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PREFACE TO THE FOURTH EDITION

IN the eight years that have elapsed since the publication of the second
edition of this book there have been large additions both to theoretical
knowledge and to the practical arts of Radiotelegraphy and Radiotelephony.
Hence, in preparing for the press a third edition, the Author found it
necessary to make very considerable alterations and additions.

The third edition was therefore by no means merely a reproduction of
the second, but the book was in great part, by kind permission of the
publishers, Messrs. Longmans, Green, & Co., re-written and re-arranged.

A new chapter was added on the Transmission of Radiotelegraphic
Waves over the earth, and to make room for the new matter without unduly
enlarging the book, much of the merely historical portions and of the
descriptions of apparatus which has become antiquated, have been removed.
In this fourth edition it has been necessary to economize space and paper as
much as possible by certain additional deletions of antiquated matter.
Nevertheless, additions have been made to bring the book up to date, and yet
by the use of rather smaller type the total bulk of the volume reduced.

The aim of the Author has been to deal with principles rather than give
the fullest possible account of actual apparatus. The practical Radio-
telegraphist has now at his disposal a small library of books upon the subject,
which in many cases are devoted to particular types of apparatus. Neverthe-
less it is hoped that the present treatise will in its revised form serve to give
a comprehensive view of the subject particularly on its scientific side, and
that part of it which is concerned with quantitative measurements and the
underlying theory. The immense attention which has been given to this
attractive subject is a consequence of the interesting physical and important
practical aspects of it, and no one at present can hope to make additions
to it who has not a very firm grasp of the electrical principles and facts
which lie at its root, as well as broad acquaintance with what has been
invented or discovered.

The Author desires to place on record his thanks to the following firms,
publishers, proprietors of journals, societies, authors, and editors who have
kindly permitted the use or reproduction of illustrations and diagrams belong-
ing to them : —

To Messrs. Marconi’s Wireless Telegraph Company, Limited, and The
Wireless Press, Limited, for the many illustrations connected with the
Marconi apparatus and system. To the Royal Society and Professor Karl
Pearson, F.R.S., and Dr. Alice Lee, for permission to use the diagrams in
Plates II., II1.,, IV, and V., and to Professor A. E. H. Love, F.R.S,, for
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the diagrams in Plate V. To Admiral Sir Henry Jackson, F.R.S., R.N,,
for permission to use the diagrams and copious extracts from his paper in
the Proceedings of the Royal Society, abstracted in Chapter IX. To the
Physical Society and to the Royal Institution, and to Senatore Marconi and
to Mr. W. Duddell, for permission to use diagrams illustrating lectures by
them. To the Royal Society of Arts for the same favour in connection
with illustrations of Cantor Lectures given there by the Author.

Also to the Editor, Dr. A. N. Goldsmith, and to the Institute of Radio-
Engineers, New York, for diagrams which have appeared in the Proceedings
of that Institute. To the Proprietors of The Electrician, The Electrical
Review, The Philosophical Magazine, Electrical Engineering, The Electrical
World of New York, and The Physical Review, for the use of diagrams
which have illustrated articles in these journals, as well as to the Authors
themselves.

The Institution of Electrical Engineers has also kindly permitted use to
be made of diagrams which have appeared in papers read before it.

Many private firms, such as T%e Cambridge Scientific Instrument Company,
Messrs. Robert Paul & Company, Mr. Leslie Miller, Messrs. Isenthal, and
Mr. K. Schall, have also given permission to make use of illustrations in
their trade circulars. Other private workers, such as Dr. Hemsalech, Mr.
A. Campbell, Professor E. Wilson, Professor G. W. Pierce, and others, have
permitted free use to be made of diagrams in papers published by them.
To all these the Author begs to return thanks for the kindness. In many
cases where it has been desired the acknowledgment of the ownership has
been made under the diagram in place.

Finally the Author desires to mention his obligations to various readers
who have drawn his attention to misprints in previous editions, and to say
that these errata have been corrected. It is hoped that they have been
completely deleted, and that the book in its amended and extended form will
continue to be of service to students of this fascinating subject.

J. A. F.

THE PENDER ELECTRICAL LABORATORY,
UNi1veErsiTY COLLEGE, LONDON,
May 1919,



TABLE OF CONTENTS

PART 1
ELECTRIC OSCILLATIONS

CHAPTER 1

PAGR
THe PrRoDUCTION OF HIGH FREQUENCY CURRENTS AND ELECTRIC OSCILLATIONS 1

1. High Frequency Electric Currents ; Damped and Undamped Electric Oscillations ;
Graphic Representation of Undam and Dam Electric Oscillations ;
Mathematical Expressions for the same.—2. The Practical Generation of Un-
damped and Damped Electric Oscillations.—3. Production of High Frequency
Currents by High Frequency Alternators; High Frequency Alternators of
Nikola Tesla, Siemens, Fessenden, Alexanderson and Goldschmidt.—4. Produc-
tion of Damped Electric Oscillations by the Discharge of a Condenser ; Hydro-
dynamic Analogue.—5. General Theory of the Discharge of a Condenser ; Lord
Kelvin’s Investigations ; Mathematical Expressions for Dead-beat and Oscillatory
Discharges ; Determinative Conditions ; Mathematical Expressions for the Fre-
quency of the Oscillations in a Condenser Circuit.—8. Experimental Confirmation
of Theory; Objective Representation of Electric Oscillations; Feddersen's
Experiments ; Paalzow’s Experiments ; . Methods for Photographin% Oscillatory
Discharges by Vernon Boys, Trowbridge, Schuster and Hemsalech ; Methods
for Delineating Oscillations dependent on the Use of the Oscillograph ; Braun
Cathode Ray Tube; Gehrcke Oscillograph Tube, and Hemsalech’s Air Blast
Method ; Dieselhorst’s Method of Photographing Oscillations by the Gehrcke
Oscillograph Tube.—7. Apparatus for the Production of Dam Trains of
Electric Oscillations by Condenser Discharges. —8. Induction Coils for Creating
Electric Oscillations ; Method of Winding Induction Coils ; Time Constant of a
Circuit.—9. Interrupters for Induction Coils ; Forms of Hammer Break by Ap
and others ; Mercury Turbine Interrupters; Béclére’s Coal-Gas Mercury BreaEs;
Wehnelt Electrolytic Break ; Electrolytic Break of Caldwell ; Grisson Electrolytic
Condenser ; Wilson Induction Coil.—10. Alternators and Transformers for
generating Electric Oscillations; Oil Insulated High Tension Transformers ;
Elihu Thomson’s Apparatus for Producing High Frequency Discharges ; Method
for producing Powerful Electric Oscillations on the Spark System.—11. Con-
densers for the Production of Electric Oscillations ; Construction of Leyden Jars
and Glass Plate Condensers ; Moscicki Condensers ; Various Forms of Oil Con-
denser; Compressed Air Condensers; Condensers for Power Plants.—12.
Oscillation Transformers ; Tesla’s High Frequency Coil; Elihu Thomson’s
Oscillation Transformer ; Marconi’s Forms ofe%)scillntion Transformer for High
Frequency Currents and Radio-telegraphy.—13. General Arrangement of
Apparatus for producing Electric Oscillations by means of Condenser Discharges ;
Various Forms of Discharger; Silent Dischargers ; Multiple Ball Dischargers ;
The Effect of an Air Blast upon Short Sparks; Marconi Rotating Disc Dis-
chargers.—14. The Production of Undamped or Persistent Electric Oscillations ;
Elihu Thomson’s Researches on the Electric Arc Method of producing Oscilla-
tions by a Continuous Arc; Duddell’s Experiments and Discoveries; The
Musical Arc of Simon and Reich; Janet’s Investigations on the Theory of the
Musical Arc; Investigations of Banti, Rosa, Corbino, and Maisel on the Musical
Arc; Characteristic Curves of an Arc; Simon’s Researches; Poulsen’s Inven-
tions ; Forms of Poulsen Arc Apparatus for producing Undamped Oscillations ;
Further Researches on the Electric Arc by Simon and others; Conditions
necessary for producing Electric Oscillations from a Continuous Current Arc;
Moretti Arc; Fleming Oil Arc Generator.—15. Methods for the Production

1x



X CONTENTS

PAGE
of Closely Sequent Trains of Damped Oscillations ; Cooper-Hewitt Mercury
LamfF; Quenched Spark Discharger; Wien’s Discoveries ; Dischargers of E. L.
Chaffee and Von Lepel; Galetti's Generator ; Marconi’s Method by Bank of
Studded Disc Dischargers.—16. Frequency Changing by Static Transformers ;
Arrangements of Joly, Vallauri and Taylor; Frequency of Alternator raised by
Tiers of Static Transformers. :

CHAPTER 11
HiGH FREQUENCY ELECTRICAL MEASUREMENTS - - - - - - 198

1. The Essential Difference between High and Low Frequency Electric Measure-
ments ; High Frequency Electric Resistance; Definition of High Frequency
Resistance; Reasons for the Augmented Resistance due to High Frequency
Currents ; Method by which a Current is established in a Conductor ; Formulae
for High Frequency Resistance given by Lord Kelvin, Lord Rayleigh, A. Russell,
and E. H. Barton ; Fleming’s Apparatus for measuring High Frequency Resist-
ance; Experiments therewith; Comparison of Theory and Experiment, High
Frequency Resistance of Spirals; Dolezalek’s Prediction ; Investigations of Wien
and Sommerfeld ; Researches of Cohen, Black, and the Author.—2. Inductance
of Conductors for Various Frequencies ; Formulz for High Frequency Inductance.
—3. Predetermination of Inductance for certain Standard Cases; Inductance of
a Rectangle, a Square, a Pair of Parallel Wires, a Single Wire, and a Spiral ofa
Single Layer ; Author’s Formula for Inductance of Flat Spirals; Formulz for
High Frequency Inductance due to Spiralization by Cohen and others.—4. The
Practical Measurements of Small Inductances; Anderson-Fleming Bridge for
measuring Inductance; A Comparison of Theory and Experiment; Taylor’s
Method of measuring High Frequency Inductance.—§. Inductance Coils of
Variable Inductance ; Inductance Standards by Campbell and others ; Campbell’s
Mutual Inductance Standards.—8. Electrical Properties of Dielectrics; Dielectric
Strength of Various Materials—Air, Glass, Qil, etc.’; Spark Voltages for Various
Spark Lengths in Air; Results of Investigations on Dielectric Strength of Air.—
7. Practical, Measurement of Capacity ; Fleming and Clinton ;Revolving Com-
mutator for the Determination of Small Capacities ; Various Forms of Condenser
and Predetermination of Capacities of certain Conductors.—8. Measurement of
Small Capacities with High Frequency Electromotive Forces.—9. Variation of
Dielectric Constant with ‘Igernpemture and Time of Charge ; Dielectric Constants
at Various Temperatures.—10. Conductivity and Energy Losses in Dielectrics ;
Researches of Fleming and Dyke on Dielectric Conductivity ; Researches of
Bairsto ; Use of Wien Bridge and Fleming and Dyke Capacity Bridge ; Experi-
ments of Evershed ; Energy Losses in Condenser Dielectrics ; Measurements by
Fleming and by Austin ; Dielectric Hysteresis ; Experiments of Arno, Threlfall,
Porter, and Morris.—11. Measurement of High Frequency Electric Currents ; Hot-
wire Ammeters; Various Forms of Ammeter available for measuring High
Frequency Current for Electric Oscillations ; The Bolometer Bridge.—12. The
Bolometer Method of measuring High Frequency Currents.—13. Electro-
Dynamic Current Indicators for High Frequency Currents; Fleming Alternating
Current Galvanometer.—14. High Frequency Potential Measurements; Spark
Voltages for Various Spark Lengths; Experiments by Heydweiller, Baille and
Paschen and Algermissen.—15. Measurement of Spark Frequency; Spark
Counting ; Fleming Photographic Spark Counter.

CHAPTER III
DAMPING AND RESONANCE - - - - - - - - - - 195

1. Logarithmic Decrement of Electric Oscillations and Damping in Oscillatory
Circuits ; The Oscillation Constant of a Circuit ; The Damping Factor ; The
Definition of Logarithmic Decrement; Logarithmic Decrement for a Non-
Radiative Circuit.—2. The Mean-square and Root-mean-square Value of a Train
of Oscillations ; Ratio of Mean-square to Maximum Value.—3. Determination
of the Number of Oscillations by the Aid of the Decrement.—4. Practical
Determination of the Logarithmic Decrement of Electric Oscillations ; Methods
of Rutherford, Bjerknes, Brooks.—5. Determination of the Mean ILogarithmic
Decrement in Oscillatory Circuits ; Drude’s Researches ; Formula for Sum of



CONTENTS xi

PAGE
the Decrements of Primary and Secondary Coupled Circuits.—8. The Resistance
of an Oscillatory Electric Spark ; Researches of Slaby, Brooks, and others
on Spark Resistance; The Author’s Experiments and Method of Measuring
Spark Resistance; Method of Measuring Spark Resistance by a Resonance
Curve ; Rempp's Experiments on Spark Resistance ; Corrections by Eichhoff.+—
7. Magnetic Damping.—8. Damping due to Radiation ; Open and Closed Oscil-
latory Circuits ; Resistance Decrement and Radiation Decrement ; Predetermina-
tion of these Decrements; Formule of Hertz and Planck for Predetermination
of Decrement; Radiation of Linear Antenna; Table of Powers of e; Curves
showing Ratio of Amplitudes of Successive Oscillations in Trains with Various
Dampings ; Planck’s Formula for Radiation and Resistance Decrements ; Radia-
tion Efficiency of an Antenna.—9. Free and Forced Oscillations ; Resonance ;
Rowland’s Pendulums ; Coupled Pendulums ; Conditions of Resonance in Con-
denser Circuit ; Illustrations of Resonance; A Resonance Helix.—10. Repre-
sentation of Alternating Currents by Complex Quantities.—11. Theory of
Coupled Oscillation Circuits having Capacity and Inductance in Series; Ober-
beck’s Investigations ; Reaction of Primary and Secondary Circuits.—12. Co-
efficient of Coupling; The Damping in Coupled Circuits ; Oscillations set up
in Coupled Circuits.—13. General Theory of Resonance; Theory of Coupled
Circuits ; Experimental Proofs of Production of Double Oscillations in Coupled
Circuits ; Investigations of Taylor-Jones, Pierce, and others.—14. Resonance
between Coupled Circuits both having Damping ; The Practical Delineation of
Resonance Curves ; Determination of the Decrements by means of a Resonance
Curve ; Damping in Coupled Circuits ; ExPression for the Secondary Current
in two Coupled Oscillatory Circuits ; Drude’s Researches on Resonance ; Deter-
mination of the two Decrements of the Oscillations in Coupled Circuits ; Fischer’s
Investigations.—15. Impact Excitation; Wien’s Researches; Author’s Theory
of Coupled Circuits.

PART 11
ELECTRIC WAVES

CHAPTER 1V
STATIONARY ELECTRIC WAVES ON WIRES - - - - - - - 265

1. Propagation of Electric Potential along a Conductor of Infinite Length ; Primary
and Secondary Constants of an Electric Cable; Attenuation Factor, Phase
Factor ; A Model illustrating the Propagation of an Alternating Current along
a Cable.—2. Stationary Electric Waves on Wires of Finite Length; Funda-
mental and Harmonic Stationary Waves on Wires.—3. Effect of Damping upon
the Stationary Waves on Wires; Formule for the Current and Potential at any
Point. —4. Experimental Production of Stationary Electric Waves upon Spiral
Wires: Arrangement of Apparatus; Use of a Neon Vacuum Tube for Detecting
High Frequency Fields; Experiments of the Author on Stationary Waves on
Spiral Wires; Production of Nodes and Loops of Potential ; Seibt's Apparatus
for exhibiting Stationary Potential Waves on Spiral Wires; Seibt’s Helices for
exhibiting Stationary Waves on Wires.—5. Direct Inductive and Electrostatic
Coupling ; Lodge’s Eweriments on Stationary Waves on Wires.—6. Creation
of Stationary Electric Waves on Straight Wires ; Amngement of Hertz, Lecher,
Blondlot, Trowbridge, Duane and others.—7. Oscillations in an Earthed
Antenna ; Fundamental and Harmonic Oscillations set up in a Marconi Antenna
or Aerial Wire ; The Inductive Coupling of an Antenna and Oscillation Circuit ;
Excitation of Fundamental and Harmonic Oscillations in an Inductively Coupled
Antenna ; Predetermination of Wave-Length Radiated by an Antenna in Series
with an Inductance Coil.

CHAPTER V

ELecTRIC RADIATION - - - e e - - ... . 206

1. The Electmm;fnetic Medium and its Properties ; Ideas of Ampere, Faraday,
Henry, and Maxwell; Maxwell's Paper on the Dynamical Theory of the
Electromagnetic Field; Heaviside’s Form of the Electromagnetic Equations ;



CONTENTS

Velocity of an Electromagnetic Impulse through Space ; Observational Deter-
minations of this Velocity; Its Identity with that of Light.—2. Maxwell’s
Theory of Electromagnetic Phenomena; The Curl of a Vector; Maxwell’s
Electromagnetic Equations in their Simplest Form; The Solution of these
Equations; Hertz’s Form of the Electromagnetic Equations; Maxwell’s Con-
ception of Vector Potential. —3. Maxwell’s Law connecting Dielectric Constant
and Refractive Index for Electromagnetic Waves; Experimental Verifications
and Discrepancies; Tables of Dielectric Constants and Refractive Indices ;
Researches.of Fleming and Dewar on Dielectric Constants at Various Tempera-
tures.—4. Electromagnetic Waves ; Definition of Wave Motion ; Various Forms
of Waves; Wave Velocity.—5. Hertz’s Researches; Hertz’s Oscillaton and
Resonator ; Hertz’s Investigations on the production of Electromagnetic Waves
in Space; Researches of Sarasin and De la Rive.—6. Repetition of Hertz's
Experiments on Electric Radiation ; Apparatus for exhibiting the Phenomena of
Reflection, Refraction and Interference of Electric Waves; The Action of a
Wire Grid on Electric Waves; The Determination of Electric Refractive
Indices; Explanation of Abnormal Dielectric Constants of Various Substances.
—7. Production of Electric Waves by Oscillations in an Open Circuit; A
Linear Oscillator ; Nature of the Effect produced in Space by Oscillations taking
place in an Oscillator; Hertz's Theory of the Production of Electromagnetic
Waves in Space ;- Mathematical Theory of the Hertzian Oscillator ; Determina-
tion of the Electric and Magnetic Forces in the Space round an Oscillator ;
Equations for the same ; Delineation of the Form of the Lines of Electric Force
round an Oscillator by Hertz, Hack, Pearson, Lee, and Love. —8. Poynting’s
Theorem concerning the Transference of Energy through an Electromagnetic
Field.—9. Expression for the Radiation from an%);cillator; Poynting’s Theorem
applied to determine the Energy radiated by a Hertzian Oscillator per Period
and per Second ; Radiation from Open and Closed Oscillators.—10. Connection
between Logarithmic Decrement and the Radiation of an Oscillator.—11. Radi-
ation of Electromagnetic Waves from an Antenna..—12. Theory of the Rod-
shaped Oscillator ; Investigations of Abraham, Macdonald, and Hack.—13.
Radiation from a Closed or Magnetic Oscillator ; Investigations of Fitzgerald ;
Equations for same given by the Author; Expressions for the Energy radiated
from various types of Open Oscillator ; Diagrams illustrating the Form of Lines
(I)fo Electric Force round a Hertzian Oscillator by Pearson, Lee, Hack, and
ve.

CHAPTER VI

DETECTION AND MEASUREMENT OF ELERCTRIC WAVES - - - - -

Appliances for Detecting Electric Waves; Cymoscopes or Wave Detectors ;
Classification of Detectors.—2. Spark Detectors.—3. Contact Detectors or
Coherers ; History of the Development of the Coherer or Imperfect Contact
Detector ; Researches of Hughes, Branly, Minchin, Lodge, and Marconi;
Marconi’s Telegraphic Cymoscope ; Arrangements for restoring imperfect Con-
tact Detectors to Sensitivity ; Tappers of Lodge, Popoff, and Marconi.—4.
Methods of detecting and recording the Passage of Electric Waves by Contact
Detectors. —5. Various Forms of Coherer and Materials for their Construction ;
Contact Detectors of Branly, Marconi, A. Blondel, A. C. Brown and G. R.
Neilson, and F. J. Jervis-Smith ; Metallic Filings Detector of Hughes; The
Mercury-Iron-Carbon Detectors of Castelli and Solari.—6. Restoration of
Coherers to the Sensitive Condition ; Substitutes for Tapping ; Lodge-Muirhead-
Robinson Rotating Steel Disc Mercury Coherer.—7. Other Self-restoring Con-
tact Detectors ; The Walter Tantalum Detector.—8. Theories of the Action of
a Coherer ; Various Hypotheses.—9. Magnetic Detectors ; Detectors of Ruther-
ford, Wilson, and Marconi; Marconi’s Rotating Band Magnetic Detector ;
Fleming Magnetic Detector; Walter and Ewing Magnetic Detector.—10.
References to other Work on Magnetic Detectors; Investigations of Walter,
Eccles, Russell, Maurain, and others; Magnetic Detectors for furnishing
Continuous Currents; Walter-Ewing Detector.—11. Electrolytic Oscillation
Detectors, Fessenden, Ferrié, Schloemilch, and others; Theory of the Elec-
trolytic Detector.—12. Thermal and Thermoelectric Detectors; Bolometer of
Rubens and Ritter, Tissot and Duddell ; The Author’s Thermoelectric Detector ;

PAGE



CONTENTS xiii

- PAGE

Forms of Hot-wire Ammeter useful for High Frequency Currents ; Varipus Forms
of Thermoelectric Detectors by Austin and others.—13. Rectifying Detectors ;
Researches of Braun, Austin, Pickard, and Dunwoody on Contact and Crystal
Rectifiers ; The Carborundum Rectifier ; Investigations of Pierce on Character-
istic Curves of Carborundum and Molybdenite Rectifier ; Goddard’s Experiments ;
Eccles’ Thermoelectric Theory ; The use of Conductors not obeying Ohm’s Law
as Radiotelegraphic Detectors; The Characteristic Curves of such Bodies;
Various Researches on Rectifying Detectors; The Perikon Detector.—14.
Electrodynamic Detectors; The Author’s Copper or Silver Disc Detector.—15.
lonized Gas and Thermionic Detectors ; The Fleming Oscillation Valve ; Mode
of using it as a Detector by the Author and by Marconi; The Valve Character-
istic; Second Method of using the Oscillation Valve as a Detector; Origin of
the Thermionic Emission; Richardson’s Formula; Emission from Oxide-
covered Cathodes; Wehnelt Valve; Lieben-Reisz Gas Relay; De Forest
Audion ; The Thermionic Amplifier.—16. Physiological Oscillation Detectors ;
The Frog’s Leg Receiver.—17. Wave-measuring Instruments or Cymometers ;
The Author's Cymometers; The Donitz Wave-meter ; The Marconi Company
Wave-meter.—18. The Measurement of Wave-Lengths and Frequency.—19.
Measurement of Small Capacities and Inductances by the Cymometer ; Standard
Inductances. —20. The Measurement of the Logarithmic Decrement of Oscilla-
tions by the Cymometer ; Delineation of Resonance Curves.—21. The Measure-
ment of the Wave-Length and Decrement of Incident Waves; The Marconi
Company's Decremeter ; The Kolster Decremeter.

PART III

ELECTRIC WAVE OR RADIOTELEGRAPHY

CHAPTER VII
THE APPARATUS OF ELECTRIC WAVE TELEGRAPHY - - - - - - 445

1. Early Ideas and Experiments ; Various Systems of Wircless Telegraphy ; Wire-
less Telegraphy by Conduction and Electromagnetic Induction; Wireless
Telegraphy by Electromagnetic Waves or Radiotelegraphy ; Remarkable Fore-
cast of Sir William Crookes; Unpublished Investigations by Professor D. E.
Hughes; A Royal Institution Lecture by Sir Oliver Lodge on the Work of
Hertz Popoff’s E?;aperimenls on Detecting Atmospheric Stray Electric Waves. —
2. Marconi’s Work, 1895-1898 ; His British Patent of 1896 ; Preece’s Lecture;
Marconi’s Apparatus for Electric Wave Telegraphy ; Slaby's Magazine Article ;
Marconi’s Early Demonstrations.—3. Marconi’s Improvements in 1898-1899 ;
His Jigger or Oscillation Transformer.—4. Marconi’s English Channel Radio-
telegraphy ; Dover to Boulogne ; British Association Lecture by the Author in
1899.—5. The Evolution of Syntonic Wireless Telegraphy; Lodge’s British
Patent, No. 11,575 of 1897; Marconi’s Master Patent, No. 7777 of 190U ;
Marconi’s Syntonic Apparatus.—8. General Principles of Radiotelegraphy ; The
International Alphabet ; The American Code.—7. The Aerial Wire or Antenna ;
Its Construction and Support; Various Forms of Antenna ; Antenna Insulators ;
Masts and Towers; Directive Antennz.—8. Classification of Antennz ; Open
and Closed.—9. Bent or Inclined Antennz ; The Author’s Theory of Directive
Antennz; Hoerschelmann’s Theory ; Macdonald’s Theory ; Zenneck’s Theory.—
10. Experimental Investigations with Bent or Directive Antenn:e ; Early Work of
S. G. Brown, Strecker, Sigsfeld, de Forest, and others; Marconi’s Invention of the
Directive Antenna; The Author’s Experiments; Braun’s Directive Antenn ;
Various Forms of Directive Antennz.—11. The Predetermination and Measure-
ment of the Capacity of an Antenna; The Author’s Experimentsand Measurements;
The Practical Measurement of Antenna Capacity ; Howe’s Formula: for Antenna
Capacity. —12. The Oscillation Constant of an Antenna ; Equivalent Antenna ;
Relation of Wave-Length and Oscillation Constant.—13. The Earth Plate or



RADIOTELEGRAPHIC STATIONS

' CONTENTS

Balancing Capacity ; Mode of Making a Good Earth.—14. The Coupling and
Excitation of Oscillations in an Antenna ; Marconi Transmitting Jiggers; Single
Coil and Double Coil Oscillation Transformers.—15. The Nature ot the Oscilla-
tions set up in Antennz ; Fundamental and Harmonic Oscillations; Chant’s
Researches ; The Theory of the Oscillation Transformer.—16. Classification of
Methods for the Practical Production of the Oscillations in the Antenna.—17.
Condensers for Radiotelegraphy ; Oil, Air, and Glass Plate Condensers ; Method
of Connecting up Condensers.—18. Dischargers for Spark Radiotelegraphy ; Air
Blast ; Marconi High Speed Rotating Dischargers ; Practical Forms; Quenched
Spark Dischargers; Von Lepel Discharger; Peukert and Fleming Quenched
Spark Dischargers; Lodge and Chambers Discharger.—19. Signalling Keys ;
Marconi Key; Relay Keys.—20. Receiving Apparatus in Radiotelegraphy ;
Marconi Tuner ; Variometers and Variable Couplings.—21. Receiving Arrange-
ments for Undamped Waves; Poulsen and Feddersen ¢ Tikker”; Rotating
Tikker ; Goldschmidt Tone Wheel ; Fessenden Heterodyne Receiver ; Theory
of Heterodyne Receiver.—22. Signal Making Appliances or Recorders; Morse
Inker; Syphon Recorder; Telephone; Best Frequency for Telephone Recep-
tion ; Advantage of High Frequency ; Researches of Lord Rayleigh and of Wien ;
Einthoven Galvanometer ; Photographic Reception ; Relays ; Siemens’ Polarized
Relay ; S. G. Brown’s Magnifying Relays ; Axel Orling Liquid Jet Relay; S. G.
Brown’s Telephone Relay or Amplifier.

CHAPTER VIII

1. Radiotelegraphic Stations and Systems ; Coast, Ship, Military, and Experimental

Stations.—2. Coast Stations; Site and Antenna Supports; Bolt Head G.P.O.
Station ; Details and Plant; Fishguard and St. Just Stations.—3. Ship Radio-
telegraphic Stations ; Antenna Sending and Receiving Plant; Marconi 1§-K. W.
Plant ; Arrangements in Wireless Cabin ; Calling-up.—4. High Power or Long
Distance Stations; Various Forms of Antenna Support; Masts and Towers;
Engine Plant; Arrangements of Transmitter; Simultaneous Sending and
Receiving by Marconi’s Method ; The Poldhu High Power Station of the Marconi
Company; The Glace Bay and Clifden Marconi Stations for Trans-
atlantic Communication ; Nature of Plant; Carnarvon and New Jersey Marconi
Stations ; Details and Arrangements ; The Eiffel Tower Radiotelegraphic Station,
Paris; The Tuckerton and Hanover-Goldschmidt Alternator Stations.—5.
Military and Portable Radiotelegraphic Stations; Various Types for Transport
on Horse or Motor Cart; Military Antennz; Erection and Transport;
Marconi Military Motor Cart and Pack Sets.—86. Application of Radiotelegraphy
in Aeroplanes and Dirigible Balloons.—7. Prevention of Interference of Stations ;
Disadvantages of Highly Damped Waves; Elimination of Atmospherics;
Fessenden’s Methods; Marconi Company’s Balanced Valve or Crystal ﬁeceiver
for Reduction of Atmospheric Disturbances.—8. The Efficiency of Radiotele-
graphic Stations; Various kinds of Efficiency; Author’s Balance-Sheet of
Energy ; Various Sources of Energy Dissipation and Discussion of Means of
Determining them.—9. The Design of Radiotelegraphic Stations; Austin’s
Empirical Formula for the Current created in the Receiving Antenna ; Methods
of Employing this Formula for the Predetermination of the Various Elements of
the Transmitting Plant ; The Optimum Wave-Length under given Conditions.—
10. Directional Wireless Stations; Theory of Directional Antennz; Methods
of Locating the Positions of Ships in a Fog.

CHAPTER IX

RADIOTELEGRAPHIC TRANSMISSION - - - - - . . - B
1. The Function of the Earth in Radiotelegraphy ; Various Modes of Connecting the

Antenna to the Earth; Marconi’s Claims for the Advantages of the Earth Con-
nection ; Lodge’s Views on the Disadvantages; Various Experimental Results ;
Differences in Transmission over Sea and over Land ; Propagation of an Electric
Wave over a Conducting Dielectric ; Penetration into the Dielectrics ; Zenneck’s
Researches ; Wave Transmission Over Sea and Land ; Austin’s Experiments on
Soil Absorption.—2. Effect of Obstacles and Atmospheric Conditions between
the Sending and Receiving Stations; Experiments of Admiral Sir Henry

PAGE

616




CONTENTS b 4%

PAGE

Jackson ; Naval Experiences; Observations of Colonel Squier.—3. Effect of
Earth Curvature on Long Distance Radiotelegraphy; Diffraction of Waves ;
Researches of Macdonald, Poincaré, Nicholson, Sommerfeld, Rybczynski, and
Love on Wave Diffraction Round the Earth.—4. Experimental Determination
of the Law of Decrease of Wave Amplitude with Distance; Measurements of
Duddell and Taylor for Short Distances ; Austin’s Results for Large Distances ;
Austin’s Empirical Formula for the Receiving Antenna Current; Absorption
Factor ; Love’s Criticism of Austin’s Results; Austin’s and Hogan's Experi-
ments on Long Distance Radiotelegraphy between United States Cruisers and
Arlington Station ; Conclusions of Love derived from the Theory of Macdonald ;
Diffraction may possibly Explain the whole of the Day Signal Strength at Large
Distances.—5. The Effect of Daylight on Radiotelegraphic Communication ;
Marconi’s Discovery ; Possible Causes of the Difference of Day and Night Trans-
mission ; Theory of Wave Propagation through an Absorbing Medium ; Proof
that Conductivity in the Air cannot be the Cause of Absorption; Marconi’s
Observations on Transatlantic Transmission by Day and by Night ; Freak Trans-
missions ; Hypothesis of Ionic Refraction; Eccles’ Theory.—8. General Con-
clusions as to the Mode of Propagation of Long Electric Waves over the Earth ;
Space and Surface Waves; Experiments of Campbell, Swinton, Fleming, and

iebitz on Antennaless Reception.—7. Atmospheric Stray Waves and their
effect on Radiotelegraphy. Observations of Popoff, Lena, Turpain, Eccles and
Airey ; Diurnal Variations observed in Long Distance Signalling; Observations
of Marconi, Round and Tremellen, Pickard, Eccles, Marchant, the Author,
and others on Variations of Signal Strength.—8. The Measurement of Signal
S:rgt}gthl; Apparatus and Methods ; Effect of Changes of Season upon Strength
of Signals.

CHAPTER X

RADIOTELEPHONY - - - - - - . - - - - - - 674

1. The Problem of Radiotelephony; Telephony with Wires; Nature of Transmitter
and Receiver; Physical Operations of Voice Transmission; Wave Forms of
Various Sounds taken with the Oscillograph.—2. Methods for Generating Un-
damped Oscillations of High Frequency; High Frequency Alternators; Arc
Generators; Experiments of Poulsen, Colin and Jeance, Torikata, Yokoyama
and Kitamura ; Thermionic Generators ; Marconi-Round Apparatus; Classifica-
tion of Methods for Generating Undamped Oscillations for Radiotelegraphy. —3.
Microphonic Control of Electric Oscillations; Multiple Microphones; Micro-
phones of Collins and Dubilier; Marzi Microphone; Liquid Microphones of
Majorana and Vanni; Thermionic Amplifier and Microphonic Control of Oscilla-
tions.—4. Receiving Arrangements in Radiotelephony; Crystal and Valve
Detectors; Chain of Thermionic Amplifiers.—5. Achievements in Radio-
telephony ; Work of Poulsen, Fessenden, Colin and Jeance, Vanni, Marzi,
Round, Marconi, and Ditcham ; Advantages of Radiotelephony; Transatlantic
Radiotelephony ; The Future of Radiotelephony.

INDEX - - - - - . - - - - - - - - - 699



VL

VII.

LIST OF PLATES

TU FACE PAGE

Diagrams showmi the Oscillatory Discharge of a Condenser, from
Photographs taken with the Duddell Oscillograph in the Pendcr
Electrical Laboratory, University College, London

Diagrams showing the Form of the Lines of Electric Force round
a Hertzian Dumb-bell Oscillator for Various Epochs during
Seven Complete Periods, by Professor Karl Pearson, F.R.S., and
Dr. Alice Lec, and also diagrams by Professor A. E. H. Love

Diagrams showing the Form of the Lines of Electric Force round
a Rod Oscillator for Various Epochs during the Fundamental,
First, and Second Harmonic Oscillations. Drawn by Dr F. Hack
from the Equations obtained by M. Abraham -

Diagrams illustrating the Results of Observations by Admiral Sir
Henry Jackson, R.N., F.R.S., on the Effect of the Interposition
of Obstacles on Tmnsmlwon of Slgnals hy Electnc Wave
Telegraphy - -



THE PRINCIPLES OF

ELECTRIC WAVE TELEGRAPHY
AND TELEPHONY ’

PART I.—ELECTRICAL OSCILLATIONS

CHAPTER 1

THE PRODUCTION OF HIGH FREQUENCY CUR-
RENTS AND ELECTRIC OSCILLATIONS

1. High Frequency Electric Currents—Damped and Undamped Electric
Oscillations.—In that form of telegraphy called Radio-telegraphy, Hertzian, or
Electric Wave Telegraphy, or more commonly, Wireless Telegraphy, the principles
and practice of which are the subject of the present treatise ; we are closely con-
cerned with the properties of alternating electric currents of very high frequency.
Hence it is necessary briefly to refer to them.

An alternating electric current is defined to be one which periodically changes
direction in its circuit. For a certain time it flows in one direction in some con-
ductor with varying strength, and then reverses and flows for an equal time in the
opposite direction. The time in fractions of a second which elapses between
the commencement of the current in one direction and beginning again in the
same direction is called a complele period or cycle, and will be denoted in this
treatise by the letter 7. The number of complete periods per second is called

the frequency of the current, and is denoted by 7. The quantity 2x# or 2;—' is of

the nature of an angular velocity, and will be represented by the letter p. Itis
also the number of periods in 2x seconds.

We have furthermore to distinguish between the fnslantaneous value of the
current, or its value at any instant, and the mavimum wvalue. The former will be
denoted by a small letter such as 7, whilst the maximum value of the same quantity
during the period will be represented by a large letter 7 of the same type.

A high frequency alternating electric current may be defined to be an alter-
nating current of which the frequency is reckoned in thousands. There is no
absolute demarcation between high and low frequency. The terms are of course
relative. If, however, the frequency is such that the number of periods per second
is, say, 1000 or upwards, then it would generally be called a high frequency current,
whereas if the frequency was such as to be reckoned in hundreds, or less than a
hundred, it would in general be called a low frequency current.

An electric oscillation may be defined to be an alternating electric current of
extremely high frequency reckoned, say, in hundreds of thousands or millions per
second, but here again the distinction between so-called high frequency electric
currents and electric oscillations is more a matter of terminology than any precise
difference in frequency. We are, however, concerned with two classes of electric
oscillations, the difference between which is important. In one case the oscilla-
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tions or high frequency currents continue with undiminished amplitude or maximum
value. They are then called wndamped or persistent oscillations. If, on the
other hand, the oscillations after beginning with a certain amplitude die away,
then cease, and after a time begin again with the original amplitude, they are
called damped oscillations, and each group is called a train of oscillations. If the
decay of amplitude in each train is very rapid, it is called a strongly damped
oscillation train, and if the rate of decay is small, it is said to be feedly damped.
We may graphically represent a high frequency electric current or undamped
electric oscillation in the usual manner by a repeated sinoidal curve, since in
nearly all the cases likely to occur in practice the variation of current from moment
to moment during the complete period is a simple sine function of the time.
Hence we may proceed as follows: Let a horizontal line AX (see Fig. 1) be

|0

Fi1G6. 1.—Delineation of a Simple Periodic or Sine Curve.

taken as a time axis, and equidistant points, N, L,, L, X, etc., set off so that
distances such as NL, or L,X represent one complete period denoted by 7.

Then with some point O in this line AX as centre describe a circle ABN. Let
the radius OR of this circle be taken to represent, to some suitable scale, the
maximum value of the current during the period. Imagine the radius OR to
revolve in a counter-clockwise direction with a uniform angular velocity. Let a
horizontal (dotted) line, RP, be drawn at every instant through the extremity of
the radius OR. Let another point, M, be supposed to move uniformly along OX,
and through it a vertical (dotted) ordinate, MP, be drawn. Let the point M move
uniformly through a distance NL; in the time taken by the radius OR to revolve
once with uniform angular velocity. Assume that OR starts from the position
ON, and that the point M also starts from N. Then the locus of the point of
intersection P of the vertical ordinate MP with the horizontal line RP will trace
out a sinoidal curve, NQL,Q,. The length of the ordinate MP will always be
equal to the radius of the circle OR multiplied by the sine of the phase angle
RON=6. Let the radius of the circle be denoted by / taken to represent the
maximum value of the current during its period. Let the radius OR revolve
through the angle RON =4 in the time # with angular velocity p. Hence 6=72¢,
andhif we denote MP by 4 then 7 is the instantaneous value of the current, and
we have—

i=/7sin pt . . . . . . ()

The value of the maximum current / is called the amplitude of the oscillation
and the angle p¢ is called its pkase. The above expression (1) is therefore the
equation of the wavy curve, called a sine curve, and is also the analytical expres-
sion for a high frequency alternating current, or persistent, or undamped electric
oscillation.

We can in the same manner describe a line representing graphically the
nature of a damped electric oscillation if we employ a Jogarithmic spiral instead
of a circle in a construction similar to that in Fig. 1.

A logarithmic spiral is the curve described by the extremity of a radius vector,
the length of which varies so that the logarithm of its length bears a constant
ratio to the phase angle the radius vector makes with some fixed straight line.
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Thus in Fig. 2 the spiral curve is described by the extremity R of a radius
OR (=7) which revolves uniformly round O, the length OR varying so that
the ratio of log » to the angle RON (=9) is congtant Hence the polar equa-
tion of the left-handed loganthmic spiral as drawn™i& r=a-¢, where a4 is some
constant.

The exponent has a negative sign, because » diminishes as 6 increases in the
case of the spiral as delineated. Suppose, then, that we draw a time axis, OX,
and assume a point, M, to move uniformly along it. Also let the radius vector
OR move counter-clockwise with a uniform angular velocity. Let a perpendicular
MP drawn through M move with it, and through R draw a horizontal line, RP.
The locus of the point of intersection P, of the lines RP and MP as the points R
and M move in their respective modes, will describe a decrescent wavy line. The
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equation of this lme is found as follows :—Since the angle RON =4, the ordinate
Qﬂ’ r sm .. Alsor=a-% Hence if we write 7 for M P, we have—

-
ﬁé L“'f S\ \V  j=a%sine. (;“\"‘\ z.(
be the angular velocity of OR. Accordingly, if OR moves through the .
angle RON in a time 7, we can write g/ for 6. Also it is convenient to substitute ’

le-at or fe— 4t for «-¢ where ¢ is the base of the Napierian logarithms, and /, q,
or £ are certain constants.

We then obtain the equation of the wavy line NQQ,Q, in the form—
i=le %t smpl . . . . . .2

and this therefore is the mathematlca‘l éxpression for a damped electric
oscillation.

If 7, denotes the maximum value KQ of the first oscillation, 7, that of the
second K,Q, in the opposite direction, and so on ; then it is easy to see that / has

~

the value /, when /=¢€, and the value /; when l—'t Z‘+ » where ¢ is the angle -
TON:=QTZ (see Fig. 2). Hence it follows by subsututlon in (2) that, .. .
L Cx ho &R e hel 8 T
[BY /, L, 272 . oo v 7

The quanmy a T or é is called the logarithmic decrement of the oscillations. The
quantity -4, where ¢ is the base of Nap. logs, is called the damping. Hence we S

have— « . _Tx T o .
Lh o - 0 a=nd=n log. e e 3
(.L 12 Iy : g

We can therefore write the equation of a damped electrlcal osullahon in one
of two equivalent forms, thus—

4 T
) ot €So/2 [
—_—— a,
; I'sm ¢¢ sinpt = lISl ¢e sin ¢ . . . . . (4)
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The ratio of one maximum oscillation to the next in the same direction is that
of ¢ to unity.

2. The Practical Generation of Undamped and Damped Electric Oscilla-
tions.—A number of arrangements have been devised for generating high fre-
quency currents and electric oscillations. Some of these appliances create damped
and some undamped oscillations. The oldest of thesé methods is that in which
the oscillatory discharge of a condenser is employed to create intermittent trains
of damped oscillations. Other well-known agencies are available for the pro-
duction of undamped oscillations, viz. the high frequency alternator, the direct
current electric arc shunted by an inductive resistance in series with a capacity,
and the thermionic valve generator. The high frequency alternator is more
especially applicable for the production of high frequency alternating currents,
and the arc methods for the generation of undamped electric oscillations. It is
convenient to discuss these in the following order : (1) high frequency alternators;
(2) the production of damped oscillation by condenser discharges ; (3) the genera-
tion of undamped oscillations by the electric arc, and other means.

3. Production of High Frequency Currents by High Frequency Alter-
nators.—Machines for the direct production of undamped high frequency alter-
nating currents are called Aigk frequency allernators. Previously to the year 1900,
no one had attempted to build an alternator yielding a current having a frequency
of more than about 20,000, and even for some years afterwards, although efforts
had been made to obtain higher frequencies, only machines of extremely small
power had been actually built. Nevertheless inventors persevered, recognizing
that high frequency alternators would be of great utility in radiotelegraphy and
radiotelephony. It was evident at an early stage that, for this purpose, machines
giving a frequency of less than 40,000 or 50,000 and some power reckoned in
kilowatts would not be of much use. Lately high power machines have been
developed either by increasing the frequency and power of ordinary alternators
starting from the early work of Elihu Thomson and Nikola Tesla in 1889 and
1890 on this subject, or else by employing an alternating current field excitation
which acts on a suitable rotor, frequency-raising alternators such as those of
Goldschmidt, Latour, and Béthenod have been invented. .

The difficulties met with in the former type are shown by the limitations of
frequency and power exhibited by the early Tesla high frequency alternators made
about 1890, which were capable of producing currents of 10 amperes or so having
a frequency of not more than about 10,000 or 12,000.

One form of Tesla high frequency alternator was constructed as follows (see
Fig. 3): It consists of a fixed ring-shaped field magnet with magnetic poles pro-
jecting inwards and a rotating armature in the form of a flywheel.! This wheel,
J (see Fig. 4), was turned down on the edge, forming a kind of flanged pulley, and
this groove is wound full of annealed iron wire insulated with shellac. Pins, L,
were set in the sides of the ring J, and flat coils, M, of insulated wire wound over
the periphery of the armature wheel and around the pins. These coils were con-
nected together in series, and the ends of the series carried through a hollow
shaft, H, to slip rings, P, P, from which the currents were taken off by brushes,
O, O. The field magnet consisted of a kind of toothed wheel, with the teeth
turned inwards (see Figs. 3 and 4), and an insulated wire or strip was wound
zigzag fashion between these teeth, so that when a continuous current was passed
along this conductor, the teeth were made alternately North and South magnetic
poles. It is quite possible thus to produce a magnet having 400 radial poles in
the circumference, and also easy to put 400 coils on the armature. Hence if such
a machine is driven at a speed of 3000 revolutions per minute, or 50 per second, it
produces an alternating current having a periodicity of 10,000 ~. A machine of
this kind can be constructed to give a current of, say, 10 amperes. In the machine
above described, which was capable of giving an alternating electromotivé force
of about 100 volts, the field magnet consisted of a ring of wrought iron 32 inches
outside diameter, about 1 inch thick; the inside diameter was about 30 inches.
The distance between the teeth was about ;% inch, and each field magnet tooth

Y See The Electrical Engincer of New York, March 18, 1891, vol. xi. p. 338.
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was about % inch thick. On the armature 384 coils were connected in two series.
The width of the armature was 1} inch. With magnetic teeth placed so close it
was necessary to have an extremely small clearance between the armature coils
and the magnet, to avoid excessive leakage or loss of useful magnetic flux ; hence
it was impossible to use wire for the armature thicker than No. 26, Brown and

F1G. 3. —Tesla High Frequency Alternator. (Side view).

Sharp gauge. This size is equivalent to No. 284 British SSW.G. The armature
wires must be wound with great care, otherwise they are apt to fly off in conse-
quence of the great peripheral speed. It is practicable to run such an armature

Fic. 4.—Tesla High Frequency Alternator. (End view.)

at a speed of 3000 revolutions per minute, equivalent to a peripheral speed of 375
feet per second. .

In another type of machine constructed by Tesla, magnetic leakage was avoided
by making adjacent poles on the same side of the armature of the same polarity.
In this second form the armature consisted of a copper plate in the form of a disc
with a large hole in it (see Figs. 5and 6). The plate was cut through by radial slits
alternately at the inside and outside edge, so as to divide the plate up into a zigzag
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strip. This plate was clamped on a central boss fixed on a shaft (see Fig. 5), and
caused to revolve between the two parts of a field magnet having a large number of
inward projecting poles, all those on one side being of the same polarity and facing

F1G. 5.—Tesla Iligh Frequency Alternator: Disc type. (Side vicw.)

an equal number of like poles on the opposite side, of the opposite polarity (see
Fig. 6). In this manner, the disc was perforated by the magnetic flux passing

F16. 6.—Tesla 1ligh Frequency Alternator : Mordey or Disc Type. (Section.)

across from one set of poles to another, and the passage of the strips into which
the disc is cut up, into and out of these streams of the magnetic flux, gives rise to
the electromotive force in the armature. The armature winding therefore consisted
of a single disc-shaped conductor equivalent to a zigzag winding, and this was
driven at a high speed, so that the radial elements of the armature cut across
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streams of magnetic flux. A very strong excitation could therefore be employed
without producing any wasteful leakage flux. The essential drawback of this
construction is that unless the slits in the armature are very close together, so that
the width of the radial bar or slice is not more than 3y inch, there is considerable
heating of the armature, due to eddy currents set up in it. In one machine of
the last type, constructed by Tesla, the field had 480 polar projections on each
side, and from this machine it was possible to obtain a current having a frequency
of 15,000 complete periods per second. When a machine of this description,
having a disc of considerable diameter, is driven at a speed of 3000 R.P.M., very
accurate balancing is necessary, or otherwise dangerous vibrations will be set up in
the machine. Great rigidity and accuracy of work are therefore necessary in all
parts of the machine, because the clearance between armature and field magnets
must necessarily be very small.

Generally speaking, it is not easy to obtain by the devices above described a
frequency higher than 10,000 periods per second. Very excellent mechanical
workmanship and perfect balance are necessary to be able to run any form of
disc armature, having a diameter of 30 cms. or so, at a speed of 50 revolutions
per second. Such an armature must carry 400 coils to be enabled to give even
this frequency.

F16. 7.—Siemens’ High Frequency Inductor Alternator.

In consequence of the difficulty of balancing a wound armature, the inductor
form of alternator is now adopted for high frequency machines. In this case the
revolving part is merely a steel disc having teeth or notches cut on its edge. If
two chisel-shaped magnetic poles are placed on either side of such a disc, and if
these poles carry armature coils wound on them, then as the notched steel disc
rotates it varies the magnetic reluctance of the magnetic circuit, and hence the flux
passing through the armature coils. In Fig. 7 is shown a view of such a high
frequency inductor alternator made by Messrs. Siemens Bros., the toothed inductor
disc being driven by a motor which also drives on the same shaft a small dynamo
which provides the exciting current for the field magnets of the alternator. The
frequency and electromotive force are, of course, determined by the speed of this
disc. It is easy by it to produce an alternating current of a frequency of 5000,

About the year 1907, R. A. Fessenden in the United States directed his
attention to the design of alternators capable of producing larger output and with
a frequency of the order of 50,000. Recognizing the difficulties which arise from
magnetic leakage when poles of opposite sign are interspaced, he, like Tesla,
adopted the Mordey type of alternator, in which the field magnets have poles of
the same sign on one side, and the magnet consists of a pair of revolving discs
with opposed teeth facing inwards, those on one side being all N. poles and
those on the opposite side S. poles. The fixed armature in the form of a disc
is placed between these rows of poles, and in some cases it appears a double
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armature is employed. The two magnet discs resemble crown wheels with small
teeth, between which the wire for carrying the exciting current is wound. One
machine thus made by him was said to be capable of giving an alternating current
with a frequency of 80,000. In practice it seems to have been limited to 60,000,
with an output of 250 watts and an electromotive force of 60 volts when running

[Reproduced by permission fiom ‘* The Elcctrician.”
F1G. 8.—Fessenden’s High Frequency Turbo-Alternator.

at a speed of 10,000 R.P.M. At a speed of 8400 R.P.M. it gave a frequency of
50,000 and a voltage of 65. The field magnet of this machine is described as
having 360 poles. Another type of alternator coupled direct to a De Laval steam

| By permission of The General Electric Company, U.S. A.
Fi16. 9. —Inductor Disc of the Alexanderson Inductor High Frequency Alternator.

turbine has been constructed and described by Fessenden (see 74e Klectrician,
vol. 61, p. 441, 1908). De Laval steam turbines are now made in small sizes
to run at 30,000 R.P.M. Hence when coupled direct to a shaft running at this
speed an armature of comparatively small diameter will give the required high
frequency. In the case of the machine shown in Fig. 8 the alternator gives a
current at 225 volts and a frequency of 75,000, with about 25 kilowatts output.
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The machine is of the double armature type, with 300 coils on each armature, and
a field magnet with 150 teeth. The two air gaps are only /; inch in length. The
steam pressure used with the turbine is 100 lbs. per sq. inch.

[By permission oy The General Electyic Company, U.S. A.

Fi6. 10. —View of part of the Inductor Disc of Alexanderson Alternator
showing slots or holes in edge.

Appreciating the special difficulties involved in the construction of a high-
power high frequency alternator with moving coils, E. F. W, Alexanderson, of the

General Electric Company in America,
directed his attention in 1908 to the design
of an inductor alternator.? In this type of
machine both the field magnet coils and the
armature coils are fixed. The only moving
part of the machine consists of a steel disc
having slots or holes cut out in it near the
edge. This disc is carried on a flexible steel
spindle and can be revolved at a very high
speed. To prevent churning of the air and
consequent loss of power the slots are filled
up with a non-magnetic material (see Figs.
9 and 10). This disc revolves with its edge
between the fixed field and armature coils
which are carried on a fixed frame, and the
function of the slots in the steel disc is to
change the total magnetic flux passing through
the armature coils and so create in them an
alternating electromotive force. This action
will be understood from Fig. 11, which re-
presents a cross section of half the machine.
The parts D and B are portions of the ring
frame, and A are the field coils. The mag-
netic flux created by these coils passes round
through certain laminated iron teeth E, and
the armature winding is a simple zigzag cir-
cuit wound over these teeth. The steel disc

F1G. 11.—11alf Cross section of Alex-
anderson High Frequency Alter-
nator.

* See The Flectrician, xol. 63, p. 541, 1909. On an alternator for one hundred thousand

cycles, by E. F. W. Alexanderson,
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passes between these teeth with very little clearance, and according as a space or
a slot is passing so will the flux linked with the armature winding be varied. If
the steel disc has 300 slots in its edge, and is revolved at a speed of 20,000 R.P.M.,
this will create an alternating current having a frequency of 100,000. To obtain
this high speed and yet retain the advantages of driving by an electric motor a
special form of 1 to 10 speed-raising gearing is employed. A general view of
this motor-driven high frequency alternator is shown in Fig. 12, in which the alter-
nator is seen on the left hand and the driving motor on the right.

The revolving disc is made of chrome-nickel steel, and is carried on a flexible
shaft which allows the disc to rotate about its mass centre at a high speed, thus
avoiding any strain on the bearings. The shaft is carried on two end bearings,
but there are intermediate loose bearings which limit the play of the shaft at
those critical speeds which induce vibration. These bearings have forced lubrica-
tion. The machine shown in the figure has an output of 2 kilowatts at a voltage
of 110 volts, and short circuit current of 20 amperes with frequency of 100,000.
Mr Alexanderson stated in 1915 that a similar machine was being built for an
output of 50 kilowatts at a frequency of 50,000. The above described high

[ By permission of The General Electric Company, U.S. A.
F16. 12.—Alexanderson Motor-Driven 2 k.w. High Frequency Alternator.

frequency alternators act on just the same principles as the ordinary low frequency
alternators used for power and lighting, but a high frequency generator on quite a
different principle has been invented by Dr Rudolph Goldschmidt,® which enables
frequency to be raised, just as a transformer raises voltage or current. To under-
stand the scientific principle of this machine, it is first-necessary to recall to mind
that any alternating magnetic field, which is constant in direction but varies in
strength according to a sine law, can be considered to be the resultant of two
magnetic fields of constant strength equal to half the maximum value of the
pulsating field ; these two constant fields changing their direction continually by
rotating with equal angular velocity in opposite directions. Let OA, OB (see
Fig. 13) be the two fields of constant strength rotating uniformly in opposite
directions. Then their resultant OC is constant in direction, but has a sinoidally
varying strength with a maximum value equal to twice OA or OB. Hence we can

3 Sce R. Goldschmidt.  British Patent Specitications, No. 27260 of 1907 ; No. 17835 of 1908 ;
No. 11294 of 1910. Also The Flectrician, vol. 66, p. 744, 1911, and The Electrician, vol. 69,
p. 615, 1912, Sce also Pall Mall Gazette, 5th December 1912, in which it is mentioned that the
author had some share in directing attention to the problem of the construction of a high
frequency alternator for radiotelegraphy.  For a good description of the Goldschmidt alternator
the reader is referred to an article by Mr E. K. Maver in the Proceedings of the Institute of
Radio FEnginecrs of New York, U.S. A, for March 1914; vol. 2, p. 69.
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consider any alternating magnetic field as resolvable into a pair of oppositely
rotating constant fields.

Goldschmidt’s high frequency alternator has a fixed coil or set of coils called
the stator, and in the interior revolves a movable coil or coils called the rotor. In
the conventional diagram in Fig. 14 only one stator coil, S, is shown, and one
rotor coil, R. Imagine that the stator has a continuous electric current sent
through it from a battery B, and that the rotor is made to revolve with an angular
velocity w in the field of the stator. The rotor coil will then have an alternating
current induced in it. Relatively to the rotor the magnetic field due to this last-
named current is fixed but-pulsating in strength. It may therefore be resolved
into two oppositely rotating constant fields. One of these revolves through space
with twice the angular velocity of the rotor, and the other revolves in the opposite
direction to the rotor and is stationary with respect to the stator coil. The former
field cuts through the stator coil and induces in it an alternating current of twice
the frequency of that in the rotor. Next, suppose that both the rotor and the
stator coils have their circuits completed by condensers in series with inductance

L]

il by
0
w

c
F1G. 13.—Resultant of Two F16. 14.—Diagram of Connections
Oppositely Rotating Vectors. of Goldschmidt Alternator.

coils, the capacity and inductance being so adjusted in accordance with the rules
explained in the later sections of this chapter that they are in_ tune for certain
frequencies. It is shown below that if a capacity C is in series with an inductance
L the circuit responds most readily to electromotive forces having a frequency
1/2x J/CL, but permits only the flow of a very small current through it if the
frequency of the impressed E.M.F. differs very little from the above value. If
then the rotor coil is closed by a circuit composed of a condenser C, and an
inductance L, adjusted to respond to the currents of the frequency w/2x or the
fundamental frequency, the currents set up by the revolution of the rotor will
circulate in this circuit, and will, as above mentioned, create a field which cuts
through the stator coil with twice the angular velocity of the rotor.

If then the stator coil S is closed by an inductive circuit L, with capacity C, and
if these are adjusted to the right value, these stator currents of frequency 2wz2r will
circulate in it. The corresponding stator field can be resolved into two components
rotating in opposite directions with twice the angular velocity of the rotor. These
will cut through the rotor coil and induce in it currents of frequencies w/2x and
3w/2x, because relatively to the rotor they cut it with angular velocities either
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cqual to, or else three times, that of the rotor. But the rotor is already short-
circuited by a circuit which can pass a current of the fundamental frequency. If
then we add another condenser C; of suitable capacity we can also provide a path
for the currents of threefold frequency. This last current in turn produces a field
which can be resolved into two oppositely rotating fields which cut the stator coil.
One of these cuts with an angular velocity twice that of the rotor, and the other
with four times that of the rotor.

The stator coil is short-circuited for currents of twice the rotor frequency. If,
however, we attach an antenna to the stator circuit or any other equivalent
capacity adjusted to be tuned for a fourfold frequency we can create in that circuit
alternating currents having a frequency fourfold that of the fundamental.

Hence we can by this means multiply up frequency so that starting with-an
excitation obtained by a single-phase alternating current having a frequency of
10,000 we can generate one of 40,000, or to any required higher frequency.

Such alternators can now be built for large power, and without any dangerous
speeds of revolution can produce alternating currents of a frequency high enough
for radiotelegraphy. In Fig. 15is shown the external appearance of a motor-driven
Goldschmidt high frequency alternator. The inventor has already constructed
 machines of 200 kilowatts output at a frequency of 50,000, and for higher frequencies
at lesser outputs.

The theory of the Goldschmidt alternator has been considered very fully by
Dr T. R. Lyle, in a paper read before the British Association at Birmingham.* It
has also been discussed by Sir Oliver Lodge.® At first sight it might appear that
such a machine could not have a high efficiency, since the various currents of inter-
mediate frequency constituting the steps by which the ultimate high frequency is
reached, would dissipate energy in this closed inductive-capacity circuit to a con-
siderable amount.

The reason-this does not happen is that these intermediate currents occur in
pairs of equal frequency but of opposite phase, and so tend to nullify each other.

Thus suppose we start with an alternating current in the stator of frequency #» ;
we have produced in the stator and rotor circuits currents of the following
frequencies by the reaction of the revolving fields and rotating rotor, viz. :—

In the Stator Circuit. In the Rotor Circuit.
” 21 and O
32 and » 4n and 22
57 and 3»n 6s and 4n

Now a little consideration will show that the second current of frequency 7
induced in the stator by. the first current of frequency 27 in the rotor, is opposite in
phase to the original inducing current of frequency # in the stator. Just as the
field due to the armature current of a D.C. dynamo is opposed in direction to the
permanent or exciting field, and just as the secondary current in an ordinary iron
core A.C. transformer 1s nearly opposite in phase to the primary current, so the
secondary induced current of frequency # in the stator is about 180° different in
phase from the original stator current of frequency n. In the same way all the
pairs of currents both in stator and rotor of identical frequency cut each other out
or more or less neutralize each other. Thus the pairs of currents of 37 frequency in
the stator are oppositec in phase, and also the pair of currents of 27 and 4n
frequency in the rotor. Hence we are left only with the unneutralized current of
highest frequency. If there were no magnetic leakage and no dissipation of
energy in the various closed inductive-capacity circuits in which the lower
harmonics circulate there would be a complete extinction of all the intermediate
harmonics, and all the applied cnergy of low frequency would be transformed into
oscillations of high frequency.

As a matter of fact there is a loss at each “reflection” due to iron, copper, and

T 3 Sec The FElectrician, vol. 71, p. 1001, 1913, on the * Goldschmidt Alternator,” by
. R. Lyle.

5 Sce Sir Oliver Lodge, on a ¢ Dynamo for Maintaining Electrical Vibrations of High
Frequeney,” PAil, Mug,, June 1913,
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dielectric losses, and also the magnetic leakage will decrease the output of high
frequency current per unit of energy of applied low frequency current.

Hence it is important to start with a fairly high frequency and limit as much as
possible the number of frequency transformations.

This introduces certain mechanical difficulties. There is first a limit to the
safe peripheral speed, say of 200 metres per second at the circumference of the
rotor. Also there is a practical limit to the revolutions per minute of the driving
motor, say 3000 R.P.M. Then there is a limit below which the final frequency
must not fall if the machine is to be of use for radiotelegraphy, say 50,000. This
gives us a limit to the width of the rotor teeth. For if we desire to have not more
than five frequency transformations we must start with a frequency of 10,000. If
the rotor is, say, 1'25 metres (=4 feet) in diameter and has 400 cms. perimeter and
has 400 poles of 1 cm. pitch, then at a speed of 3000 R.P.M. we have a frequency
of (400 x 3000)+120=10,000=2. These values are, however, practicable. To
save room and reduce capacity and inductance the rotor and stator windings are
each a simple zigzag winding of one wire in each slot.

_ The wire itself is composed of extremely fine high conductivily copper,
insulated and stranded so as to nullify skin eflect. The whole strand has to be
well insulated. The iron cores of the stator and rotor are built of sheet steel
0002 inch (=005 mm.) thick, insulated with paper 00012 inch thick. Thus the
cores of the machine are more than 30 per cent. paper. The clearance of the rotor
is only 5% inch (=08 mm.), hence the form must be truly cylindrical with respect
to the axis of rotation.

As the peripheral speed is 200 metres per second and the rotor of the 150 kilo-
watts machine weighs 5 tons, the design of the bearings and lubrication involved
great consideration. The slots in the rotor and stator have to be absolutely
parallel, and a deviation of 1 part in a 1000 from true parallelism involves a loss of
20 per cent. in the output of the machine.

The difficulties of collecting the currents at the brushes and preventing loss of
current by stray capacity paths, required great thought to overcome them.
Nevertheless these difficulties of construction have been overcome in machines
built up to sizes of 150 kilowatts or 200 kilowatts.

The theory of the Goldschmidt alternator has also been very fully discussed by
Professor Pupin as a particular case of the general theory of asymmetrical rotors
in unidirectional magnetic fields.

If a fixed coil and a rotating coil are in presence of each other and a steady
E.M.F. is applied to the two in seties, then the whole system will have a pulsat-
ing reactance and periodic currents will be set up in it, the frequency of which may
be enhanced by suitable resonance. The full details of Pupin’s theory are given
in The Procecdings of the Institute of Radio Engineers, vol. ii., December 1915,
p. 385, in an article by B. Liebowitz, to which we must refer the reader.

In connection with high frequency alternators it is necessary to mention the
alternators of MM. Marius Latour and Béthenod. If an alternator is excited with
a single phase alternating current, we may consider this fixed alternating field to
be resolved into two oppositely rotating constant fields, as above explained. If
there are g pairs of poles, and if the alternator armature makes N turns per
second, and if the frequency of the cxciting current is /; then the rotation of the
armature produces two induced currents of frequency /— Np and f+ Np. We may
by suitable resonance exalt the amplitude of the latter. If then we pass this
current of augmented frequency into the field-circuit of a second alternator and
join up in cascade a series of such alternators, the current from each armature
going into the field of the next machine, we have a final equation for the frequency

/m in the mth alternator
Sm=f1+(m—=1)Np=mNp,
since /,=Np. ’

Hence by the use of m alternators in cascade we can augment frequency
times. By the use of four rotating armatures or rotors on one shaft, we can in this
manner quadruple the frequency of the first armature.

We shall discuss in the last two sections of this chapter other mechanical
means for producing continuous oscillations.
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4 Production of Damped Electric Oscillations by the Discharge of a
Condenser.—We have in the next place to consider the methods employed for the
production of damped oscillations. These are always created by the discharge of
a condenser of some kind. If two conductors receive electrical charges of opposite
sign, in other words, are brought to different potentials, and if they are suddenly
connected through a conductor having inductance but small resistance, the
equalization of their potentials takes place by means of a discharge, consisting of
a series of decadent electrical oscillations, or movements of electricity, to and fro
along the conductor.

The nature of this phenomenon is best explained by considering a hydro-
dynamic analogue. Suppose two air-tight reservoirs to be connected by a wide
pipe having in it a valve which can suddenly be opened. Let one vessel contain
air under great pressure, and let the other vessel be exhausted. Then the
difference of air pressure between the vessels is analogous to the difference of
electric potential of the electric conductors. If then the valve in the pipe is
opened, air rushes from the full to the empty vessel, but owing to its inertia
it overshoots the mark, and after equalizing the pressure, for an instant reverses
the relative pressure conditions of the vessels, and the pressure is finally equalized
only after a series of gradually subsiding to-and-fro movements of air in the pipe
have taken place. Each vessel has successively the state of higher and lower
pressure, but in decrescent degree.

The conditions for the establishment of such air oscillations between the two
vessels are, however, that the pipe be very suddenly opened, and it must offer but
little resistance to the movement of the air. If the pipe throttles the air motion,
then the pressure would sink gradually in one vessel and rise in the other, but
there would be no aérial oscillations. In the same manner, if the equalization of
the electric potentials of the charged conductor takes place through a wire of high
resistance, electric oscillations are not produced.

We may employ another mechanical illustration of the same effect, as follows :—
Suppose a glass U-tube to be partly filled with mercury, and the mercury to be
displaced so as to be higher in one limb than the other. There is then a force due
to the difference of level urging the fluid to return to an equal height in the two
limbs. Let the mercury be allowed to return, but be constrained so that it is
released slowly; it goes back to its original position without oscillations. If,
however, the constraint is suddenly removed, then, owing to inertia of the mercury,
it overshoots the position of equilibrium and oscillations are created. If the tube
is rough in the interior or the liquid viscous, these oscillations will quickly subside,
being damped out by friction, but, other things being equal, the denser the liquid
the more prolonged will be the time of the oscillations.

The quality we call inertia in material substances corresponds in effect with
the inductance of an electric circuit, and the frictional resistance experienced by
a liquid in moving in the tube, with the electric resistance of a circuit. If we
suppose the U-tube to include air above the mercury, and to be closed up at its
ends, the compressibility of the enclosed air would correspond to the electrical
capacity in a circuit. .

The necessary conditions for the creation of mechanical oscillations in a
material system or substance are that there must be a self-recovering displace-
ability of some kind, and the matter displaced must possess density or inertia.
In other words, the thing moved must tend to go back to its original position
when the disturbing or restraining force is withdrawn, and must overshoot the
position of equilibrium in so doing. Frictional resistance causes decay in the
amplitude of the oscillations by dissipating their energy as heat.

In the same way the essential condition for establishing electrical oscillations
in a circuit is that it must connect two bodies having electrical capacity with
respect to one another, such as the plates of a condenser, and the circuit must
itself possess inductance and low resistance. Under these conditions the sudden
release of the electrical strain results in the production of an oscillatory electric
current in the circuit, provided the resistance of the circuit is less than a certain
critical value. We have these conditions present when the two coatings of a
charged Leyden jar are connected by a thick copper wire.
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Since every charged conductor is merely one coating or surface of a particular
type of condenser, it follows that most cases of electric discharge in the form of
a spark are oscillatory in character. It is probable that many lightning flashes
are oscillatory discharges on a gigantic scale. In a later chapter we shall consider
the methods by which the existence of oscillations set up, even when a charged
metal ball is discharged to earth by a spark taken by the knuckle, can be de-
monstrated.

5. General Theory of the Discharge of a Condenser.—It was long ago
suggested that the discharge of a Leyden jar does not always consist in the flow
of a transient unidirectional current through the discharging circuit, but is in some
cases an alternating current diminishing gradually in strength. Joseph Henry,
in 1842, came to this conclusion, guided to it no doubt by his observations on the
irregular effects attending the magnetization of steel needles by Leyden jar dis- -
charges. He remarks %—

¢“The discharge, whatever may be its nature (that is, of a Leyden jar), is not correctly
represented by the single transfer of imponderable fluid from one side ol) the jar to the other.
The phenomena require us to admit the existence of a principal discharge in one direction,
and then several reflex aclions hackwards and forwards, eack morc feehle than the preceding,
until equilibrium is obtained. All the facts are shown to be in accordance with this
hypothesis, and a ready explanation is afforded by it of a number of phenomena which are
found to be described in the older works on Electricity, but which have until this time
remained unexplained.”

Von Helmholtz, whose penetrating genius opened up so many new ideas, in
his celebrated essay * Die Erhaltung der Kraft” (*“ The Conservation of Force”)
read before the Physical Society of Berlin, 23rd July 1847, said—

““We assume that the discharge of a jar is nota simple motion of the electricity in one
direction, but a backward-and-forward motion bhetween the coatings, in oscillations which
become continually smaller until the entire @/s viva is destroyed by the sum of the
resistances.”

Lord Kelvin published in 1853 a classical paper, *On Transient Electric
Currents,” " in which the discharge of the Leyden jar was mathematically treated
in a manner which elucidated important facts. He recognized the influence
which the * electro-dynamic capacity,” or, as we now call it, the inductance, of the
discharge circuit had upon the effects, and he established an equation of energy
which expresses the fact that the energy of the charged jar at any instant is partly
being dissipated as heat in the discharging circuit, and partly conserved as current
energy in that circuit.

Consider the case of a charged Leyden jar or condenser discharged through a
circuit having resistance #nd inductance. In the act of discharge the electrostatic
energy stored up in the condenser is converted into electric current energy and
dissipated as heat in the connecting circuit. At any moment the rate of decrease
of the energy in the jar is equal to the rate of dissipation of energy in the dis-
charging circuit plus the ratec of change of the kinetic or magnetic energy
associated with the circuit. »

If we confine our consideration of the problem to the limited case in which the
discharge current is of such frequency that the motion of electricity in the dis-
charge circuit is at every instant in the same direction in all parts of this circuit,
and uniformly distributed over the cross section of this circuit, we can set out the
elementary theory following Lord Kelvin’s method as follows : —

If the capacity of the jar is represented by C, the resistance of the discharge
circuit by R, and the inductance of that circuit by L, then an equation of energy
may be stated mathematically, as follows : —

6t The Scientific Writings of Joseph Henry,” vol. i. p. 201. Washington, 1886.
. 7 **On Transient Electric Currents,” by Prof. Wilham Thowson, P4il. Mag., 1858, ser. 4,
vol. 5, p. 393.
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The above equation (5) is merely the symbolical expression of theﬁacl that at
any instant the rate of loss of energy by the condenser is equal to the sum of the

rate of dissipation of energy in the circuit, and the rate of storage of energy in the
magnetic field round it.

In equation (7) T is written for 'Iliand 7 for CR, whilst ¢ and ¢ stand for the

first and second time differentials of ¢.

The above differential equation belongs to a class which occurs in numerous
physical investigations, and its solution in the last form consists in finding the
value of the quantity of electricity ¢ or the charge of the jar at any instant in
terms of the time and the three constants, L, R, and C. An equation of this kind
has two solutions according to the relations of the constants.

It is easy to show, following Lord Kelvin, that the nature of the solution of -
the above quotation (6) is determizned by the relative values of the quantities

g and LC-, or by —'I{: andrkCR. If;f, is greater than LlC’ that is, if R is greater
than \/ %, or if % is greater than lli’ the charge in the jar dies away gradually

as the time increases, in such a manner that the discharge current is always in one
direction.

The ratio E is called the fime-constant (T) of the discharge circuit, and;, /

the product CR is called the time-constant (7”) of the condenser circuit. Hence r\' :(n :
the above condition amounts to saying that the discharge is unidirectional when 7° I
is less than Qs/ TT', that is, when the time-constant of the inductive circuit is less _ \°
than half the geometric mean of the time-constants of the inductive circuit and =~ _
the condenser circuit. L . 'V
d The solution of equation (6) and the determination of these conditions offers no
ifficulty.
Assume g=Aen!, where A ’is some constant, ¢ is the base of the Napierian

logarithms, and 2 a quantity to be determined. Then by substitution we have—

d% R dy ¢ ., R 1 ) _

dIZ+L . ;1}+ LC:q(m + Lm +LC =0

R
llen‘cc m"’+L’”+LIC=0 . . . . . . . . (8)

Solving the above quadratic equation, we have— '
me - R4 /R 1
T 2LTVo4Le LC
2 1 .
Therefore if 4517 is greater than e the roots of the _quadranc (8) are real,

and the so'ution of (6) takes the form—
(]=A,t’”ll+A2€m2' . . . . . . 9)

In the above equation A, and A, are constants, and »# and , are the two real
roots of (8). .
If we call Q the total charge of the jar at the instant when the discharge begins,
and reckon the time 7 from that instant, then when /=0 we have ¢=Q. Also the
current # flowing out of the jar= — %, and 7 is zero when /=0.
2 -~
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Hence from (9), under these conditions, we have—-
A +A,=Q and Ay + Apn,=0. .
Therelore S A=Q 2 and A,= -Q "1
’”2 - Illl 7”2 - ”I]

Hence the complecte solutlon of equation (G) in the case of the above defined
conditions is—

v :’”2_ o (it ge?0E — g 2t . . . . . (109)
R 2T
where my=-57 + 'i_,___'_‘: —aip
oV AlTIC 1 §))
and ny= - R 1

2LV g2 - ¢!

The current / at any instant flowing out of the condenser is found by
differentiating equation (10) with respect to £

. y/
Therefore i= - M’}Q(emlt _
”/- - llll

em;:t) . . . . N (12)

But when /=0, /=0, and when /=, /=0. Hecnce at some instant the current

has a maximum value, and by dlﬂ‘erentmtmg equation (12) it is easily found that

at a time /= logmt, =~ log.m,
ney — my

Accordingly this lesult shows us that whenthe resistance, inductance, and capacity

. the current 7 has a maximum value.

are so related that 42 is greater than tIC’ or which is the same thing, when

CR g grealer than L, then the discharge from the condenser is unidirectional, but
4

rises up to a maximum value and then decays (see Fig. 16).

DisCHARGE CURRENT

TiME AXIS

Fic. 16.—Curve representing the Dead-beat Discharge Current of a Condenser.

On the other hand, if »CR is less than Il‘l’ the roots of the quadratic (8) are

unreal, and may be written in the form:

wy= -a-+)p }
nmy=-a- s : ’ ’ ’ : : (13\)\’3
‘ R . .}r . L-
where _‘\/-])a“ ’yandﬁ \/LL 4[_ . P ( . bl " l"

ST T R

In this case the solution of (6) is— L e A ‘1, 3

g=A " (a- /")'+Azc'(°+/f’)' . “_. AR _.,\( 4)

Bearing in mind the exponential values of the sine and cosine, viz.— o “‘ e
eI e & \r. i

sin 6=""- 2 cosb="—," "y~ \,\« v(\,;\

we can write equation (14) in the form— ..
O o N g =" {(A,+ Ay) cos B4 (A - Ay) sin ;72 B
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Hence from the values of A, and A, already obtained we arrive at the equation—

-at
Qe {(mg = m1y) cos B¢+ j(my+ my) sin gt} . . . (1d)
ity — 18y

g=
as an expression for ¢. :
Therefore since the discharge current 7= — ‘g, we have by differentiation
of {15)—
i= ”2;‘;:;{(/"2 - wn)(a cos B¢+ B sin B¢) + (e + ms)(a sin B — 8 cos Br)}
2~ "0

and from the values for m, and m, given above we have finally —
;:;Qe-u(“z%ﬂ?) snft . . . . . (16)

If in equation (15) we substitute the values of #, and m, given in equation (13)
we have—

¢=Qe" “(cos B+ ; sin ﬂt).

Also if v is the potential difference of the plates of the condenser at the time
t,and V their initial potential difference, Q=CV and ¢=Cwu, where C is the
capacity. Hence—

v=Ve '“’(cos ﬂl+;sin [31).

In all practical cases of oscillatory circuits the ratio ;is small compared with

unity, and then 8= 7,,‘
N LC v ..
shown to be equal to 2xz=4, when R=0 or a=0. Hence under these conditions

the above equation and also equation (16) take the form—

Lower down (see equation (20)) this last quantity g is

v=Ve-af cos pt. i=CpVe-atsin pt . . . (17)

These last equations are of the same form as the expression 7=1l¢-3¢ sin p¢
given on page 3 as the equation for the wavy line obtained by the projection of the
point moving along a logarithmic spiral. They show, therefore, that both the
current in the circuit and the potential difference of the condenser plates decay in
accordance with the law of a damped oscillation train.

It is necessary, however, to call attention at this point to the fact that when
circuits are traversed by high frequency currents the resistance R and the induct-
ance L of the discharge circuit which make their appearance in the above equations
have not the same numerical values as the resistance and inductance involved
when steady continuous currents are passing through the circuit. Accordingly,
the above statements as to the condition under which the oscillatory form of dis-
charge is produced are subject to a certain correction, but, broadly speaking, we
may say that when the resistance of the discharge circuit is very low the discharge
will take the oscillatory form.* If we examine the equation (16) for the discharge
current, we see that it shows that the current is zero at intervals of time corre-
sponding to sin B¢=0. It follows that these times of zero current are therefore
L2
g

currents in either direction decay away in geometric progresgion as the times

spaced out at equal intervals, each equal to Also the maximum values of the

8 See sections 1 and 2, Chap. 11, of this treatise. When the frequency is so low that the dis-
charge current is uniformly distributed over the cross section of the conductor, or when the
conductor 15 so laminated that this is the case, the quantity R in the equations above is the
ordinary or ochmic resistance and L is the ordinary inductance, but when the frequency is so high
that the current is not so distributed, then the resistance R and inductance L must be replaced
by the high frequency resistance and inductance of the circuit.
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increase in arithmetic progression. The discharge current in the two cases, viz.
the dead-beat case and the oscillatory case, corresponding to the equations (12)
and (16), can therefore be represented graphically by the two curves shown in
Fig. 16 and Fig. 17.

The ordinates of the curve in Fig. 16 represent the discharge current at various
instants during the discharge in the dead-beat or non-oscillatory case, and the
ordinates of the curve in Fig. 17, the currents in the oscillatory case. - In this last,
the ordinates above the datum line represent currents in one dlrectton, and those
below, currents in the opposite direction. The gradual decrease of the maximum
ordinates indicates the damping.

uscowm: CIIIICNT

F1G. 17.—Curve representing the Damped Oscillatory Discharge Current
of a Condenser.

The Napierian logarithm of the ratio of any maximum current or ordinate to
the next maximum in the same direction multiplied by the frequency, gives us
the value of the damping coet’ﬁcnent a asshown in section 2. Accordingly, we have

) -2
a——-nS and B= \/ LC i Taking %‘ to represent the interval of time

between two successive values of zero discharge current, when it is oscillatory, we
see from the above that—
27 _ 2%

=y = e—p— . . . . . . 8
i v a9
LC 4L2
Hence the oscillations are isochronous, and their frequency n=%,
l 1 _R®
n= LC Ik . . . . .(19)

If R is so small that ﬁ;, can be neglected in comparison with EIC' then the
frequency is given by the expression—- .
=2;r JIC

In this equation (20) the quantities C and L must be measured in homologous
units when the expression is employed in practical calculations. That is to say,
C and L must both be expressed or measured in electromagnetic units or both in
electrostatic units or else in practical units, viz. in_farads and Aenrys.

In the majority of cases with which we are concerned in radiotelegraphy the
resistance ot the oscillatory circuit is negligible, the capacity is small, and con-
veniently measured in microfarads or fractions of a microfarad, and the mductance
is best expressed in absolute C.G.S. electromagnetic units, viz. "in centimetres.

(20
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Bearing in mind that a microfarad is 1076 of a farad, or 10~* of an absolute
electromagnetic unit of capacity, we can convert the above formula (20) for the

frequency # into the form—
~— 5033 x 108 @1)
= i _=_= T . .
D~'S < @ JTB'L ~/ capacity in microfarads x inductance in centimetres
*fiow 1

1000 l

The constant 5'033 is the value of “x which is required in the transforma-

tion of the units, and in practice may be taken as equal to 5. We shall frequently
have occasion to make use of the above formula in practical calculations.

If we only require an expression for the frequency, and are not concerncd with
the instantaneous value of the terminal potential difference of the condenser, or (A
with the current at any instant, the equation (18) can be reached in a more simple ;,7 o
manner as follows?: Let us suppose that a condenser having a capacity C and ,
dielectric conductance S, discharges with oscillations, through a coil having — -
inductance L and resistance R. Damped oscillations will then be set up, and ? -
since the potential difference of the condenser terminals is a function of the g' '
time of the form Ve~2f cos f3, it can be represented as proportional to the real .
part of &P/, where P=B4ja, j=+/-1, and B=2wn, n being the frequency. .
Hence, at the instant when the discharge current has a value I, the potential g
difference of the condenser terminals i 1(S+;PC)~}, and the potential fall down ¢,
the coil must be I(R+/PL). Since there 1§10 impressed E.M.F. in the circuit,?'
the sum of these quantities must be zero. Hence— : ‘r\ o

(R+/PL)+(S+/PC)~1=0 (22) P

_Multiplying out and writing 2a for R/L, 24 for S/C, and adding (e - #)* to both ol
sides, we have—

AN

. 1 5
P 5))2= g - b)2 PEE S . . 23 [
(PHarap=p{p-a-or} o L B
Hence, solving this quadratic, we have— b L) (‘-.\ !
P=B+ja=fa+b)+ (—:li—(a—b)z R oY
Accordingly equating real parts— N
o 1 _[R_S\ g
/(D) @

+

If S=0 this gives us the formula (19) and since a=a+34, it shows us that the
ratio of two successive oscillations is €~@+87/2 where 7' is the complete time-
period oscillation.

It is clear, therefore, that both resistance in the coil and conductance in the
condenser dielectric have the effect of reducing the frequency or lengthening the
time period, but that if R/L=S/C the time period is the same as if there were no
dissipation of energy at all.

6. Experimental Confirmation of Theory—The Objective Representation
of Electric Oscillations.—The predictions of Lord Kelvin and Von Helmholtz,
that the discharge of a condenser may take place by a series of electric oscillations
or altermating and decadent discharges, subsequently received abundant experi-
mental confirmation.

The first to give this confirmation was B. W. Feddersen, who, in 1858 and
1859, published an account of his experiments on the examination of the spark of
a Leyden jar by the aid of a rapidly revolving mirror (see Poggendorff’s Annalen
der Chemie und Physik, vol. 103, p. 69). Feddersen found that the image of the
spark was not always drawn out into a uniform band of light when viewed by
reflection in a rapidly revolving mirror, but when the resistance of the discharge
circuit was low, this image was seen to be composed of a number of separated
images, thus proving the existence of separate discharges or oscillations.

. ¥ See). A. Fleming, Proc. Phys. Soc. Lond., vol. 25, p. 217, 1913, '* Some Oscillograms of
Condenser Discharges and a Simple Theory of Coupled Oscillatory Circuits.”
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Paalzow also described, in 1861 and 1863, experiments with a vacuum tube,
which proved that these intermittent discharges of a Leyden jar are alternately in
opposite directions. He passed the discharge, or part of it, through a vacuum
tube, and found that if the discharge circuit had a high resistance, the difference in
the appearance of the glow at the two electrodes showed that the discharge was
unidirectional. If, however, the resistance of the discharge circuit was low, then
the identity in appearance showed that the discharge was bidirectional. More-
over, a magnet held near the tube then split the discharge into two lines of light,
thus proving that the discharge was alternating (see Poggendorff’s Annalen der
Chemie und Plhysik, vol. 112, p. 567, and vol. 118, p. 178).

Many years later, Vernon Boys photographed the oscillatory spark of a Leyden
jar by another ingenious method. He employed a series of lenses set in a rapidly
revolving disc (see Fig. 18).1 These lenses projected upon a photographic plate
images of the spark of the jar. The lenses were set at various distances from the
centre of the disc so that each lens formed its own separate curved image of the
spark, which was circular in form.

The Leyden jar was replaced in some experiments by a condenser formed of a
number of sheets of w<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>