequencies in the formation of electron-positron 

pairs in the presence of an atomJs electrostatic field.

The frequency at which the interaction between electromagnetic 

and electrostatic fields occurs is unknown and so a scan had to be made 

over the likely range of frequencies. The result of analysing collections

of reports by four different investigators of the size of the sphere of
(89)the lightning ball is presented in Pig.6.1 from Singer , 1971» This 

suggests that Ball lightning, most probably, has a diameter of 15-33 cm. 

If this is formed by a half-wave standing wave, the indication is that 

the phenomenon occurs at a frequency in the range 1000-450 M.Hz.

(assuming the refractive index is approximately unity).

The following experiment does not attempt to replicate the 

energies and energy densities occuring during a thunderstorm, but to 

look for the beginnings of a refractive effect which under more extreme 

conditions would become a full resonance. The electrostatic field was 

arranged to cover a volume of dimensions comparable with the size of 

Ball lightning, and of strength greater than about 300 k.V./m.

A major limiting factor in the result is that the convolution of 

the frequency spectrum of the r.f. signal used, with the frequency 

spectrum of the effect being looked for, gives a very narrow response 
line and only a very approximate estimate can be made of its frequency. 

The scan is likely to pass through the spectral line in a small fraction 
of a second.

Some of the main results of a number of previous experiments by 

other authors which have some relevance to the investigation for non
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linear electromagnetic fields are described in section 2.8 of chapter 2. 

They may be compared with the experiment of chapter 6, however, the 

experiment of chapter 6 differs in that it is investigating a possible 

resonance within a range of frequencies.

Part I of this chapter describes the instrumentation used for 

constructing a system that would be sensitive to only effects caused by 

a strong electrostatic field(using a system of alternating rapidly between 

the interferometer under test and a reference interferometer with no 

electrostatic field),frequency stepping in small steps to pick out the 

narrow resonance band being looked for, and correlating. Each part of 

the wideband (half octave) equipment is described under separate headings 

which include the interferometer, Van de Graaff electrostatic field 

generator, Perspex shutter for calibration, radio frequency circuits to 

generate the signal and switah it between interferometers, audio 

frequency circuits to correlate the detected signal with the switching 

and stepping control signals, and method of field estimation.

Part II first describes a run on the equipment using a simulation 

of the effect being looked for. It gives a description of the results of 

calibrating the equipment at each run using the oscillating Perspex 

shutter. The method of performing the experiment is described and the 

results for each run are given in section 6.19.

The experiment described in this chapter transmitted electromagnetic 

waves with wavelength varied over the range 30 to TO cm. (half wavelength

5-9 to 13 inch) through an electrostatic field (of the order 10 k.V./cm.) 
and looked for an effect with a frequency band small compared with the 

bandwidth of the generator. The sensitivity of the instrumentation 

was improved by comparing the signals from the interferometer with those 

from a duplicate interferometer with no electrostatic field, and using 

correlation and small (0.2 to 4.5 M.Hz. in 500 to 900 M.Hz.) stepping
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freouency techniques. The experiment was performed over three half 

octave hands of 450-600, 550-800 and 6OO-96O M.Hz. and these sweeps of 

frequency necessitated wideband apparatus. The frequency was scanned 

at about 5 k.Hz./sec. which, for the time constants of the instruments, 

would have allowed the detection of a resonance of the order of 0.4 k.Hz. 

bandwidth.

This experiment is reported as 'preliminary' because it is not 

known what configuration the waves may follow in the ball and hence 

the limited range of frequencies investigated cover only some of the 

possibilities. Also the electrostatic field required may be different 

from that used in the experiment.

6.2 The Experimental Technique

As it was required to detect an effect at one frequency over 

a range of frequencies, caused by the electrostatic field, the 

instrumentation was devised to cancel all changes due to other effects 

than those two being sought. The discrimination of a frequency 

effect (and discrimination against other effects) was obtained by 

stepping the frequency and detecting any change due to just this step. 

Also, all other effects in the system were cancelled by having two 

similar interferometers and balancing one against the other, the only 

difference being the electrostatic field and hence picking out just 

this one cause as being detected in the output.
The build-up of the complete detection system will now be 

considered in a series of instrumentation stages where the next stage 

contains the previous one.

The frequency response depends on both the space in the 

electrostatic field and the transmitting and recieving aerials and their
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Reference
System

Mixer- synchronous
detector switch

A simplified system diagram of the switching "between interferometers.
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Correlating the result of switching between systems.
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associated r.f. electronics which have some frequency characteristics.
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If this system had zero response except at the narrow hand of frequencies 

at which the phenomenon occurs, Pig. 6.2 indicates the output which 

is the convolution of the input signal spectrum as it is swept across 

the hand, with the line spectrum of the system (as the sweep was made 

upwards in frequency, the output is in reverse time sequence to the 

usual convolution equation).

Out  ( t )

o o

I n  ( f -  K t  ) ô ( f -  F ) d f

K t

E6.1

Where:
e

K  is the rate of scanning in frequency change per unit time.

Ô is the delta function.

Because this system has in fact considerable variation with 

freouency, the next instrumentation loop compared»at each frequency, 

the system response with a reference system (Fig. 6.3). If the systems 

were identical there would he no change in output (Fig. 6.4)» Because 

when multiplied hy the Clock pulse the reference output is made to 

cancel the system output, the smoothed output is zero if both systems 

give the same response. This output more closely approximates the 

condition postulated above as the reference system should only differ 

from the system at the frequency at which the r.f. interacts with the 

electrostatic field (there being no electrostatic field in the reference 
system).Multiplying by the clock pulse rectifies the alternated signal.

This technique means that the system is being analysed only 
half of every Clock pulse interval. Effectively, the result that would 

be obtained by a continuous analysis is multiplied by a square wave 

of zero and unity. If the response of the system is a pulse (for 

example that of Fig. 6.28), then depending on its duration compared
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with the Clock pulse time, the following conditions may he considered:
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i. System pulse time less than the clock time.

The pulse may fall in part or whole outside the time of the 

Clock pulse being on. Thus in part or whole it may he missed.

If it falls in the on half Clock cycle, and proceeds to the 

integrating filter, it is an impulse compared with the time constant 

of the filter. The response of the filter to an impulse of area h T  ,
P

where h is the pulse height andT is its duration, is:

O u t  p u t  ( t ) =
hT, -  t/

T * E6.2
T f

Where is the time constant of the filter.

ii. System pulse time long compared with clock time.

Consider the system pulse approximated hy a rectangular pulse 

extending over M  clock pulses (and synchronous with them). This may 

he analysed as the addition of two step functions (Fig. 6.5 ) each
, •  ( 5 1 )  Q \of which generates a sampled data with finite pulse width (Jury ,1958) 

response: -  => 1 /  ¿.

O u t  p u t  ( s)  =

-  s T / 2  
1 -  e V T f E6.3

1 -  e s ( s + V j  )
f

Where T is the time for the Clock pulse repetition. The inverse trans

form of E6.3 is now combined with that for a second step delayed hy time 

M T  (T( -b) is  a time delay h »shift »function such thatTi'hlf ( t )  is 

f ( t - b ) for (t - h] > 0  ) to give! - f m - D T / T f  - t / T
--------  ( e -  e f ) )

i e '  f -  1 ) t < M T
O u t  ( t )  = [ 1 - r f l ) ] h  ( n -

T/Tf T /2Tf 
h ( e -  e ) (1

- M T /
-  e

( e T/Tf - 1 )

Tf ) _ I t - ( M - i ) T ],
—  e Tf

1t > ! M - / T
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.Amplitude,(sin)

Frequency

-  F  +F
a) The single frequency component of the unmodulated wave,

M o d u l u s  o f  Amplitude

e t c

1 : .

' I I 1 , 1
1 , i - f  ; i »
I -F - f -F + f  i i 

- F - 2  f - F+2f  
F - 3 t  -  F + 3 f

e t c
Frequency

I »

• F- f  F+f I 
F - 2 f  F+2f I 

F - 3 f  F+3f

i») Each harmonio of the modulating square wave introduces an upper 

and lower line, displaced in frequency from the unmodulated 

frequency by its own frequency.

Fig.  6 . 6
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Where: E6.4

t =( n -  1 ) T + m T. n is' the number of the sampling period after
t = 0 and m  is the fraction of the final clock pulse being

(51)completed. Fig. 6.5 indicates the form of this result (.Jury , 1958)*

An additional effect of amplitude modulating the r.f. by the 

square wave, is to multiply it by a set of harmonic components of 
2

amplitudes , and frequencies nf  where f is the frequency of the

clock pulse. Each harmonic produces a spectral line displaced from 

the original c.w. frequency F by its frequency (Fig. 6.6), and of 

amplitude given in the equation:

A sin (2i7F)  t 1/  + 1  — s i n  ( 2 - j r n f )  t
_ 2 n n 17

E6.5

n =1 , 2 , 3  e t c

A A
= -  s i n (  2 -77F)  t -  ( c o s ( F - n f ) 2 r i t  - c o s ( F  + n f ) 2 n t  ) 

2 n n -ir

In the experiment, this gives only a very small broadening of the 

spectral line from the r.f. generator.

In order to detect only an effect varying rapidly with freauency, 
a further loop of instrumentation was added round the above system which

stepped the frequency rapidly back and forth. The resulting signal 

was multiplied by the square pulse stepping the frequency (derived by 

dividing down the clock pulse) to give the same effect as in the 

previous loop described by Fig. 6.4« The loop is summarized in Fig.

6.7» where the multiplier output is a measure of the amplitude of the 

combined system output because the amplitude of the other input and 

relative phase are constant. The generator frequency was scanned while 

being stepped and the resulting output may be considered.in two 

regions.
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i. The bandwidth of the pulse being looked for is less than the 

step in frequency.

The frequency stepping effectively scans the whole of the pulse 

band in its upper switch and gives an output the same as a single 

frequency scan. Then it scans the pulse band in its lower switch and 

the output, being multiplied by the switching pulse of opposite 

polarity, is an inverted amplitude of the previous scan (Fig. 6.29). 

Thus there is a characteristic double pulse on the output under these 
conditions (Jennison^ ,1966).

ii. The change of response with frequency is slow compared with the 
step in frequency.

From E6.1, the output at time t and t +A, where A  is the time 

the scan takes to change frequency by the amount the stepping changes 

the frequency, are known and the difference is:

O u t ( t - A )  = O u t ( s )  ( 1  - e
-  s A

t r a n s f o r m
O u t ( s )  ( 1  -  ( 1 -  s A*  • •) )

-  ( O u t p u t  c h a n g e (s ) ) «  s O u t  ( s ) E6.6

and the rate of change of output in time A  is approximately the 

differential of the output with no stepping.

Thus, for example, at a resonance with Q , mid-frequency f 
and half power bandwidth A f  , the output changes 3 db for a step of

frequency:

Frequency
step

3db

f
7 E6.7

2 2 Q

The final unit of the overall instrumentation was an output 

filter which fed the signal to the chart recorder. This was a single
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stage differentiator followed "by a single stage integrator both of 

adjustable time constants. The differentiator (like the freauency 

stepping considered above) attenuated slowly varying fluctuations 

below its break frequency, leaving pulses caused.by a more rapid 

change with frequency. The integrator (time constant less than that 

of the pen recorder) reduced wideband noise, further smoothed the 

output from the correlator, and reduced the amplitude of the expected 

signal as considered above.

A perfect system would now give a constant output except at the 

resonance being looked for. Imperfections give the following which 

may be considered:
r

i. Imperfect balancing of the System and the Reference System 

(especially a resonance on one side, e.g. an aerial) as the frequency 

is swept over the range. This gives both quite rapid changes at 

wideband resonances and slow changes over the band.

ii. Wideband noise at the input of the first amplifier after the 

detector,and random noise throughout the system. This noise,including 

drifts, is reduced by the correlation which picks out only one exact 

set of harmonic frequencies ( c.f.section 4*3(a)and 4.2(b))lf the pulse 

being looked for is shorter than the clock pulse time, the signal/noise 

in this band of frequencies is much the same as at the input to the 

mixer, as the correlation only reduces the noise/signal of lower_ 
frequencies.

6.3 The Apparatus
Fig. 6.8 is a simplified representation of the apparatus for 

each interferometer centred round the air path between the aerials.

The details of each main part are considered in separate pections 

following, including the alternation between the two transmitting
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aerials.

The apparatus was basically a double interferometer. Each 

interferometer consisting of a reference signal passing along a coaxial 

cable interfering in the Mixer with a signal transmitted through the 

space of the room. The signal was switched between the blank side 

and the measuring side which, for different runs, either had or did 

not have an electrostatic field, generated by two Van de Graaff 

generators,across it. The wave frequency was swept through about half 

an octave in 14 hours for each run and the physical arrangement of 

all the parts was made as nearly identical as possible as between 

the two interferometers? so that although each side changed its response 

considerably with frequency, the difference signal remained small.

The measurement was made both directly, as above, and also 

with an overall frequency stepping which could be switched in as 

indicated by the da,shed lines in the diagram.

The apparatus was run in a room 30 ft. by 42 ft. by 10.5 ft. 

high with metal conduits and fluorescent lamps symmetrically above 

each interferometer. All the electronics except the aerials,preamplifier, 

and mixer were kept behind the aluminium sheet ( 9 ft. by 8 ft. high ) 

supporting the transmitting aerials. The cables to the receiving unit 

were arranged along the floor at the centre between the two 

interferometers.

6.4 The Interferometer

The waves were transmitted from two broadband conical dipoles 

5 ft. 2 ins. apart. Each aerial was supported horizontally at the end 

of an adjustable Baiun at an adjustable distance which could be set 

at about quarter wavelength from the plane aluminium sheet.The Baiun 
is an outer co-axial waveguide shorted from the aerial so that



173

' / 
' /
\ /

The adjustable biconical aerial and baltm.

F i g .  6 . 9

Pour ray paths (a)-(d) between the transmitter end 

receiver.

F i g .  6 . 1 0



174

the standing wave formed in it prevents any waves tra,velling "back on 

the outside of the cable. The centre frequency of the aerial resonance 

could be adjusted by attaching the required size of cone (made of 

Baco-foil) to the machined brass cups at the boss. This length for a 

conical aerial is nearer ̂  than^/^. The Baiun was an aluminium tube 

co-axial with the cable to the dipole, itself encased in a supporting 

brass tube, with an adjustable piston plunger shorting the outer tube 

and the cable sheath at the required distance from the end (Pig. 6.9). 

The cable to the aerial was connected directly to the Polyskop analyser

which measures the v.s.w.j*. over a range of frequencies and the cone 

length and distance from the reflector were adjusted to give a broad 

band resonance at the required frequencies (small v.s.w.r.). The 
aerials were matched so that the response of both interferometers 

was approximately the same.

The receiving aerial was a similar conical dipole supported at 
the end of a Baiun tube. Behind the receiving aerial was a parasitic 

reflector of adjustable length and distance from the aerial. The aerial 

was connected to the Polyskop and adjusted to give the required 

wideband characteristic (it was found that without a reflector behind 

it, the aerial had a narrower bandwidth. The reflector gave staggered 

tuning at a different frequency to that of the conical dipole). This 

aerial was mounted on a wooden mechanical aerial positioner driven 
in the horizontal plane by two 6 V. reversable motors giving a movement 

across the beams of 2 ft. and in the direction of the beams of 18 ins. 

This enabled the receiving aerial to be positioned the same wave 

distance from each transmitting aerial and to equilize the wave paths 

in each arm of the interferometer. At a number of spot frequencies 

over the range being measured, the output signal was reduced to an 

average minimum by moving the aerial so that the signals in the mixer
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were all in phase. This was only an approximate position over the range 

because the reflectors behind the aerials gave wavepaths of differertt 

w~ve distance to that of the main wave (Fig. 6.10).

The receiving aerial was surrounded on four sides by 6 ft. by 
6 ft. panels of Microsorb material to reduce the waves reflected back 
from objects in the room which might cause an imbalance between the 
interferometers(Photo 4)» Of importance are the points of specular 
reflection between transmitter and receiver from the ceiling and this 
was screened by two squares of Microsorb above and to the front of 
the transmitting aerials. The Microsorb is panels of Plessey material 
type AFP 18 Broad band absorber reflecting less than 1 % incident 
power over the range 0.4 - 75 G.Hz. A good match to free space ia 
obtained by the use of a tapered profile in the form of pyramids and 
losses are introduced by carbon loading the low density expanded 
material.

Between the transmitter and receiver were arranged two Van de 

Graaff electrostatic generators and on the reference system side a 

second pair of dummy generators of cardboard tubes and 10 in. diameter 

metal spheres with 18 in. spheres above them connected by wires to 

earth (Fig. 6.11).

In front of the transmitter in the measuring interferometer was 

a Perspex shutter which modulated the r.f. wave passing to the receiver 

and was used to calibrate the system.(Photo 5)*

There was a curtain of vertical wires 0.75 ins. apart connected 
to earth, between the Van de Graaff generators and the transmitting 
aerials. This acted as a ground plane to the static field produced by 
the generators while allowing the cross-polarized r.f. to pass through.

The six Baco-foil cones for each frequency band were made 

uniformly on a solid conical metal former with slight ring cuts 

machined at closely spaced intervals along its length in which the
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The oircuit which stepped the frequency "being generated, showing 

the transformer which isolated the unit.
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foil was cut to length with a razor.

6.5 The r.f. Generator

The U.H.P. radio waves in the range 250-960 M.Hz. were supplied 

from a General Radio (G.R.) 1209-C Oscillator powered by a G.R. 1264-A 

Power supply. This supplies up to 160 m.W. power into a 50 ohm load.

The power from this generator was controlled electronically by 

a valve control unit (Pig. 6.12) which connected into the Modulator 

control (JlOl) of the Oscillator (if the standard G.R. 1263 Power 

supply had been available it would have performed this function). This 

controls the voltage to the anode of the GEY 1266 valve by a control 

signal w.r.t. ground. Also, a l60pif. electrolytic capacitor was added 

across pins 15 and 16 and the filament heated by a separate d.c. supply 

to reduce mains hum.

Preliminary attempts to step the frequency by a small amount 

were made by mechanically vibrating (square wave) a plate (2 sq. cm.) 

near the Butterfly tuning circuit of the Colpitts oscillator in the 

G.R. generator, driven by the Vibrator transducer of chapter 4* This 

stepped the frequency, unreliably by too small a step, with a slow 

ringing change of the mechanical system. The final circuit, which 

worked well, switched in and out a small additional capacitance by 

replacing the frequency adjusting tab on the tuning circuit which 

parallels the Butterfly capacitor, by a similar tag of wire near the 

valve grid in series with a diode (IN916) which was switched on and 

off by a current from a 'floating' control amplifier (Pig. 6.14). The 

circuit had to be d.c. isolated because the oscillator runs at high 

voltage. It was also r.f. decoupled by lead through capacitors for 

the wires to this unit. The amount of the frequency step at different 

points of the scan was measured with the Spectrum Analyser (Hewlett-
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The dependence of the size flf the step in frequency on the frequency.
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Buffer circuit following the diode detector which monitored the power
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Packard 8551B) and is plotted in Pig. 6.15* The signal to the input of 

this circuit came from the Switching circuit of section 6.9«

The mechanical dial which is normally used to set the freauency 

was removed and a drive from a gear train mounted on the front panel, 

so that a coupling was made to the tuning shaft. The gear train was 

that supplied with the Monoperm-super-5-Pol 6 V. d.c. motors and a 

gear box constructed in Meccano, which had adjustable ratios of 4*1»

1:1,1:2, and 1:3. The gears were driven by a reversable mains powered 

synchronous motor type RQR of Drayton Controls, Ltd, running at 1.05 

rev. per min. The drive from the gear box was through a 2 ft. length 

of Puch speedometer cable to isolate motor vibrations from the G.R.
rgenerator. There was some backlash in the gears but once the gears 

were turning, there was a smooth turn of the shaft.

6.6 R.f. power control servo

Some of the signal from the G.R. generator was detected by a 874- 

VQ, T junction incorporating a 1N238 Sylvania diode. This signal went 

to the buffer circuit of Pig. 6.16 with an PET preventing volts getting 

back onto the detector diode.An Avometer monitored the detector voltage 

to indicate the r.m.s. voltage of the signal detected by the diode.

The experiment w^s run with a level of 0.6 V. maintained by the servo.
The integrator on the output mainly determined the frequency response 
of the servo loop.

Then the signal went through the three term controller of chapter 

4 followed by an inverter to give negative feedback. Only the k 

control was adjusted to give maximum gain without introducing oscillation. 

The frequency dependent terms were not used. The output was monitored 

by the oscilloscope and by one of the channels of the overload indicator
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This signal went to the power control circuit of Fig. 6.12 which 

has a biasing voltage supplied from a power supply to give a suitable 

quiescent voltage on the grid. Thus the control loop is completed with 

negative feedback.

The level at which the power was to be controlled was set by the 

d.c. bias controls of the controller which compares the signal from 

the detector with that on the bias control. The additional voltage 

added by the power supply in the valve circuit was 6 V. which enabled 

the - 15 V. from the controller to give the suitable range of bias on 

the valve. Also the waveguide-below-cutoff piston attenuator on the 

G.R. generator had to be moved slightly from being fully in, until a
r

suitable range of output power was obtained.

There was a tendency for mains hum due to voltages in the G.R. 

generator, to be amplified round the control loop. Sufficient 

integration was added to the output of circuit Fig. 6.16 and input 

of Fig. 6.12, to reduce control above mains frequency and control slow 

variations.

6.7 R.f. Circuits

The power from the generator was divided between the Alternator 

and the reference signal line of the mixer.

The Alternator (Fig. 6.18) led the r.f. power through a buffer 

circuit with 100 ohm d.c. output load, to a pair of diodes which were 

switched on alternately by a current from the high impedance source 

to direct the power into the low impedance cable. The control signals 

were h.f. decoupled from allowing r.f. back along the wires by decoupling 

capacitors. The power was led out from the diodes through capacitors 

to the cables feeding the transmitting aerials. Sufficient signal was 

required to turn the diode on and reverse bias it off. This was supplied
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The amplifier generating large voltage control signals to switch the 
diodes of Pig. 6.18.

Fig. 6.19
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The radio frequency mixer-detector circuit.
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from a valve circuit (Fig. 6.19 ). The buffer transistor was required 

to minimise the switching signal to the diodes also going hack along

189

the cable to the generator and hence to the reference input of the 

mixer. The Alternator circuit was switched by large voltage signals 

from the valve circuit. This was coupled by 2jIf capacitors forming 

a sufficiently long time constant not to distort the 1 k.Hz. square 

switching waveform. This waveform was improved by the positive feedback 

on this bistable circuit. The input to this circuit was also r.f. 

decoupled by lead-through capacitors. The whole of.this unit and its 

power supnly were screened with Baco-foil. The Clock pulse generator 

supplied pulses in phase and anti-phase to the two inputs to this 

circuit.

The mixer-detector of Fig. 6.20 feeds the received signal to a

Germanium diode (GEX 66) which is switched on and off by the reference

signal. The reference signal was typically of r.m.s. amplitude 0.5 V.

at the diode. Hence the mixing was a modulation of the main signal by

the switching of the reference signal. The result is a component twice
the original frequency which averages to zero and a component of zero

frenuency which measures the amplitude of the main signal and compares

its phase with that of the reference signal. If the main signal is

A  S i n  C o t  and the reference signal switches the diode on at time

sec. (phase lag of 9 ) at the same frequency, the result of

multiplying them for a cycle of the reference signal and integrating
is: n  +  0

"  CO

A s i n c o t d t  = 2_A c o s  9
co

(it was not found practicable to amplify the main signal sufficiently 

that it could be clipped to have constant amplitude, and give a mixer 

output depending only on the phase).
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Thus the correlation of these functions over a length of time is a 

measure of the product A C OS Q . The phase of the main signal at the 

mixer depends on its path through the air gap. If a refractive material 

of thickness L is inserted the phase change will he (Jenkins »1957):

P h a s e  change  = ( R I  -  1 ) r a d i a n s  ^ * 9
c

Where:

L is the thickness of material of refractive index R.I. and GO 

is the frequency of the radiation.

Q could he changed either hy inserting a refractive material 

or hy moving the position of the aerial. In general hoth these 

operations will also change the amplitude A  of the main signal received.

Because of the minimum voltage required to switch on a Germanium 

diode, a forward biasing current was added. The smoothed output went 

to a high input impedance, low noise amplifier (TBA 231, which has 

approximately 10 times less noise than the 741 in this frequency range) 

of gain 10. Drift was reduced hy decoupling the stages. It is at this 

point that minimum noise should he added to the received signal. The 

output then went, hy a length of cable, to another unit giving gain 

of 100 just before the Multiplier input. A signal from a signal generator 

at 2 k.Hz. was fed into the input and increased until it was the same 

amplitude as the wideband noise monitored on the output of the amplifier. 

This indicated 0.2 m.V., r.m.s. noise at the amplifier input.

For the runs at the top end of the r.f. range it was found necessary 
to boost the signal from the receiver aerial with a wideband 

preamplifier (Fig. 6.2l). The frequency response was measured on the 

Polyskop II (Rohde and Schwarz, type SWOB BN 4245/50) and the exact 

position of the earthing plate and wire on the output were adjusted 

to give the flattest response. The final result was not flat and is 

indicated in Fig. 6.17- The gain at the top of the range was useful,
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M a i n
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The signals going to the correlator, showing the stepping due to 
alternating "between interferometers (rapid) and stepping the freouency 
( siow).

F i g  6 . 2 2

Fig 6.23
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and where it drops "below unity the rest of the system has rapid 

increase in signal transfer. The Noise Figure is the Noise Factor 

expressed in db, where the Noise Factor is the input signal-to-noise 

power ratio divided by the output signal-to-noise ratio. The Noise 

Figure was measured for the r.f. amplifier and was 7 d b.

The r.f. input impedance of the .Alternator, Mixer, and 

preamplifier were adjusted as near to matching the 50 °hm cables as 
possible by connecting the input to the Polyskop and adjusting the 

matching resistors to give a minimum v.s.w.r. Some raissmatch remained, 

giving resonances in a cable of length L at a frequency spacing ofj

A f  = E6.10
3 Lcab

For a cable with Velocity Factor of -y. (c.f. Fig. 6.33 L
5 r e f . c oa x

= 5-8 m . )

6.8 A.f. Circuits

The overall system of a.f. amplifiers started at the low noise 

amplifier on the output of the Mixer. The signal then went to a 100 

times amplifier whose output went to a switched attenuator of x 1 or 
x 0.1 (the lower gain was required when the stepped frequency was 
running). This signal was fed to the input of the Multiplier with a 

voltage swing of the order of volts. It consisted of square waves of 

freauency equal to the Alternator clock frequency and also stepped 

according to the 31 Hz. frequency stepping (Fig. 6.22 is a typical 

waveform). The Multiplier (Fig. 6.13) performed a similar function to 

the correlator of section 4«3» The input signals were adjusted to a 

suitable bias and gain. The other input to the Multiplier being the 

Clock pulse reference signal from the switching circuit, amplified by 

about 6x to give an amplitude ¿10 V. at the test point. The circuit 

uses an I.C. Multiplier (Analogue Devices AD 533) which contains a
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transconductance multiplying element. Trimming "biases to the Multiplier 

had "been adjusted to give minimum feedthrough of one input with the other 

zero. The device multiplies in four quadrants. The signals were thus 

multiplied and integrated with a time constant of 0.1 to 0.01 sec.

(the filter following also integrated). There were test points as 

indicated on the diagram.

This is a correlation as in section 4 »3(a) if the squabe waves 

are considered as a set of harmonic components, the square waves "being 

in phase. When the frequency stepping was running, the reference signal 

had already been multiplied by the frequency stepping pulse, so the 

multiplier correlated both instrumentation loops simultaneously.
r

The main signal amplitude at the multiplier input test point, 

and the output from the Multiplier, went to an overload indicator 

(Fig. 6.24). It has three sets of pairs of 741 comparators which were 

tripped if the input swung more than the amount set on the potentiometers. 

The logic then set a flip-flop which lit an indicator light...Once 

tripped, this light remained on until the reset button was operated.

The logic also operated a monostable whose output was OR with the 

overload signal to operate a relay. The relay was operated either fcrr 

one second after a transient overload (the monostable) or by a continuous 

overload. Thus the relay was only operated while the overload was on 

(and one second after). The relay operated an event recorder on the 

chart recorder and the indicator light once triggered indicated at the 

end of the run, which channel had overloaded. It was a useful unit and 

operated steadilly even if the overloads were caused at 30 Hz. The 

third channel of this unit monitored the output of the controller in 

the power level servo(section 6.6).

The output filter was two sequential units of RC differentiator 

and integrator circuits each followed by buffer amplifiers, giving a



combined transfer function:

1 9 6

T . F  ( s)
1

-  1 + S

S R 2C 2 
Li ♦ s R2c2.

E6.11

Where :
R C is the integration time constant.

1 1
R C  is the differentiation time constant.2 2

Which has the break frequency asymptotes of Pig. 6.23 and is a simple

hand pass filter. When looking at only one frequency for the calibration

with the oscillating Perspex shutter, the time constants were brought

nearer together as indicated by the dashed lines on the diagram. When

running the search experiment, the frequencies were:

R C = 0 - 0 5  s e c .  f = 3-4 Hz.
1 1 b r eak

R C = 2 0  s ec .  f = 0 - 0 0 8  Hz .  E6 . 1 2
2 2 b r e a k

The output was monitored on the scope and went to the Chart 

Recorder (Vitatron, type UR 400/M). The connection was made through 

a 8.2 k.ohm resistor and 2 integrating capacitor to reduce voltage 

spikes from the recorder motor returning to the electronics. There 

was a switched attenuator giving factors of:

Nominal ' 1 m.V. to 10 m.V.' factor of 1.96 

Nominal ' 100 m.V. to 1 V.' factor of 6.5O

There was also a x 1 or x 5 potentiometer at the recorder input. These 
odd values occur because the original recorder (J.J. Instruments 

Recorder CR 500) was unreliable and replaced by the above unit with 

the same sensitivities. The recorder is driven by a synchronous motor 

through a variable gear change including 2 cm./min. and 0.25 cm./min.
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6 . 9  The switching circuit
The Clock pulse signal to switch the .Alternator was supplied hy 

a Feedback Variable Phase Function generator, type TOG 500 running at 

just over 1 k.Hz. (adjusted to avoid any beats with the mains 

freouency). The 10 V. square wave (and anti-phase output) went to the 

Driving circuit (Fig. 6.19) and the 2 V. output (no phase change in 

the generator) went to the Switching circuit. The mark-space ratio of 

the signal from the generator was 1 :1 and there was no need to divide 

by two to improve on this.

The input to the Switching circuit (Fig. 6 . 2 5 )  went to a Schmitt 

trigger circuit (7413) which went to a binary --32 circuit (7493 

& 7474) with an optional further 4- 2 (not used). Thus the output was 
a^30 Hz. square wave which went to an Exclusive OR gate (7486) with 

the original freouency from the trigger, to give an output which was 

an inversion of the clock pulse every alternation of the 30 Hz. pulse. 

This signal went to the Multiplier. The 30 Hz. wave also went to an 

amplifier giving an output for the frequency stepping circuit of 

Fig. 6.14» There was a test point on this line which could be used to 

trigger the oscilloscope in synchronisation with the frequency stepping 

pulse.

If the apparatus was being run in normal mode without the second 

instrumentation loop, the logic divider circuit could be switched to 

Reset so that the signal to the Multiplier was the direct clock pulse.

6.10 The Van de Graaff generators

The electrostatic generators were Griffin and George type 

L81-280 with 17 in. of Perspex insulating column support between upper 

sphere of 10 in. diameter and lower conductors. The units were modified 

as follows. As supplied, there was a Perspex lower belt drive and a 

Polythene upper idler. On one generator the Perspex was run on the



upper position end. a Teflon cylinder made to replace the Polythene 

roller . This gave a positive charge accumulation on the upper sphere 

for the generator with a Teflon lower roller. The other generator 

normally collected negative charge on top, although this was somewhat 

unreliable after the belts had been changed and the weather was warm.

Spun aluminium spheres of 18 ins. diameter were mounted above 

the original 10 in. spheres to give greater operating area for the 

static field.
The machines are specified to collect up to 5 /i-coulomb of charge, 

at full speed a current of 20 ¡1 .amp. and in ideal, dry, dust free 

conditions, obtain a 12 cm. spark between the sphere and another sphere. 

It was thus found necessary to run at a lower field to avoid sparking 

and this was controlled by adjusting point discharge wires connected 

to earth and set at suitable distances from the spheres (36 in. and 

19 in.)
The first method of operation tried was to set the power to the 

motors so that,before charging;the motors would run, but when charged 

the static forces produced enough torque to stop the motor. However, 

this gave uneven continuity of voltage on the spheres (depending on 

the amount of charge on the belts) and the method finally used was 

to run the motors with sufficient power to be always running and 

move the discharging points.

An infra-red lamp was mounted above the units to direct a warm 

beam over the volume of the generators and a 100 W. lamp was run 

beneath to reduce condensation in the air between the generators.

6.11 The Perspex Shutter

Between the main interferometer transmitting aerial and the 

wire curtain was a shutter of two sheets of Perspex 90 cm. wide by
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60 cm. high running vertically in plastic guides and supported hy a 

cord over a pulley the lower end being turned by a 6 V. motor and 

reversing switch. The shutter oscillated at 0.2 Hz. On the transmitter 

side of the shutter was a third fixed sheet of sufficient height to 

always cover the other sheets as they moved, making the first reflecting 

surface fixed.

The three sheets are close together with 1.5 cm. outer-to-outer 

surface and thickness of each sheet 0.3 cm. M y  wave which is 

multiply reflected between them will have little effect (compared with 

the directly transmitted beam) on the phase of the combined wave 

because it is small in amplitude and extra phase shift.

The combined thickness (0.6 cm.) of the two moving sheets, by 

equation E6»9> gives a phase change for refractive index approximately

1.5» of:
-11

P h a s e  c h a n g e  = 10 f E6 . 1 3

Where f is the frequency of the raxliation.

Prom Appendix A6.1 it is shown that in theory, if the two sheets 
are equally spaced with 0.3 cm. air gap, the change in transmitted 

amplitude when the two further sheets are ad.ded, is 0.046. It is surmised 

that most of the reflected wave was reflected back again by the Aluminium 

sheet and still reached the receiver. The Perspex absorbs some power 

which may account for most of the l/l20 amplitude change by the shutter 

as measured by the radio receiver in section 6.13.

Also there will be some diffraction of waves around the shutter 

but the amplitude of these is small compared with the main signal.

It may be noted that as the power in the wave is proportional to 

the souare of the field amplitude:

P = k A 2
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The trace on the chart recorder as the aerial was swept in position

through the field. _______
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d P  = 2 k A d A

d P d A
P “ A

E6.14

for small fractional changes in the field.

Thus the combined effect of the shutter at the mixer-detector 
(from E6.8) is:

O u t p u t  c h a n g e  

A

c o s ô - ( 1 - O - O O 8 3 ) c o s ( 0 - l Ô n f )
E6.15

This gives a maximum value of output change due to only a phase shift 
(c.f. E6.20), when Q is:

d ( O u t p u t )
= A S i n  Q which is maximum if E6.16

d 6
e E6.17

6.12 Positioning of the receiving aerial

The receiving aerial was swept in position over a distance of 

41 cm. towards the transmitting aerials. The differentiator was not 

included in the output filter and a typical result, at 586 M.Hz., is 

given in Pig. 6.26. Apart from some change in amplitude, the main 
effect is a variation of phase Q in the equation E6.8. The aerial is 

swept over the position for which the reference and main signals take 

the same time, so that Q =0 and cos0=»l. This gives a maximum, and 

the other extreme is when 0  * 17 , giving a maximum of opposite polarity 

(this can just be seen on Pig. 6.26).

To make the system less susceptible to frequency variation, the 

aerial was positioned on this maximum where the path times are the 

same for all frequencies (in practice, an average of this position
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over the range of frequencies because of the different ray paths,

Pig. 6.10). It may be noted that from equation E6.16, the position of 

Q =0 corresponds to the least sensitivity to change of phase. Hence 

there is a compromise between being frequency insensitive and being 

phase sensitive.

This measurement is also a measure of the sensitivity of the 

system as it varies from detecting an average zero of the main r.f. 

signal to a maximum of a half-wave rectification of the main signal.

Thus the amplitude of the Chart recorder sweep corresponds to 2 x 50 % 

modulation of the r.f. wave.

This measurement was made for each of the final experiment runs.

It is a check on the sensitivity measurement made with the Perspex 

shutter.

6.13 The bandwidth of the aerial

The conical aerial described in section 6.4 set at the end of a 

Baiun, was set at a distance from the reflecting sheet such that it was 

stagger tuned, to further increase its bandwidth. The Baiun is tuned 

but,as measurements were made over half an octave at a time, the 

imbalance at each end was tolerated. The impedance of the conical aeriil 

and Baiun at the end of its co-axial cable was measured in a separate 

experiment,using the slotted line technique, with the grounding plane 

placed the same distance as was set for one of the final experiments.
The measurement was not very accurate as the slotted line had some 

mechanical variability. The result showed that,at its resonance, the 

aerial was resistive and matched to the cable. A wide bandwidth was 

indicated by the plot on the Smith chart of its impedance at different 

frequencies staying near the centre.
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6.14 Method of measuring, approximately,the radio-frequency field

An Eddystone receiver, type S990S, set at one M.Hz. bandwidth,

was calibrated at 520 M.Hz. by a signal generator of known (variable)
-5power over a range of input levels from 10 - 1 f l .W. The r.f. and i.f.

gains being adjusted each time to give a mid-scale reading. The result 

was plotted as calibration lines and a check made at 805 M.Hz., using 

the Spectrum Analyser, which agreed within 4 db.

The field was measured by placing a dipole, attached to a co-axial 

timing stub, between the spheres of the Van de Graaff generator, when 

the length of dipole and stub had been timed to the measurement frequency. 

The signal collected was fed to the tuned receiver and measured against
rthe above calibration. The field strength was calculated by the equation:

1 *6 \2 E 2Power = ------------- ------- watt E6.18
U n 12On

where E  is the field in Volts/m.

It was determined that the receiver meter reads in proportion 

to field strength and,with the Perspex shutter running, it was just 

possible to measure a variation of about l/l20 in field strength 

caused by the shutter movement.

The 3 db. bandwidth of the signal in the G.R. generator was 

measured on the Spectrum Analyser and was less than 1 k.Hz. at 500 M.

Hz. (the minimum bandwidth measurable by the Analyser).

6.15 Method of measuring the electrostatic field

The voltage on the Van de Graaff generators was measured by a 

detector consisting of a 16 cm. diameter disc of Aluminium^with 

alternate quadrants removed,and fixed to a small motor so that it could 

be spun in front of a fixed single quadrant. This latter toas electrically 

isolated and connected by a co-axial cable to the 1 M.ohm. input at the
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Soale plan of the relative positions of the 
>- field detector and the equivalent charges generating the

field of the Van de Graaff geaerators.
Fig 6.27
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oscilloscope. Thus the quadrant picked up a chopped voltage measure of 
the field. For low signals ("below 0.05 V.), the mains hum also picked 
up had to he compensated for.

The instrument was calibrated by connecting a single Van de Graaff 
generator to a known voltage supply. With 60 k.V. connected to the 
sphere, a series of readings was taken over distances from 2 to 5 ft. 
Plotted on log-log paper of signal versus distance to the centre of the 
sphere, a straight line of gradient -2 was obtained except for distances 
less than 2.5 ft. This was extrapolated to 5*75 ft. from where the 
measurements of the generator under its o\m power were made.

A detector signal was measured at a fixed distance of 3*25 ft. 
for a range of values of the sphere voltage of 10-80 k.V., giving a 
straight line as expected. Hence a calibration graph was obtained for 
which typically, a signal of 0.16 V. corresponded to 210 k.V.

The theory of the field around the spheres and screening curtain 
(shown in a scaled diagram in Fig. 6.27) is given in Appendix AS.2.

This relates the potential,V ,as measured by the detector assuming an 
inverse square law, to the field between the spheres for the condition 
that they have equal and opposite voltage, as:

E = 8 . 7  V*” Max, between spheres. E6.19

where the detector is at a position to the dipole corresponding to

0 ~  50°, and T =5.75 ft.
In practice the detector was used in this position to measure 

the field which was mostly determined by the voltage of the sphere on 

the side nearest to the detector. The detector was also used in an 
approximately corresponding position on the other side to measure the 

field that was mostly determined by the voltage on the sphere on that 

side. These measurements gave an indication of the actual relative 
voltages on the two spheres (the calculation of Appendix A6.2 assumes



that they are either the same or one sphere is earthed). These 

measurements were only intended as order-of-magnitude estimates.

At the end of each of the final experiments, this measurement 
was made of the Van de Graaff voltages.
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Part II - OPERATION OF TKS EQUIPMENT AND THE 

RESULTS OBTAINED

Chapter 6

Note

The second part of this chapter has been set under a heading of 

its own to make clear that the results of the experiment are to he found 

here. Section 6.16 presents the graphical result of finding a resonance 

using, however, a metal cavity as an analogue of the resonance looked 

for in the main experiment. Section 6.17 presents the important results 

of calibrating the sensitivity of the equipment and so indicating the 

smallest signal that could be detected in each run. Sections 6.18 and 

6.19 tabulate the frequency ranges and field amplitudes occuring in each 

run and tabulate the final results.

6.16 Experiment to simulate the resonance being looked for

To demonstrate the operation of the instrumentation, the outputs 

from the Alternator were connected through -20 db. attenuators to a 

T junction at the input of the Mixer, by cables of the sene length as 

the reference cable, thus replacing the aerial system by direct cables. 

To simulate the narrow spectral response of the phenomenon being looked 

for, a brass cylindrical resonant cavity with current loop input and 

output across one end, was connected in series with one of the cables 

from the Alternator. The co-axial cavity was 8.5 cm. long by 3 cm. 

diameter with a 1 cm. diameter adjustable central conductor (it may be 

said to differ from the rig for Ball lightning in that very little 

power was transmitted across it except at resonance. However, it 

simulated a variation at resonance). The transfer function of the 

cavity was measured on the Polyskop and had a 3 db. bandwidth of about



Recorder traces obtained in the simulation run with no frequency 
stepping, showing the resonant peak.



Recorder traces obtained in the simulation run with frequency stepping, 
showing th© double peak as the frequency went through the resonance.

[ ' F i g .  6 . 2 9 i  {
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1.5 M.Hz. at 810 M.Hz. giving a Q a* 56 O . (Hence in E6.7,step^^=0.75MHz) 

The instrumentation was run normally over 820-860 M.Hz., with 

and without the cavity except that the scanning speed was faster at 

4:1 gears setting and the recorder speed correspondingly increased to 

1 cm./ min. (the Filter differentiator time constant was reduced "by 

10 times).

Fig. 6.28 gives the result without the second instrumentation 
loop (no frequency stepping), with and without the cavity. It shows 

the expected pulse over the resonant frequency.

Fig. 6.29 gives the result with the frequency stepping, with and 

without the cavity. It shows the characteristic double pulse which 

has just been resolved into separate pulses with this value of Q and 

amplitude of the frequency step (2.6 M.Hz.).

The cavity transfered no power out of resonance and -10 db 

transfer at the peak of resonance.

6.17 Calibration

The sensitivity of the instrumentation could be adjusted at the 

following points:

i. A xl or x 0.1 attenuator on the main signal input to the Multiplier.

ii. The gain at the main signal input to the Multiplier.

iii. At the Chart recorder-

a) By one of three switched attenuations (section 6.8).

b) By xl or x 5 at the recorder input.

The method of calibration was to run the Perspex shutter with 

the output filter adjusted for the one frequency (Fig. 6.23), and set 

the above g^ins to give a suitable amplitude over the frequency band.

The scan was made in 100 min. with the gear box stepping up 4:1» and 

the recorder running at 2 cm./ min.



Overall sensitivity calibration - RUN 1
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I' Sensitivity
(Ratio x 10  ̂ )
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700 Frequency 8 0 0
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Fig 6.30(a)



Overall sensitivity calibration - RUN 2
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Fig 6.30(b)
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Overall sensitivity calibration - RUN 3

log scale
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Frequency M.Hz.
Fig 6.30(c)
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Overall sensitivity calibration - RUN 5
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The instrument sensitivity was increased a known amount by the 

above controls. The amplitudes of the recorded calibration trace at a 

number of frequencies over the record, were measured and multiplied by 

the above increase in gain for the final measurement. This was 

multiplied by a further 120 to give the output signal that would be 

caused by 100 c/o r.f. amplitude modulation. It was assumed that the 

major effect of the shutter given by eouation E6.15» was a change of 

amplitude unless 9  approaches 90°when the amplitude of the detected 

signal has become small :

d ( 0  ) <9(0) 

a A
d A  + <9( 0 )

a e
d 9

= ( c o s  0 ) d A + ( A s i n 0 ) d 0  E6 . 2 0

Where:
0  = O u t p u t  oC A C O S  9  from 26,8

The result for each Run is plotted in a series of Pigs. 6.30, 

where there is a factor of 108 to go with the amplitude scale. The 

d-shed line at lxlO8 is the level above which a change of lslO8 of the 

field amplitude could be detected.

It may be assumed that a signal of about 1 cm. could be 

distinguished above the noise on the final charts for the single 

instrumentation loop measurements. Hence the reciprocal of the reading 

on Pigs. 6.30 is the fraction of full amplitude modulation which would 

cause a fluctuation that could just be detected.

Usually the gain for the stepped frequency measurements was 

reduced by 0.1 but the resulting trace was finer and allowed a smaller 

fluctuation to be recognised, this gave an effective reduction in 

sensitivity of about 0.3.
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6.18 The Experiments! Method

Before the calibration run the aerial distances and Van de Graaff 

positions had been adjusted to balance the interferometers as far as 

possible to reduce the amplitude of the main signal stepping at the 

clock freouency, over the band of frequencies being analysed. The 

Baiuns were checked by earthing each side of the dipole in turn which 

should give the same effect on the impedance,as measured on the Polyskop.

The gain on the reference signal to the Multiplier was set at 

maximum. For each experiment, the output filter was set with the time 

constants given in section 6.8, and after a trial run, the gain at the 

recorder and Multiplier inputs set to suitable values. The reference 

signal to the Multiplier was monitored on the oscilloscope while the 

'scope was triggered by mains frequency. The Clock pulse generator 

frequency was adjusted to give lack of synchronisation with mains hum.

The average scanning rate is given in the Run records of Fig.

6.31. and this determines-

i. For the frequency stepping experiment, to resolve both peaks

(assumed very narrow) of the double pulse, the frequency scan 

in time equal to the recorder settling time (about 0.2 sec.) 

should be less than the step in frequency.

ii. If the bandwidth of the signal generator is B k.Hz., and
the M  / /scan rate / -j- M. Hz. /min., the time to scan the

sc
convolution of an impulse with the G.R. spectrum is:

E6.21
•r • X p B  6 0T i m e  = —^ ---------  m . s e c .

M

which is the duration of the pulse being looked for.

iii.As observed in section 6.2, the frequency step should be 

greater than the bandwidth of the pulse to be detected if 

both peaks of the double pulse are to be resolved.
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Electrostatic fields -

Run

k.V. on isolated Van de 
Graaff sphere generating 
same field at detector as 
was measured (approx the 
actual k.V. in experiment)

Outer Inner Case

Total

y,
k

field at 

.V./m.

Field normal 
to r.f. path

k.V./m.
1 - 1 5 0 +120 2 944 905

( 3 - 161 11 )
2 -120 +120 2 840 804

( 3 143 1 0  )
3 -190 +120 2 1084 1039

( 3 185 13 )
4 +200 0 1 584 565

5 0 +120 1 350 339

The r.f. fields and detected signals -

Run
From To 
M.Hz. M.Hz.

Amp. by 
Aerial 
scan, 

cm.

Gain
reductior 

' for F.S.

Av. scan 
rate 
Hz./ 

sec.

r.f.
pre
amp

Max.
r.f.
field
m.V./m.

Frequency
Band

1 680 96O 2.5 * 1 03 0.1 5.6 In 9 0
r 1

2 680 960 2.5 O.O69 5.6 In 9 J
3 55O 800 1.6 " 0.5 5.0 In 10 - 2
4 550 800 0.73 " 0.1 5.0 Out 20 I
5 450 600 5.3 " 0.042 3.0 Out 25 3

When going from the N.F.S. measurements to the P.S. measurements, the 
instrumentation gain was reduced hy the factor in the column headed 
'Gain reduction for F.S.*.

Tabulation of the results, showing the conditions for each Run.

Fig 6.31
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The recorder ran at 0.25 cm./ min. and the gear box stepped down by 
1:2. The recorder and scanning motor were set running at the starting 
frequency on the G.R. generator, in the evening and stopped at the 
finishing G.R. frequency about 14 hours later the following morning.
After each experiment the overload lights were checked and the Van de 
Graaff voltages measured.

Each Run,for the same setting of the aerials, consisted of:
i. A calibration measurement.

ii. A measurement with no frequency stepping and no electrostatic 

field.

iii. Three or four measurements with the electrostatic field and no
r

frequency stepping.
iv. A measurement with frequency stepping and no electrostatic field.

v. Three or four measurements with frequency stepping and electrostatic 
field.

A summary of the record sheets for these is given in Pig. 6.31. The 
resulting traces were numbered and given an indication of frequencies 
by numbering off from an elastic ruler which had been calibrated from 
measures on the G.R. dial and stretched to cover the band on the Chart 
paper.

For the first three Runs, the electrostatic voltage was assumed 
to be of polarity as recorded in Pig. 6.31 and indeed started this way 
when measured at the beginning. The fact that occasional sparks crossed 
between generators tends to confirm this, but later runs after the 
belts had been changed, make it possible that the polarity changed 
overnight. For later Runs, only one generator was at voltage. The value 

of the electrostatic field over the measurements of a Run is only 
intended as an indication of the approximate value as this unregulated 
unit was not steady.
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Example of traces showing a possible pulse (without the frequency-
stepping)

F i g  6 . 3 2



—  I

.. i

Example of traces showing a possible double pulse (with frequency-
stepping) .
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RUN 1 M.Hz. 
N.F.S.

880

F.S.

795
940

RUN 2 
N.P.S.

None
P.S.

8l8

770
850

880

905

RUN 3 
N.P.S.

578
P.S.

590
605

730

Chart Nos.

6(a),6(h),4 Very small peaks.

8,10(a),10(h) 
8,10(a),10(h)

Suspicion of overloading, 
blank trace not good.

ft

18,19 A step, not a pulse.
17(a),17(h)

If

If

1«

26,27,28,29 A good result

39.38.33
39.33 
33,38,39

Appear to he single pulses 
Double pulses.
Appear to he single pulses.

The results of looking for pulses on the chart recorder traces.

Fig. 6.34(a)
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M.Hz. Chart Nos.

580 4 3 ,50(no e/s) Noisy

620 48,49
720 49 Suggestion of pulse on 

No.46(no e/s)
765 48 Very small double pulse.

RUN 5
N.P.S.

P.S.

470

583

495

54,55,56,65,66,68 Gould fee from the instrument. 
54>55»56,6 5,66,68 Profeafely on 67 (no e/s) also.

58,59»61 Not clear that the pulses

do not occur on the no e/s 
trace also.

The results of looking for pulses on the chart recorder traces 

(continued).

F i g .  6.34(b)
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Comments
Run 1.

This Run still had instrumentation deficiencies. In particular 
the overload indicator was not used for some of the first measurements 
of this Run, making the P.S. trace of limited use, and the blank F.S 

chart poor.
Run 2.

All P.S. pulses appearing on the same two traces (the same paper 
used twice with different colour of ink).

Run 3-
The N.F.S. pulses are consistent enough to require an explanation 

but are not confirmed by Run 4> which indeed has a possible pulse on 
the no electrostatic (e/s) trace.
Run 4.

A higher noise level on the traces.

Run 5*
Noisy traces about the 510 M.Hz. region on N.P.S.

Comments on the chart recorder traces for each Run.

Fi g .  6 . 3 5
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The amplitude by aerial scan, is the size of trace that would 

by-'extrapol ation have been obtained on the final measurement without 

freauency stepping trace, when the aerial was scanned in position to 

give Q = 0 to 180* It indicates the sensitivity to full modulation of 

the r.f. x-mve.

6.19 Results
The abbreviations N.F.S. for ’no frequency stepping’ and F.S. 

for ’freauency stepping* will be used to distinguish the measurements 

made with only the first instrumentation loop from those with the 

complete instrumentation.

The charts were accumulated in Run batches and then spread out 

next each other for simliar conditions to compare those with and without 

the electrostatic field.
Fig. 6.32 is an example of a section of the chart N.F.S. from 

Run 1. It shows a pulse (labelled A) occuring with the electrostatic 

field but not without it (the noise level on the charts for later Runs 

IJ.F.S, was greater).

Fig. 6.33 is an example of a section of the chart F.S. It shows 

a pulse (which should be doubled on the alternate side of the trace) 

occuring with the electrostatic field and not without it. It also shows 

a double pulse occuring on both traces. This latter happened a number of 

times during the Runs and is assumed to be either a U.H.F. transmitter 

or, possibly, mode switching in the G.R. generator.

A summary of each Run is given in Fig. 6.34. which records, in 
general, for each Run when a pulse occurs on two or more charts at 
the same approximate frequency, with the electrostatic (e/s) field 
and none without the e/s field. Comments are given in Fig. 6.35*

It seems strange that a number of pulses occur on F.S. but not



on N.F.S. which has at least ten times more sensitivity. Also the PS.
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pulses often lack a double.

6.20 Conclusion

There are a number of causes of random pulses including sparking

of the Van de Graaff and mains noise.

The probability of a chance coincidence of pulses on two or more

traces may be obtained by considering the traces as issuing from n

separate records running in parallel. Given that a pulse occurs on

record 1, the probability of a pulse occuring on any of the other

records in time A T  may be obtained by summing the Poisson distribution
*

for the remaining traces (in this case, the same distribution over

n-1 records ). The probability of a pulse on at least one of the
(19)

n-1 records within time A T  is (Cox and Miller , 1965);
- p A T

Pr o b  = ( 1 -  e ) E6.22

Where p is the rate occurance for the combined distribution and is 

(n-l) times the estimated rate of pulses for each run obtained by 

counting the pulses on the charts and dividing by the time. ' -

Por the case of the N.P.S. charts in Run 3» there were estimated 

72 random pulses on 4 charts. Thus the average combined rate of 
occurance for 3 charts is:

o c c u r a n c e  r a t e  = 3 7 2
U Tsc

Where T is the time of recording. Then:sc &

p A T  = 7 8 A T w h e r e
T.

A T  _ _ L  
T 1 2 0sc

is the resolution of the recording. Prom equation E6.22, the probability 

of coincidence^ within AT, on two charts is O.36.
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It m^y be observed that there were pulses on all four traces. 

The probability of this is the probability of it occuring for each of 

the (n-l) records simultaneously:

3
P r o b  = ( 0 - 3 6 )  = 0 - 0 4 7  E6 .2 3

c o i n
Equation E6.21 gives the time duration of the pulse looked for. 

If this is short compared with the output filter time constant T,f
the pulse will be attenuated according to E6.2 by:

T B 6 0  x 10r  3

M T
E6.24

f
Which is equivalent to a reduction of sensitivity (Fig. 6.34) by this

t
factor.

A main criticism is the instability of the Van de Graaff generator. 

These were not as well constructed as could have been obtained (the 

particle accelerator Van de Graaff units are stable to 1:1000). If 

the resonant freouency looked for varies with the electrostatic field 

amplitude, the resonance could be at very different frequencies for 

each measurement.

The fastest scanning rate (Fig. 6.31) was 5»6 k . H z . /  sec. and 

assuming the G.R. generator bandwidth was 0.1 of the 1 k.Hz. which was 

the minimum that could be measured on the analyser, the time for the 

pulse was, say, 0.018 sec. (the sidebands due to the stepping, E6.5 » 

would give repeated pulses at diminishing amplitudes at 0.l8 sec. 

intervals). The break frequency of the Chart recorder was 2 Hz., 

corresponding to a time constant of 80 m.sec. Thus the pulse being 

looked for was attenuated in amplitude according to equations E6.2 

and E6.4 (Fig. 6.5 ) by:
t / t
e f T/2Tf

J / T f
( I p , = 0 - 1 1

T
f

E6.25

1
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Where :

T  = 18 m.sec
P

T = 1 m.sec

This has heen calculated assuming a single break frequency of the

output filter. In fact, on going to higher frequencies, there will he

more and more breaks 3d.ded for each component of the system, giving far

greater attenuation of pulses composed of higher frequencies.

The conclusion to this preliminary experiment is as follows. The

investigation was performed over the range of frequencies 450-930 M.Hz.,

such that a change of amplitude or phase of the received signal, caused

by the presence of the electrostatic field,would have been detected if

it was such as to constitute a change of at least one part in 10^ to
£

10 (the more exact values for each frequency are given in the charts of

Fig 6.30) in the amplitude or a change of phase of at least 0.045 radians

(l0 radians if the phase of the reference signal approaches at the

extreme end of the scan in frequency). The amplitude of the signal passing

through the electrostatic field was of the order 10 m.V./m.(the more exact

values are tabulated in Fig. 6.31) and corresponds to a change of field

amplitude of about 10^iV./m. as giving the minimum detectable signal.

The sensitivity to change of phase depended on the phase of the received

signal compared with the reference signal. It was arranged that these

were in phase about the centre of the band being scanned. The phase change 
_2of about 10 radians caused by the shutter has appreciably less effect

than the change of amplitude caused by the shutter, except near the 
T7.

U =* ' 2 condition. The above figure of 0.045 radians constitutes a

maximum when G =0. The corresponding figure is less as G increases.

Over the length of the electrostatic field, which was about 50 cm.,

this change of 0.045 radians corresponds to a change in refractive index 

(equation E6.4) of 0.0086. Because of this sensitivity to change of 

phase, the results of moving the position of the aerial (given in Fig.



6.31) is a check that a complete reversal of the phase is the same as 

reversing the amplitude. These results (within a factor 2) conform 

that the result of the aerial movement agrees with the result of the 

sensitivity measurements.
This conclusion, however, assumes that the full effect of any 

change is not attenuated by the response time"of the instruments. There 
was a lower break frequency of 0.008 Hz. and an upper break frequency of 
3.4 Hz. Output pulses are not much attenuated if they are at least O.I> 
sec. long.As the scanning rate was about 5 k.Hz./sec.(given more exactly 
in Fig. 6.3l)» this requires the bandwidth of the convolution of the 
effect being looked for with the frequencies generated in the transmitter 
to be about 0.5 k.Hz. The first side-line of broadening of the continuous 
wave from the generator (with bandwidth less than one k.Hz.) would be at 
one k.Hz. spacing, due to the square wave amplitude modulation at 1 K.Hz. 
Outside this range the output would have been attenuated according to 
equations E6.24 and E6.25*

The electrostatic field across the beam was of the order of 10 

k.V./cm. (given in more detail in Fig. 6.31) but,although the instrument 
which measured this at the beginning and end of the run was accurate to 

20%, the fluctuations during the run were greater than this.

Fig. 6.34 tabulates those charts on which pulses appeared with the 
electrostatic field present but did not appear when the electrostatic 
field was not present. The result which appears by both methods of 
measuring was at about 5^0 M.Hz. in Run 3 but this did not give clear 
double pulses in the frequency stepping mode. None of the results were 
conclusive enough to prompt an immediate follow-up by a more detailed 
scan over a limited range and time did not permit a general further 
investigation.

230
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V

A ) The apparent impedance on moving hack a distance D in material 

of characteristic impedance Tj .

h) The seouence of alternate layers of Perspex and air.

F i g  A 6.1
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r. E Al i ( J ) ;r •: ;„!»(?) ;
TC 1 , 1 3  r = r c « D ;
1 C 2 , 1 3  : = h  T \ b  :  

TC 1 , - 1 3  : = P E A c ;  
1 C 2 , - 1 ]  : = PEAD;
Y D C 1 , 1  3 : = R E A D;
Y u C2, 1  3 :  =  R E M  ;
Y D C 1 ,  - 1  3 : = R c « D  
Y u C 2 , - 1  3 :  = REA*>

S S : = 1 ;

’ FOR ’ 0  : = 1 ’ S T E P
’ B EGI N 1
T 1 C1 3 : = 1C 1 ,  S S3 r
T 1 C 23 : = TC 2  ̂3 S3 9
YC 13 : = Y IC1 , S S 1
Y C 2 3 : = Y LCZ ,  S S3 #

• T F ’ o = 2 ’ TH EN 1
• E L S E ’ ’ I F ’ Q = NL

1 ’ U N T I L * NL ’ DC

•THf-.w’ T - ü ï V  LL
• E L S E *  ’ GOTO’ L P ;
L L  : ’ PEG I N ’
SU E ( X , Y , F  A ) ;
A l >D(X , Y  -NA) ;
DI  V ( F A , N A - P ) ;
N A C13 : = P C 1 3 ;
M A C 2 3 : = - P C 2 3 ;
MIJL3 ( F  A ,P - NA)  ;
PC 1 3 : = S CRT (N AL 1 3 ) ;
N E W L. IN E ;
PR T N T S T E I N P C ^ F  RACTION R E F L E C T E D  AT SURFA. CE>) ;  
PR I N I  (O , 2 , - j )  ;

NEWLINE ;
P I I I s T ( p C 1 3 , L , 5 ) ;
N E W L I N E ;
■END’ ;
LP  :
’ I  F ’ Q = NL ’ T H E N ’ ’ GOTO’ LO;

M U L 7 ( Y  - J,F A ) ;
MU L T ( N  f  - T 1 , N  A) ;
A L l H Z . N Î , "  A) ;
M U L T ( Z , J,N A ) ;
M U L T ( N A ,  1 1 - P ) ;
A ï» î> ( P ,  Y ,N A ) ;
D I  V ( N A , N A , P ) ; 
r u L  1 ( P -  Y - X ) ;
PR I M T Ï  X) ;
LQ :

Z C 1 3 : = X C 1 3 ;
7 C 2 3 : = X C 2 3 ;
s s :  = s s  *  ( - 1  ) ;
’ c. N D ’ ;

• h N D ’ ; 
’ E N L ’ ;

The programme to compute the impedances to the waves for one layer 

of Perspex and the sequence,of layers of Pig. A6.l(b).

F i g  A 6 . 2
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• -  [  r  t : "
' T * T - - 1 ,: * *, L ;

L L O'I I  N h U ï  ! : ) ;i.L : = Rl A l ;

* f  E C T N"
' I N T E G E R ’ G ,  S S ;
■ARRAY • X , Y / J / P / Z / T 1 A ,  H A ,  S C1 : 2 3 , T  r  Y D T 1

■° ROCE D I R E '  A D D ! N ^ N i , R ) ;
•VALUE*  N ,  ;
•ARRAY* N .  M - R ;
* 5 F G T. N '
r.r n :  = N m + f * n  D;
R C 2 D : = N r Z 3 + K C 2 3 ;
' E N ? '  P R G C A ü O;

, - 1 : 1 3 ;

• P R C C E M R E *  S U P f N ^ i ^ - R )  ;  •VALUE' N .M ;
•ARRAY’ N ,  tt ,  R ;'BEGIN'
R C 1 3 : = N C 1 3 - r C 1  3 ;  
R C 2 3 : = N C 2 3 - t f T 2 3 ;
•END'  PROCSUE;

•PROOEOLRE’ R’ U L T ( N ,  M ,  R ) ; 
• V A L UE '  N - K ;
•ARRAY’ N , N , R ;' 3 r GIN '
p f 1 3 :  = (NC13*NC 1 3 ) - Î N C 2 3 * M C 2 3 ) ;  
RC 2 3 : = ( NC13 * K T 2 3 >  + ! N . M 3 * N C 2 3 ) ; 
• F N L '  PF.OCMULT;

•PRO C: i M F . E '  CI  V ! N„ N , R) ;
' V Al UE ' fi ,  A" ;
•AR R AY ’ N _ M _ R ;•BEGIN'
• R E M . ' X . Y ;
X :  = NC13 " 2  + f*C 23
Y :  = ( r C 1 D * N [ 1 3 )  - KNC23+NC21)  ;
RC 1 3 :  = Y / X ;

Y :  = ! N C ? 3 * N C 1 3 )  - ! N C 1 3 * N , C23) ; 
RC 23 : = Y / X ;
• E N D ’  P RO CD I V ;

’ P R O C E L I R E ’  RE A D D ( B ) ;  
' A  P R A Y ’  E ;'3 EG ir •
3 ri3:=PB't ;
3 C 2 3 : = R E A E ;
• £ R r ’ P FC C P E . « D D ;

’ PROCEDI  E; E ’ P K IN T  T ( C ) ; 'VALUE' G ;
' A P P A Y ’ ( ;
' B E G I N  ’
NE VL  I N E ;
PP J I . T f S T F l N G  ! < R  E AL 
P R I N T ! CC13 ,C' ,5 ) ;  
N F W L I N E ü í Z Í  ;
P T T N T S T F J. N G ( < I  N A G I N  A P. Y 
P R I N K  C m  , 0  , 5  ) ;
N E W L T r E ;
• I N ' j '  P RG CP ° I N;  V i  ;

>) ; 

>);

F i g  A 6 . 2  ( cont i n u e d  )
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Appendix to chapter 6

A6.1 The Perspex shutter
This vías alternate layers of air and material of refractive index 

approximately 1 .5 * The fraction of radiation reflected at the "boundary 

depends on the apparent impedance looking into the boundary. Thus, 

starting with the final surface looking into air from Perspex, the 

impedance is transformed a known phase angle moving hack in the material 

of known refractive index. This calculation is repeated for each of the 

three layers of Perspex and the two layers of air, using the general 

equation for each layer (Fig. A6.l(a))j

T) + j T) t a n  0 D
T] = 7) ---------- ---------- EA 6.1

y T)  ̂ + j j ]  t a n  $  D

where:
2-rrR = / and X  is the wavelength in the material of thickness D  .

H X d d
7) is the characteristic impedance of the previous medium.
1 z

T )  is the characteristic impedance of the layer being considered.

7] is the characteristic impedance seen from the next boundary.
x

For the system being considered, the impedance of air is 377 ohms, 

for Perspex approximately 251 ohms, and the thickness of all layers is 

0.3 cm. t o n  j0 D and is 0.055 for the Perspex and O.O38 for the air 

at 600 M.Hz.

In general, the fraction of amplitude reflected back into the air 

at a boundary of impedance 7) , is:

Fraction
Reflected V +  *1 .x mr M o d u l u s

EA 6.2

The computor program of Fig. A6.2 was written to evaluate



equation EA 6.1 for successive layers as in Pig. A6.l(b), by iterating
the calculated 7) back into the equation as 7] for the next layer.x z
The program was written in Algol as it was part of the training for 
another program on another project (Fortran would normally be used for 
complex numbers). For the second and sixth boundaries equation EA 6.2 
was evaluated to give the fractional reflection for the two conditions 
of the shutter system as it oscillated. The results were:
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I  *  vr it it it -¿it it itit* it it ¿it it it-a a

7! -1
f REAL 3 . 7 5 6 7 7 a 2

V 2 1 L IMA GIN ARY -1 . 7 2 21  33 1
FRACTION REFLECTED AT 

2 . 2 9 S 5 0 3  - 2
su

P -1r REAL 3 . 7 4 - 2 8 3 3 2
L i m a g i n a r y >1  «7034-83 1

P -Jf REAL 3 «7 015  73 2
V  A 1l IMAGINARY - 3 . 3 4 6 3  OD 1

-  J f REAL 3 . 6 7 6 9  S O 2
* 5  1[ IMAGINARY - 3  -2 7 ItSlQ 1

P -J
r REAL 3 . 6 1 2 S 93 2
l IMAGINARY - 4 . 7 7 0 4 - 8 3 1

EA 6.3

f r a c t i o n  r e f l e c t e d  a t  s u r f a c e  
6 . 7 9 0 3 3 3  - 2I ☆ vc ☆ ☆ V; ☆ ☆ it *?t •>% v* r > /: i: ix 

'£'k'k'£'kmk'k'?t'k'k'k'k •kis -ki? & i; £

Hence the change of fractional amplitude between one sheet of 
Perspex and the three of Fig. A6.1 is 0.068-0.023 3 0.045» This is 
discussed further in section 6.11.

A6.2 The electrostatic field round the two spheres
It is shown in the textbook (Smythe ̂ ^ , 1950)» that if two 

spheres of radii d and distance between centres, b are at 
potentials 1 and 0 (connected to earth)-volts, these equipotential 
surfaces may be formed by replacing the spheres with a set of ’image* 
charges which are the multiple reflection of the first charge between
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The distribution of point charges producing the same field as the
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the spheres. Thus Fig. P 6.3 indicates the charges and their positions
237

to create a potential of 1 volt on the surface of sphere 1 and of 0 

volt on the surface of sphere 2. The magnitudes and positions of 

successive charges are given by:

-  a

t b -
n - 1

EA 6.4

X a

( b - x , )' n - 1 '

where the n*’*1 image charge, □ , is a distance X from the centre ofn n
r

the sphere in which it is the reflection.

If these are evaluated for the condition a 3 22.9 cm. and 

b ■ 85.7 cm. :

n x n ( cms. )  q“ n
0 0 .0 0 0

1 6 . 1 1 9 -  0 .2 6 7  q“ 0
2 6 .5 9 0 + 0 .0 7 6 9  q o
3 6 .6 2 9 -  0 .0 2 2 2  q
4 6 .6 3 2 + 0 .0 0 6 4 4  q o e a

? 6 .6 3 2 - 0 .0 0 18 7  q 0
6 6 .6 3 2 + 0 .0 0 0 5 4 2  q

Totals - ( 1  + 0 . 0 8 3 9 ) q o -  0 .2 9 1  q - q
0 T 1

As the image charges form two groups, they are approximated by two

charges, - q and q , as shown in Pig. A 6.3»
T1 T 2

For the case in which the second sphere is connected to earth

(Case l), the charge-q ̂  is brought by induction from ground. Therefore

the set of charges to generate the required potentials are q ,-q and
. ” T1

+ q . The field which these charges generate (evaluated by the inverse
T2

square law applied to each charge) at a position 177 cm., (the approximate
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distance of the detector in the experiment) from the centre of sphere 1 

and on the line of the centres of the spheres and to the left, is:

r 1 ~ 1 0.0 8 3 9 0 . 2 9 1  '
.  1 y  7 2

1rsiLf)
00 2 5 7 2 .

. U T7 €
3 x 1 0 E A 6.6

If only the charge q at the centre of sphere 1 were present:
n o

E =
_ L  n  €

3.2 x 1 0
- 5

EA 6.7

The fractional difference between E and E is:

Fractional £  - £
Difference r-

0.07. EA 6.8

Thus (as this position of the detector is not much different from that 

in the experiment), within the approximate estimate which was intended 

in this measurement, the effect of the combined charges is not much 

different from that of the single charge on the nearest sphere by 

itself (this may be used as an approximate check in the results).

If the second sphere has an equal and opposite charge (Case 2) or 

equal charge of the same polarity (Case 3), the same calculation is 

made as for equations EA 6.4 for reverse positions of the spheres and 

subtracted (Case 2) or added (Case 3)« This is indicated for case 2 in 
the lower part of Fig. A 6.3* .Again, the charges are grouped together 

and each group represented approximately by a single charge at eaoh 

position shown in the figure.
Thus, the approximate distribution of point charges for each 

case is:

Case 1 - + q +0.0839 q -0.291 q

o o o +
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N P : - PE f\J>: -number of positions at which field evaluated
BEG-1 N'
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Y R [ N1 : -  RE A ï  ; vYR T w i : = RE A J> ; r positions of detectors 
' J
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'aeGiw
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’END * ;
' e n d * ;
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The programme to compute the electrostatic fields at the detector 
and between the spheres.

F i g  A 6.5
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+ q +0.375 q -0 . 3 7 5 q - q
0 0  0 0

Case 3 - + q  - 0 .2 0 7  q - 0 .2 0 7  q +q
The set of four charges next to the curtain of earthed wires 

forms a set of image charges as indicated in Pig. A 6 .4 (the charges
labelled q , q  ,q ,q , correspond to any one of the sets for each

dl d2 d3 a 4
of the cases tabulated above).

The computor programme of Fig. A 6 . 5 evaluates the total field, 
at each of a number of positions, formed by the eight charges as in 

Pig. A 6 .4 , by applying the inverse square law ( q was taken as unity 
because only the ratio of the field amplitudes at two positions was 
required).

The programme was run with data corresponding to each of the 
three cases above to find the field at the position of the detector
and positions v and v

3  2
for:

in the scale diagram of Pig. 6.27» The results

Case 1 - f  rr x -k k 'k A- r
fOR CHARGES 0.  COCOS-99
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а .  32003 0 
0 .  00003-99
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a . 3100a
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- 6 . 6 0 0 0 3  -ft . 2 0 0 0<a 
- 1 . 3 1 0 0 3

y

0
0
0
0
0
00
0

c h a r g e

1 . 0 0 0 C 3  0 8 . 2 9 0 0 3  - 2  
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- 1 . 0 0  003 0 
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2 a 91 003 ' 10 . 00003-99

d e t e c t o r AT POSITION  
FIELD IS

- 1 . 6  2 0 0 3
X

1 1 . 3 2 2 0 ©  1
y

- 1 . 8 9 6 7 a  - 3
E x

1 . 5 U 9 a
E v

- 4 T . 90273 - 3
E t o t a l

y, AT POSITION
f i e l d  i s

4.1 50 0 3
X

0 7 .  ioocta 0
y
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Ex

1 . 5 0 6 2 3
E y

- 2 8.10490 -2
^ t o  t a l

y z
AT POSITION
f i e l d  I S
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X
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EA 6.9
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Case 2 (list of charges omitted) -

AT POSITION - 1 . 6 2 0 0 3 1 1 . 3 2 2 0 3  1
FIELD IS
- 1 . 5 0 3 9 3  - 3 4 - 3 1 0 2 5 - 4 1 . 5 8  570) -3

AT POSITION 4 - 1 5 0 0 5 0 7 . 4000S) 0
FIELD I S

1 . 5 9 5 g 3  -1 3 . 5 H l c O - 2 1 . 6 3 5 i a  -1

AT POSITION 3 - 3 80 Oa 0 0 . 0 0 0 0 , 5 - 9 9
FIELD IS
- 1 ,  7 3 4 7 3 - 1 8
I**--

- 2 . 0 9 53 S - 2 2 . 0 9  ¡Ha — 2

t  o f  charges omi t ted )  -

AT POSITION -1 , 6 2 0 0 ® 1 1 . 3 2 2 0 0  1
FIELD I S
- 2 . 2 8 4 9 a  - 3 -1 - 7 8 0 1 ® - 4 2 . 2 9 1 8 a  -3

AT POSITION 4 - 1S00a 0 7 . 4000a o
f i e l d  I S  
- Z . 9 Î 3 OS) - 4 - 5 - 5  755-0 - 3 5 - 5 2 3 2 3  - 3

AT POSITION 3 . 3 8 0 0 a 0 O.00OOD-99
F I E L *  I S

o . o c o o a - 3 9 - 4 - 0 2 9 8 5 - 2 4 . 0 2 9 8 a  - 2

EA 6.10

EA 6.11

The field was evaluated at positions y and as these give 

an indication of the magnitude of the field acting on the radio frequency 

waves passing through the volume between the spheres. In cases 1 and 2 

the field at ŷ  is greater than at y^ , and in case 3 the field at y^ 

is greater than at y .

This gave the following results for the ratio between the field 

passed by the r.f. and the field at the detector.:

Case 1 (with sphere 2 earthed)

Field at ŷ  : field at detector = 43.

Case 2 (with spheres 1 and 2 charged equally in opposite polarity)

Field at ŷ  : field at detector = 103
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Case 3 (with, spheres 1 and 2 charged equally in the same polarity)

Field at : field at detector => 17.6

The experiment was performed hy measuring the signal at the 

detector and, from the calibration graph, recording a voltage on the 

sphere corresponding to that on an isolated sphere at the same distance 

(as shown above, this is approximately correct). The result is related 

to the field at the detector according to:

E  = -__ _______  C - 23 P.f.'

U 11 €o ^  l - 1-75 m.

= 0.0679V k.V./m. €0 * 8,8 EA 6.12
This gives the field at the detector when the voltage V is in k.V.

Hence the field in the r.f. path is (approximately) the product 
of the field at the detector (evaluated from equation EA 6.12 for the 
average of the voltages quoted in Fig. 6.31 in cases 2 and 3) times the 
above factors for each Case. The componeht of the electrostatic field 
normal to the path of the r.f. waves may be calculated from the angle 
(given by the components of the total field in the above table) of the 
field and the angle of the r.f. path (as measured on Fig. 6.27). The 
resulting fields are tabulated in F̂ .g. 6 . 3 1 of section 6 .1 8 .
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Chapter 7

THE STRUCTURE OP BALL LIGHTNING

7.1 Introduction

This chapter considers some of the implications of assuming 

an entirely electromagnetic structure for Ball lightning. The main 

properties of Ball lightning have been summarized in section 2.6 of 

chapter 2 and it is assumed here that the mechanism of storing energy 

in the lightning hall does not depend on any other agent (for example, 

the air) than the electromagnetic fields in some form. There have been 

many attempts to account for the phenomenon of Ball lightning in terms

of molecules and ions associated with the lightning strike (in particular,
(54) (27)by Kapitza , 1955 and Endean , 197°» as described in section 2.6

. (4 6)of chapter 2), however, Jennison ,1973, has suggested that the system 

forming the ball is quite independent of the air. If this is so, it 

indicates that there is here some basic, novel, electromagnetic mechanism 

required to account for the self-trapping of the electromagnetic fields.

No previous authors have attempted an explanation of Ball lightning along 

these lines and therefore the only source of theories to explain the 

mechanism is the suggestions which have been made to account for the 

analogous phenomenon on the much smaller scale of atomic dimensions.

The theories of previous authors on particle structure have often 
considered the whole range of atomic particles (the formation of electron- 

positron pairs from gamma radiation being one example out of this range). 

Some brief notes on the main line of thought in these theories are given 

in section 2.7 of chapter 2. A few points from these theories will be 

considered in this chapter to see if they may assist in accounting for 

the structure of Ball lightning.

Section 7*2 considers how the mechanism holds together a definite



quantity of energy in a definite volume. The experiment of chapter 6 

was looking for a non-linear effect at a specific wavelength. It has been 

demonstrated in the Trolley experiment of chapter 4 that a fixed 
wavelength of radiation between reflectors may be used to determine the 

size of the container. A brief comment is made next on the need for a 

closed path for the internally trapped waves of the ball. Consideration 

is made of how the ball is able to lose energy continuously by visible 

radiation during the life of the ball.

Section 7-3 suggests how the calculations on a one-dimensional 

etalon in chapters 3 and 4 might be extended to describe some of the 

properties of rigidity and inertia of a three-dimensional structure of 

trapped waves.

Section 7-4 is a discussion of the results of the experiment

described in chapter 6. In it a rough estimate is made of the field

strengths which may occur in the lightning ball. This and the result

of the experiment of chapter 6 are compared with what might be expected

according to the theory of non-linear electromagnetic fields put
(U)foreward by Born and Infeld , 1934, to account for the formation of

electrons.

7.2 A ’quantizing' mechanism

A problem for any closed system which is to represent the above 

phenomenon is to account for the exact 'quantization* (in the general 

sense of holding some packet of energy together and not necessarily in 

specifically Planck’s sense)of all similar entities to give them the 

same size, mass,(and,in the case of charged units, charge). Mention has 

been made in section 2.7 of the work of authors who have attempted to 

give a description of atomic particles (in particular, the electron) in 

terms of a wave structure with poorly defined mechanism to hold it 

together and of non-linear field theories containing parameters (for
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example, a length) which cause coalescence of energy in packets of 

definite size.

The size of the system might he determined hy some fundamental 

unit of frequency associated with space hut there seems to he no 

further explanation available of this constant. The mechanism of binding 

the energy into, say, an electron probably involves bringing the 

electromagnetic wave by some closed path back to the centre and some 

constant which is experimentally the Compton wavelength. It may be that, 

although chapter 6 has described the effect in terms bf a frequency, it 

is preferable to think in terms of a fixed unit of energy and an energy 

density (there seems to be an intimate inter-relation of frequency and 

energy in the quantization process). The Trolley experiment described 

in chapter 4 demonstrates how, for a given frequency of internal radiation, 

the size of the system is determined by the relative positions of the

nodes of the standing waves. But this in itself does not determine the
(9 5)total energy, for which a definite quantization is required. Ulmer , 

1975» emphasises that previous authors have observed that the constants 
c and h are not sufficient to define a unified field as it is impossible 

to form an expression with the dimension of mass with these two constants.

A constant of length (or mass) must also be defined. The combined 

parameters of size and total energy give an average energy density which 

may be a type of limiting or * catastrophic'effect * at some field intensity.

A closed system structured around electromagnetism must be held 

together in some way. To give a description of the structure of the 

boundary which both contains the internal radiation by reflection while 

allowing interaction with external fields is difficult. The main property 

of the enclosing boundary is that it has quantizing parameters so that 

as a whole it binds itself together but any further energy (waves) 

incident on it are reflected and not bound into it. It is envisaged
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that, however the boundary is formed, it will follow equations similar 

to E4.15 f°r "the trolley reflectors when the mass of the reflector is 

negligible.

No attempt is made here to present a theory of the mechanism which 

causes the waves to be trapped in Ball lightning except to suggest that 

it may be necessary to move away from the previous approaches of other 

authors, mentioned in chapter 2, to introduce some radical new description 

in addition to classical electromagnetic field theory. In dealing with 

such basic concepts-there is a philosophical problem that one requires

meaningful terms in which these additional properties can be described.
(23) .Thus previous attempts ranging from Dirac , 1951>(invoking the gauge

parameter of classical electromagnetic potentials),to the non-linear
(8 1 ) .fields of Born and Schiff , 1962,(which at large energy density give

. (43) „ .a nett divergence of the field),to Jennison , 1964,(describing in 

terms of rotation of the fields), present their theories in terms of 
known physical operations but are probably too limited in themselves 

to give a complete account of the phenomenon. The foundation premises 

on which classical electromagnetic theory is based are sometimes thought 

of as assuming that free space has an effective capacitance and inductance 

per unit length (analogous to a transmission line) which relate the 

amount of energy stored per unit volume to the voltage across that 

volume and the magnetic field in it. Beyond this it is not understood 

how waves propagate. One might envisage,for the formation of a closed 

system,that the waves are looped back on themselves along some curved 

path so that the waves become phase-locked and form a closed system of 

definite size. This curving of the path is, at least in overall effect, 

similar to refraction and might be described in terms of a change of the

capacitance and/or inductance pear unit length of the space.
i.

As the mechanism stabilizing the ball fixes it at a definite 

'quantized' size, the binding mechanism cannot lose energy slowly but
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only, as in the analogous case of atomio fission, all at once. It is 

suggested here that the lightning ball emits light, without modifying 

the energy in its binding mechanism, by a type of corona discharge with 

the air, caused by an electric field (and its potential energy) associated 

with the ball. This electric field accelerates electrons in the air 

near the ball until collision with air molecules gives the molecules 

metastable states which,on decay,emit light. As electrons from the air 

at distant points are collected at the surface of the ball, there is 

a neutralising of the charge of the ball and hence this is the source

of the energy illumining the ball. It may be objected that at least
/ U6) \some reports (for example, by Jennison , 1973) suggest that the ball

has little nett electric charge. It may be that the charge is distributed

in areas of opposite polarities over the surface of the sphere so that

there is little overall effect at a distance but there are local effects.

It may also be that these Ideal areas alternate in polarity with the

oscillations of the internal waves. This oscillation might alternatively

be analysed in terms of rotating components.

7.3 The implications of the calculations on rigidity and inertia 

for the lightning ball

The phenomenon of Ball lightning was investigated because it was 

thought that it might be an example of waves trapped between non-material 

reflecting boundaries. The etalon described in chapter 3 was shown to 

have certain properties of rigidity which correspond (in the state of 

no externally applied forces) to Born's definition of rigidity along a

linear bar. Problems arise over extending Born's definition to three
(9 2)dimensions and Synge , i960, has mentioned that although the Born

criterion of rigidity involves no difficulty when applied to a one 

dimensional body, difficulties accumulate with increase of

dimensionality
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These inherent difficulties are connected with non-integrability and 

are avoided when working in an infinitesimal domain. However, at least 

over sufficiently small regions, the three dimensional system of the 

lightning hall may be considered in terms of etalon-type systems along 

each direction. Each of these components corresponds to a quantized and 

bounded unit, as described in section 7*2, depending on some 

electromagnetic property of space giving a fundamental resonant frequency 

involving a time delay and defining a direction in space.

Such an analysis may be compared with the Interferometer experiment 

of chapter 4» which compares the phase of the returning ray in the 

controlled arm with that of the returning ray in the reference arm and 

servoes the reflector so that the phase difference is always the same 

in the recombined beam. The experiment might have been extended so that 

the mirror in the reference arm remained at the same distance but the 

beam-splitter at the centre, photodetector system (and, for appreciably 

large displacements, the reference arm mirror) were modulated 

in position along the main beam. The servoed mirror would move as before 

so that the path lengths in the two arms remained the same. In this 

arrangement the distance from the centre to the servoed mirror would 

have properties similar to the etalon analysed in chapter 3 and this 

may be extended to the conditions envisaged for two orthogonal components 

of the lightning ball. If the phase comparitor at the centre looks for 

a 90° phase difference between the waves returning in each arm, the 

combined system of two etalon components in time and space quadrature 

may be represented (in its proper frame) as in Fig. 7*1 which may be 

viewed as a rotation of the waves.

If p u s h e d  to an inertial frame moving at a constant velocity 

to the system of Fig. 7*1j Fig. 7*2 indicates the paths of energy flow 

and, as this is similar to the Michelson interferometer, the Lorentz
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transformation of all the properties of each etalon (as calculated in 

chapter 3) will give a system which is still phase-locked and follows 

the dynamical motion as calculated for each etalon separately.

This brief analysis suggests that the three-dimensional mechanism 

of Ball lightning, simplified by considering only two orthogonal 

components of the complete system, would behave in a similar way to the 

one-dimensional unit described in chapter 3»

7.4 The field intensity required to give measurable non-linear effects

This section makes a rough estimate of the field strength which 

may be expected in the lightning ball to compare it with the fields of 

the experiment of chapter 6. A l s o , the field strength in the experiment 

of chapter 6 is inserted in the equations of one of the non-linear field 

theories to see if it predicts a measurable effect.

It was to investigate the existance of a non-linear term in 

electromagnetism, which at large energy densities would lead to 

quantization at a specific resonance frequency, that the experiment of 

chapter 6 was performed. Previous experiments which attempted to 

demonstrate non-linear properties of free space electromagnetism are 

mentioned in chapter 2 section 2.8.
The experiment does not attempt to replicate the energies or 

energy densities associated with a thunderstorm (section 2.6) but looks 

for any beginnings of a non-linear effect rather than the formation of 

the fully trapped wave.

The energy in a typical lightning stroke is 1010 Joules. It may be,

however, that only a small fraction of the thunderstorm energy is trapped

in the ball. The oft-quoted water barrel report (Morris^7 ̂ ,1936) giving
7an estimate of 10 Joules may be an over-estimate of the total energy 

tra.pped in the ball, due to confusing physical phenomenon which are not



true Ball lightning. One report suggests an estimate, taking the bell 

to emit light equivalent to 10 watts for 60 sec. and then ending 

benignly, of as little as 600 joules.

.As an approximate order of magnitude calculation, for a uniform 

density of electromagnetic waves having a total energy equal to 600 Joules 

in a sphere of the size of the lightning ball (say, 20 cm. diameter) 

there is a field strength given by:

2 U  T? 3
e o H « —  ( 0 - 1  ) = 6 0 0

E = 1 2  x 1 0 °  V o  I t s  /  m.

To compare, the static field strengths set up in the experiment were of
2 7the order 10 -103 k.V./m. and the energy between the Van de Graaff

5spheres of the experiment was, for capacitance 20 pf. and, say, 3 * 10 

Volts, about one joule. Reports orl conditions during thunderstorms 

(section 2.6) suggest fields of the order 10^ k.V./m..The experiment 

was set up with the intention that the static field between the Van de 

Graaff generators would occupy a volume at least as large as the 

lightning ball.

An indication will now be given of how the experimental results 

compare with that expected from theory. The electrostatic field in the 

experiment of chapter 6 changed the vector potential over the volume 

through which the waves passed. The theories mentioned in chapter 2 

section 2.7 suggest that there may be a non-linear interaction in terms 

of the field's vector potential of the electromagnetic field. However, 

the mechanism being investigated in chapter 6 involves a type of 

resonance at a specific frequency and it seems likely that this would 

not be described simply by additional terms to the usual Maxwell equations. 

Probably a quite different approach to the field equations is required to 

include this mechanism. Assuming for the moment, however, that the
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mechanism may he described by non-linear* equations of the type discussed 

in chapter 2, the following estimate is made.

The case of the Born-Infeld theory will be considered out of the 

approaches listed in section 2.7 as it is only intended as an indication

from a typical theory. This case is the most immediately calculable and
( U )does not pre-suppose Dirac quantization. Born and Infeld , 1934»

(equation 6.4 and 6.15 in this paper) calculate the particular case of 
an electromagnetic field round a source charge in terms of the (radial) 

electric field E  and electric displacement D . This gives an 

effective relative permittivity (€̂=1 in e.s.u^and E parallel to D ) 
of:

D 
E

r? ( 1 + ( r/. )‘ I'2
= € E7.2

where € is the effective relative permittivity, T is the radial 

distance from the source and:

= i4 - ) /j E7.3

where q is the total central charge and b is a constant of the field 

strength required by this theory and given as about lO1  ̂ e.s.u. As 

the experimental radio frequency was of the order 10 m.V./m., it was a 

small perturbation on the static field of the order 10^ k.V./m. and
k wthe static field determines the refractive index (equal to|

€ IdL o'  o

The field is related to the charge at the centre by the equation:

E = E7.4

Hence, solving the above equations, the effective relative permittivity
is :

—
1 

+•

r~LU
i 

l____

L L b J



53

L

- 2 9
1 + 0 - 5 x 1 0 E7.5

for the field strength of 30 e.s.u. in the experiment. Over a distance 

of aboiit 30 cm., the change of effective refractive index, on switching 

on the electrostatic field, from unity to the above value would produce 

a change of phase in the interference pattern which was undetectable 

within the sensitivity of the experiment.
The above estimate of 600 Joules as the energy content of the

-15lightning ball corresponds to an equivalent mass of 6.7x10 J k.gm.
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CONCLUSION

8.1 Main results

The basic idea, proposed by Professor Jennison, of analysing a 

system of monochromatic radiation, trapped between parallel end 

reflectors one of wjiich is given a step increase in velocity and the 

other of which moves so as to maintain an integral number of half-wave 

standing waves between the ends, has proved to be of remarkably 

continuing interest. In that it propagates perturbations of the inertial 

motion of one end with the velocity of light to the other end, it is
( "JO 1similar» to the rod analysed by Hogarth and McCrea' , 1952. But the 

condition of movement of the free reflector maintaining a balance of 

binding force and radiation pressure gives a 'locking into' the 

subsequent motion and properties which in detail differ from the system 

postulated by McCrea. It was shown that the system may be used to define 

a rigid rod with mechanical properties determining its exact movement 

when accelerated. This rod maintains its proper length when moving in 

a different inertial frame. It is a representation of the theoretical 

definition of a rigid rod given by B o r n ^ ^ ,  1909* However, like the 

system of Born's original definition, it is only one dimensional.

Then it has been shown by a theoretical analysis that, to second 

order accuracy of the relativistic equations, the trapped radiation and 

its automatically controlled, massless, reflectors behaves dynamically 

as a massive body which for a change of velocity, V , acquires a:

Change of momentum m  Vo 1 -  %  2
- h

E8.1

If the 'rest mass' of tlie system is equated to that of the electron 

particle, it was shown that the internal frequency is directly related
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to that of the gaifima ray required for electron-positron pair formation.

The system, although it contains no mass in the conventional 

sense, follows Newton's laws of motion. The implications of this for 

Machian-type theories on the physical origin of inertia was discussed.

A different approach to the analysis of Sciama and Davidson^^, 1957» 

was presented and indicates that inertial (and gravitational) forces, 

at least for this structure, are generated locally in the balancing 

against the internal radiation pressure at the end reflectors of the 

extended system. It was shown (approximately) that the metric field in 

non-inertial frames gives null-geodesic paths along which the rays 

crossing the cavity are affected (when the cavity is held in this frame) 

so as to generate the inertial forces. Also it was shown (approximately) 

that true gravitational fields affect the rays crossing the cavity (held 

in the field) so as to generate the force of gravity.

The experiment with the optical interferometer has demonstrated 

that a Michel son interferometer may he used to construct a rigid system 

by comparing the relative positions of two mirrors and hence giving an 

error-correcting signal to control the position of one mirror (with an 

error of less than half a wavelength (0.3 f l  • m.) of the light used) 

while the other mirror is moved along the line of the interferometer 

beam. The maximum controllable closed loop frequency of the apparatus 

was of the order 30 Hz. for an amplitude of oscillation of 0.5 m.m.

This is the same as for the device described by S c h e d e ^ ^ , 1967» and. 

mentioned in section 2.2(a) of chapter 2.

The experiment using microwaves has shown that a type of mutual 

radar ranging may be used to construct a system of two trolleys which 

demonstrate inertial movement (the energy in the servo controlling 

motor reducing the effect of the actual inertia of the trolleys). Each 

trolley always maintains a rigid distance to the other so that if one



is moving the other follows and they continue to follow each other in 

an inertial motion. The system behaved as a rod with rigidity modulus 

63 k.gm.wt. and breaking force of about 2 k.gm.wt. The response of the 

system was such that it had to be accelerated slowly (of the order 10 

cm.sec. ) if the following trolley was not to lose control. The 

operation of the loop aerial, so that it detected an antinode of the 

magnetic field standing wave between the trolleys and ensured that the 

control circuit maintained a maximum at the boundary of the system, is 

of interest in considering, for example, the structure of Ball Lightning.

The effect of the time delay for signals to traverse the cavity 

could only be demonstrated on a time-scaled electronic analogue circuit. 

It indicated the importance to the behaviour of the cavity of the time 

delay to propagate effects through the system and demonstrated that 

this delay causes a series of stepping motions to result from an initial 

step perturbation.

The experiment on field interactions in free space indicated that

the change in refractive index (over a volume about 40 cm. cube) caused

by a static electric field of the order of magnitude 5 k.V./cm.

was less than 0.009 (±0.002) under the condition that the apparatus

would only have detected the effect of a sharp resonance with a narrow

frequency band (of the order 1-400 k.Hz.) in the range 450-960 M.Hz.

This sensitivity to change of refractive index is considerably less

(by a factor of about 10^) than the experiments described in section 2.8

of chapter 2. However, the latter were performed at optical frequencies

and there were many wavelengths of distance along the path being

investigated. This experiment w^s restricted to wavelengths (suggested

by the size of Ball Lightning) for which the path investigated was about

one wavelength and hence the change in phase at the receiver would have
( 32)been the result over only one oscillation. Again, Froome's' , 1958, 

experiment with microwaves measured over many wavelengths. This suggests
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(from the preliminary experiment) that the mechanism for stabilizing 

Ball lightning is a 'catastrophic' type of effect at a greater field 

strength or that it occurs at such energy densities that this experiment 

was not sensitive enough to detect any departures from linearity.

The discussion of chapter 7 has indicated that a purely electro
magnetic structure for Ball lightning requires a mechanism which 

establishes a definite quantity of energy for the system and a binding 

mechanism which accounts for the forces containing the energy despite 

the radiation pressure tending to disperse it.

8.2 Comments
There remains the fundamental problem of the binding mechanism 

(extended over a region) and its energy.

In the experiments it had been hoped to find a way to represent 

the effect of the delay time for the waves to traverse the cavity in 

the Trolley experiment. It takes about 0.1 n.sec. for the waves to move 

between the trolleys and no appreciable mechanical action would take 

place in this time. The distance along a delay line would have to 

have been increased to unmanageable lengths to give a delay time that 

demonstrated the stepped motion of the trolleys. Also, the setting of 

the feedback control on the trolley was so critical to obtain no hunting 

or lack of control that it was difficult to obtain steady, balanced 

conditions and the motion of the trolleys tended to be underdamped. The 

friction with the traction studding supplied the main dissipative 

mechanism and this tended to be variable along the track.

8.3 Suggestions for future work

The experiment of chapter 6 might be extended using more stable 

conditions of the electrostatic field and extending the range of 

frequencies investigated, in case the lightning ball involves curved
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wavepath convolutions of the wave shape.

The analysis in this thesis raises questions as to the basic 

nature of the electromagnetic field. In the limit of analysis, wave 

propagation depends on the nature of spatial extension and the 

continuum. The fundamental length or resonant frequency associated 

with particle pair formation may be a function of the electric potential 

(and indeed, be essentially what the electric field is).
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¿8.1 Comment on the negligible mass of the reflectors end the 

locking in' process.

The following analysis indicates that the assumption that the

mass of each reflector is negligible may he derived as a limiting

process which does not give rise to physically unrealistic conditions.

This is because the variation in radiation pressure, when the velocity

of the reflector varies, gives the equivalent of a damping (or friction)

force. It is shown that the velocity of the reflector varies so as to

maintain this damping force such that the imbalance of forces acting

on either side of the massive reflector tends to an infinitesimal amount

as the mass of the reflector becomes infinitesimal.

Here, as in chapter 3> it is assumed tha/t the internal radiation

is circularly polarised (as discussed in Appendix A3) so that there is

a steady force of ra-diation pressure against the end reflectors.

Consider a reflector of mass M which is initially stationary

with the force from the radiation pressure, F w , balanced by the

binding force, F . If an additional steady external force, F , isb
applied at time t = 0 , the reflector will immediately start to move 

into the radiation with increasing velocity, V ( t ) , (before the 

completion of a circulation round the cavity of the effect of the 

initial disturbance) because of the imbalance of forces acting on either 

side of the massive reflector. The resulting equation of motion (from 

E3.14> E3.I6 and E3.20) is, where M «  Rest mass to first order.in

V ( t )
1 + c d  v  ( t ) 

d t
F + F -  F

v ( t )
M

b b 1 C EA 8.1



Setting

260

d v ( t )
d t

= v V ( t ) =  V

and putting

2 F = c B H A S . 2

-1
we have j as (1 ~ /q ) 1 V/1 + /c + , to first order in /p ,

M v + B v -  F = 0 EA8.3

It may he noted that the second term in this equation gives a force 

which is proportional to the velocity and directed against the motion. 

It is therefore a type of damping term.

Equation EA8.3 has the solution

V
F

~B

B
M

( 1 ~ EA8.4

M/Thus the time constant / g  of the exponential term becomes 

infinitesimal as M  tends to zero and the velocity reaches its maximum 

value in an infinitesimal time. In the analysis of chapter 3 it is 
assumed that the movement of the reflector is determined by the forces 
of internal radiation pressure, binding force and any additional 

externally applied force. If the mass of the reflector is negligible, to 

balance the radiation pressure against the binding force and exterrrlly 

applied force (if any) there must be a step increase in velocity when 

the step function change of force occurs.

Because the amplitude and frequency of the wave transform according 

to the same function of velocity (Einstein'1 5 ,1905) ,the condition of the



free reflector moving so as to maintain a constant radiation pressure
2.61

on its surface is equivalent to maintaining a constant frequency of the 

wave as received in the frsjne of the reflector. The control here is 

derived hy comparing the waves travelling in opposite directions to 
and from the distant reflector and locating the controlled surface 

where they differ in phase by fi radians (thus phase-locking the two 

waves at the controlled surface). This corresponds to making a radar 

measure of the distance to the distant reflector and keeping the time 

for the return journey equal to the time for the wave to change in 

phase by a fixed amount when it returns to the controlled surface.

Under these conditions a lossless reflector may be placed at the node 

of the electric field, where there is this phase-difference of t7 
radians, to recirculate the wave at the constant frequency required 

by the above conditions.

As a perfect reflector has been assumed, there must be no 

resultant component of electric field on the surface of the mirror 

because this would dissipate energy. Therefore the reflection must 

occur at the node of the electric field thus forming a resonant cavity 

with infinite Q. This boundary condition, together with the fact that 

the force from the internal radiation pressure must equate to the sum 

of the binding and externally applied forces, then determines the 

operation of the system.

The 'locking in' occurs as the wavefront, caused by the 

application of an external force, returns to the first mirror. If the 

external force is removed at this instant, the first mirror is a 'free' 

reflector and moves according to the conditions described above. Thus 

a complete circulation of the effect of the initial disturbance is 

required to complete the operation and determine the motion of the 

boundaries of the cavity. The wavefront from the disturbed first
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mirror, arriving at the second mirror, causes it to move at 

relativistically double the velocity of the initial movement of the 

first mirror (in order, to maintain a balance of forces on the mirror, 

which corresponds to maintaining the original frequency). As a result 

of this increase in velocity, when the wavefront returns to the first 

mirror at a lower frequency (and energy density) than the previous 

part of the wave-train, the first mirror has to speed-up in order to 

bring the frequency observed on its surface to the original frequency 

and give a balancing of the radiation pressure and binding force, 

assuming that the external force is removed at this instant.

This is the essence of the 'locking in* process. It may be added 

that at this instant of removal of the external force the velocity of 

the first mirror changes so that both mirrors are moving at the same 

velocity (ref. Pig. 3*4) and in the single proper frame of these two 

reflectors the frequency of the internal radiation is the same as in 

their proper frame before the external force was applied. The phase

locking is a necessary consequence of the fact that the system is 

perfectly lossless, it can neither decrease nor increase its internal 

energy but responds by acquiring kinetic energy (when this 'locking 

in' is complete) upon the continual application of an external force.
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