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PREFACE

THE Author published in 1906, through Messrs. Longmans, Green
and Co,, a volume on the Principles of Electric Wave Telegraphy,
in which an attempt was made to provide a fairly advanced treat-
ment of the subject, not limited to mere descriptions of various
so-called systems of wireless telegraphy, but explanatory of the
scientific principles underlying Radiotelegraphy in general. It
was, however, represented to him that a smaller manual on the
subject, suitable for the use of students, practical operators,
and the general reader, on the same lines, but somewhat more
elementary, might meet with acceptance.

The Author has, therefore, endeavoured to put together in the
present volume the information most likely to be of use for this
purpose. Where it has been deemed advisable to introduce some
little mathematical reasoning to supplement the verbal desorip-
tions, it is limited to the use of simple operations and expressions.
For the proof of many of the formule given in this Manual,
which require rather more extended mathematical discussion than
can be given here, the reader must be referred to the Author’s
larger book above mentioned.

It is assumed, however, that any user of this Manual has
a general acquaintance with the elementary facts of electrical
science.

It has not been considered necessary to encumber the pages
with many references to original papers or patent specifications,
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vi *  PREFACE

since the student who masters this elementary treatise will be
able at once to take advantage of the more complete information
and references given in advanced text-books.

The subject has now acquired a position of such importance
in connection with naval and military signalling and marine inter-
communication generally, that means are required for adequately
teaching the subject to electro-technical students and to practical
operators, and thus equipping them with the initial scientific
information necessary to enable them to follow intelligently its
practical development, and also fit them for extending their
knowledge of it by the study of advanced books and original
papers.

Although there is no want of ;books upon the subject, many
of them are occupied to a large extent with historical matter, and
expositions of electrical phenomena which are either unnecessary
for the practical radiotelegraphist, or can be obtained from other
text-books. Hence reference to these matters is as far as possible
omitted in this Manual, and the information given is confined
to that which is necessary to enable a student familiar with
the elementary facts of electricity and magnetism to proceed
to the study of more advanced treatises on the subject of
Radiotelegraphy.

In conclusion the writer desires to express his thanks for
permission to make use of diagrams and illustrations of appa-
ratus to the following firms and gentlemen:—To Chevalier G.
Marconi, and Marconi’s Wireless Telegraph Company for the
loan of blocks illustrating Marconi apparatus and stations ; to the
Amalgamated Radiotelegraphic Company and the Kilowatt
Publishing Company for blocks of the Poulsen apparatus; to the
Electrician Publishing Company for the use of many illustrations
which have appeared in The Electrician of late years; to Mr.
W. Duddell, F.R.S,, for some curves employed in Chapter IX.;
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and to the Editors of The Electrical Review, and to the Gesellschaft
Siir Drahtlose Telegraphie, of Germany, for views of the Nauen
Station and of radiotelegraphic apparatus. To these and others
who have assisted in the preparation of the book, the Author
desires to express his full acknowledgments.
J. A F.
THE PENDER ELECTRICAL LABORATORY,

Unrtversity CoLLEGE, LONDON,
August, 1908,
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CHAPTER 1
ELECTRIC OSCILLATIONS AND ELECTRIC RESONANCE

1. High Frequency Alternating Currents and Eleotric Oscillations.
—=8ince the art and practice of radiotelegraphy and radiotelephony
involve the employment of electric currents which alternate or
change direction in their circuits very rapidly, it is necessary to
commence the study of the subjects by considering some of the
general properties of alternating currents.

By means of various appliances, such as a dynamo, voltaic cell,
thermopile, or other source of so-called electromotive force, we
can produce in certain bodies, known as electrical conductors, a
state in which they are said to be traversed by an electric current.
We recognise the presence of a current
by the production of heat in the con-
ductor and a magnetic field around it.
Exploring the space near a conductor
carrying an electric current, by means
of a freely suspended magnetic needle,
we find the latter sets itself so as to
indicate that round the wire there is a
distribution of magnetic flux along
closed lines embracing the wire. Experi-
mentally this is best illustrated by pass-
ing «a stout copper wire through a hole I

in a card just large enough to let it

pass, and connecting the ends of the

wire to a powerful battery or dynamo

(see Fig. 1). If we then place a small

pocket compass on the card and move Fie. 1.

it about, we shall find that the needle

places itself at every point transversely to the wire. If iron filings

B
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2 RADIOTELEGRAPHY

are sprinkled on the card and the latter gently tapped, the filings
will be found to collect themselves more or less along certain circular
lines, thus revealing the form and distribution of the invisible closed
* lines of magnetie flux round the conductor, whilst if the compass is
placed on the card over the filings, it will be seen that the needle
sets itself at all places so as to be in the direction of a tangent to
these circles. If the connections of the wire with the terminals of
the battery or dynamo are interchanged, it will be found that the
compass needle reverses its direction, but the lines of magnetic
flux remain circles as before. We may therefore speak of the
currrent as having direction in the wire, since the magnetic field
as indicated by the setting of the magnetic needle has direction
one way or the other with reference to the wire. We are ac-
customed to call the direction of a line of magnetic flux the
direction in which the north-seeking end, or, as it is usually called,
the north pole N, of the compass needle points when placed on that
line. The direction of the magnetic field is conventionally related
to that of the current in the same manner as the twist and thrust
of a corkscrew. Hence, if we imagine a watch laid face upwards
on the above-mentioned card and that the ocircular lines of
magnetic flux have the same direction as the rotating hands of
the watch looked at from above, then the current creating them
would be said to have a downward direction or to be flowing from
the face to the back of the watch. If the direction of the
magnetic flux remains constant from instant to instant, it is said
to be due to a continuous, unvarying, or direct current (D.C.). 1If,
however, the field changes its direction at regular intervals, bein;
first right handed or clockwise in direction and then left handed
or counter-clockwise, we say that the current is due to an alterna-
ting current (A.C.). The interval of time between two consecutive
reversals of direction is called a semi-period, and the interval
between two consecutive reversals in the same direction is called
the periodic time, or complete period. The number of complete
periods executed in a second is called the frequency of the alterna-
tions, and is generally denoted by the sign ~. Thus 100 ~ means that
the frequency is 100, or there are 100 complete periods per second
or 200 reversals of direction of the field and current per second.

If the frequency has any such value as 50 or 100 ~ the current
would be referred to as a low frequency altcrnating current. If,
however, the frequency were of the order of 1000, 10,000, or
100,000, it would be described as a high frequency alternating cur-
rent. There is, of course, no hard-and-fast line of demarkation. The
terms high and low in this connection are relative or conventional.

When the frequency rises to a value of a million or so the
current is generally called an electric oscillation.
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In radiotelegraphy we are chiefly concerned with high
frequency currents or electric oscillations of a frequency between
100,000 or so and 1 or 2 million, and we have first to consider the
mode of representing them and their peculiar qualities.

It is most convenient to delineate an alternating current by
means of a wave diagram, as follows :—

Draw a straight horizontal line and let distances marked off
from one end represent ¢ime. Set up perpendicular (dotted) lines
either above or below-the line at equidistant points, the length of
these lines representing the current in the circuit at that instant,
the lines being drawn upwards when the current is in one direction
and downwards when it is in the other direction. The gradual
increase and decrease of the alternating current first in one
direction and then in the opposite direction is then represented by

the ordinates of an undulating curve, as in Fig. 2. A curve of this

Fia. 2.

kind, called a sine curve, may be constructed in the following
manner.

Take any line OX on which to mark off time (see Fig. 3), and
with O as centre describe a circle with diameter AB. Divide its

circumference into 12 parts, and through these points draw
horizontal lines. Take any length BD on the horizontal line and
divide it also into 12 parts and through these points draw lines
perpendicular to OX to intersect the horizontal lines drawn
through the 12 points on the circumference of the circle. Then
mark dots at the intersections of the corresponding vertical and
horizontal line, that is, at the intersection of horizontal line
through point 1 on the circle with the vertical line’ through
point 1 on the time line, and so on. Through the twelve
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intersection points draw a wavy curve. This curve is called a
sine curve, because its ordinate PM is proportional to the sine
of its abscissa MB, reckoning the whole length BD as divided into
360 parts or degrees. Thus if BM is { of BD, the ordinate PM
at that point M is proportional to the sine of the angle of 30°, or
is 0'5 and on the same scale that the maximum ordinate of the
curve is taken as unity. This maximum value of the ordinate is
called the amplitude of the wave curve. An alternating current
which is represented by such a sine curve is called a simple
- harmonic or simple periodic current.

We may, however, have alternating currents represented by
any form of wave curve provided it is single valued, that is, has
only one value of the ordinate for one given abscissa; in other
words, by any periodic curve which does not cut or double back on
itself.* In connection with alternating currents we are some-
times concerned with the maximum value or amplitude at given
moments, but more frequently with a mean value of a particular
kind called the ¢ffective or, usually, the root-mean-square (R.M.S.)
value, defined as follows :—

The rate at which a current is producing heat in a conductor
is at any instant proportional to the square of the current, and also
simply proportional to the true effective resistance which the
conductor offers to that current. If, then, the conductor has such
a form that its true resistance for continuous currents is the same
as for the alternating current in question, the mean value of the
heat produced in any time is proportional to the mean or average
value of the square of the current during that time. Hence we
may ask the following question. If an alternating current of any
given wave form exists in a circuit, find the value of the con-
tinuous or unvarying current which will produce heat at the same
rate in the same conductor. Suppose we have the wave form
of the current given. Then if we draw many equidistant current
ordinates during one complete period and square them, that is,
multiply the number denoting their length by itself, we can set off
a new curve whose ordinates drawn at the same instant represent
the square of the instantaneous values of the varying current.
This curve is represented in Fig. 3 by the dotted curved line. If,
then, we take the mean of the value of these squares and the
square root of this mean, we have the value of the continuous
current which would produce heat in the conductor at the same
rate. The square root of the mean of the squares of the various
instantaneous values of the current at equidistant intervals of

* Various curves representing alternating currents of complex wave form are
shown in Fig. 2, chap. ix.
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time is called the root-mean-square or R.M.S. value of the
alternating current. When, therefore, we speak of an alternating
current of 1 ampere we mean a periodic current which would
produce heat at the same rate as an unvarying or continuous
current of 1 ampere, assuming that the effective resistance of the
conductor is the same in the two cases. The importance of
this proviso will be seen later on.

2. Undamped and Damped Electric Oscillations.—When an
alternating current of very high frequency exists in a circuit and
continues uninterruptedly, it is usually called a persistent or
undamped clectric oscillation. It may be represented by a regularly
repeated curve (see lowest curve, Fig. 4). We are, however, con-
cerned in radiotelegraphy with a kind of alternating current of very

Strongly Damped Osocillations

D I A

Feebly Damped Oscillations

Fic. 4.

high frequency which consists of separate groups of alternating
electric currents, each group beginning with the same amplitude,
but then tailing away or damping down more or less quickly to zero,
and after an interval of rest beginning again. Sucha current may be
represented graphically by the upper and middle curves in Fig. 4,
and is spoken of as a series of trains of damped electric oscillations.
In this last case we have therefore to consider:—
(i.) The initial amplitude of each train,

(ii.) The number of oscillations in each train.

(iii.) The number of trains per second.

(iv.) The rate at which the amplitude dies away in each train
or the damping, as it is called.
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As these damped electric oscillations are much used in radio-
telegraphy, we shall consider more carefully some of their
properties and the manner in which the above qualities are related
to each other. :

Suppose a pendulum to have a hollow bob with a hole at the
bottom, the said bob being filled with ink or with sand. If the
pendulum is set in vibration over a sheet of paper which is moved
with uniform speed transversely to the direction of the plane of
oscillation of the pendulum, the outflowing ink or sand would
describe upon the paper a wavy line, gradually decreasing in
amplitude as the vibrations of the pendulum die away (see Fig. 5).

The vibrations of the pen-
dulum each take place in the
same time—that is, they are
isochronous—and the interval
& of time between two move-

7 ments of the bob in the same

/ W direction across its lowest

i position is called the periodic

Fie. 5. time of the pendulum. If the

pendulum is slightly displaced

from its position of rest, the bob is raised, and the action of gravity

creates a forque or restoring couple, tending to bring it back again

to its lowest position. If this torque and the corresponding angular

displacement are both measured in suitable units, the quotient of

the torque by the angle of displacement is called the torque per
unit angle.

Again, if we suppose the whole mass of the pendulum divided
into small portions, and the mass of each portion multiplied by
the square of its distanee from the axis of rotation, the sum of all
such products for the whole pendulum is called its moment of
tnertia. 1t is shown in books on mechanics that the complete
periodic time of a small vibration of a pendulum is obtained by
dividing the square root of its moment of inertia by the square
root of the torque per unit angle, and multiplying the quotient by
the circular constant 2 or by 6:283. Accordingly, we may say
that the time of vibration is given by the rule, -

The complete periodic time of the pendulum

Moment of inertia of pendulum -

= 2m Restoring torque per unit angle of displacement

If the amplitude of the vibrations does not exceed a few degrees,
then the time of vibration is independent of the amplitude. If
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then we were to measure the amplitude of successive vibrations as
they die away, we should find that each amplitude bears the same
relation to the preceding one in magnitude. Thus, suppose the
first or initial displacement or amplitude is represented by the
number 100, and the second one by 90, then the third one would
be ¥ of 90, or 81, and the fourth S of 81, or 729, and so on.
Thus the numbers representing the successive amplitudes or
excursions of the bob would be 100, 90, 81, 729, 656, 59 04,
53:14, 47-82, 43°04, 38-74, 3486, etc.

These numbers are said to be in geometrical progression because
each bears a constant ratio to the one preceding or following it in
the series, If the logarithm of these numbers are written down,
we obtain another series of numbers in arithmetic progression,
successive terms -having a constant difference. The reader is
probably aware that there are two systems of logarithms in use,
one to the base 10, which is employed in the construction of the
ordinary slide rule, and the other called the Napierian system, to
the base 2°71828. The Napierian logarithms are obtained from
those to the base 10 by multiplying the latter by the modulus or
factor 2:30259.

Accordingly, if we take the Napierian logarithms of the above
series of numbers representing the gradually decreasing amplitudes
of tf.lhe pendulum as the vibrations die away, we have the following
table .—

|
Napferian logarithms of
successive excursionsswhich
exhibit a constant difference
0°1053.

Amplitude of successive
excursions which exhibit a
constant ratio of 10: 9.

! 4-4998

1000 4:6052
900
81-0 ! 4:3945
729 i 4-2891
656 i 4-1838
59-04 [ 4-0788
53-14 ‘. 8-9730
47-82 8-8677
48-04 ! 3-7622
8874 8-6568
84-86 i 8:5514
etc. i ete.

The constant difference between the Napierian logarithms of the
amplitudes of two successive swings is called the logarithmic
decrement (abbreviated into log. dec.) of the motion. It is denoted
by the symbol 8.
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The reader should notice that we may speak of the log. dec.
per complete period or the log. dec. per half period, according as
the amplitudes plotted are the successive excursions of the
pendulum in the same direction or in opposite directions. Thus
in the above example the numbers 100, 90, etc., are the amplitudes
of the successive swings in the same direction or to the same side.
Hence the number 0-1053 is the log. dec. per complete period.

If the oscillations of the pendulum are permitted to die away,
strictly speaking, this should take an infinite time, because each
succeeding oscillation has a definite ratio to that of the preceding
one. As a matter of fact, however, there will come a time when
friction only just permits the pendulum to return to its zero
position from its last small excursion, and the oscillations will
then have ceased. We may, however, fix a definite useful limit to
the final amplitude, and say that when the last excursion is so
much reduced that it is only 1 per cent. or 3y of the initial
amplitude, the oscillations have for all pract;ica,l1 purposes ceased.
We can then easily find how many oscillations will take place
before this happens. It is obvious that between the 1st and 10th
swing in the same direction there are 9 complete oscillations, and
between the 1st and 100th swing there are 99 complete oscillations.
Again, in any system of logarithms the logarithm of 1 is always
zero. Hence if we divide the number 4:6052, which is the
Napierian logarithm of 100 by the log. dec., the quotient will give
us a number which is one less than the number of complete swings
in which the amplitude has been reduced to 1 per cent. of the
initial amplitude. Thus in the case of the pendulum above
mentioned we have 46052 <~ 0°1053=437. Accordingly, in 44 to
45 complete swings the pendulum would be practically at rest,
since the amplitude of its excursions would then have become
reduced to 1 per cent. of the initial amplitude. The measurement
of the logarithmic decrement enables us therefore to count the
number of oscillations composing a train and therefore to say
how fast they die away. A train of very few oscillations, say
5 or 6, is called a highly damped train, and a train of very many
oscillations, say 100 or more, is called a feebly damped train
(see Fig. 4).

These facts with regard to mechanical vibrations have their
analogues in electric oscillations. We can by special devices,
explained in the next chapter, set the electricity in certain forms
of circuit in motion by giving it a sudden impulse or release. It
then oscillates to and fro in the circuit, and creates rapid
alternating currents, which, however, continually decrease in their
maximum value because their emergy is being dissipated by
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various causes such as resistance. Hence the oscillations are
gradually damped out. We shall also consider in another chapter
the manner in which this damping and the logarithmic decrement
of the oscillations can be measured.

3. Electric Circuits and their Qualities. High Frequency
Resistance.—Before discussing the production of electric oscilla-
tions we must refer to some of the qualities of electric circuits
which are important in connection with high frequency currents.
One of these is the effective resistamce of the circuit. Electric
resistance may be defined as the quality of an electric circuit in
virtue of which the energy of an electric current existing in the
circuit is dissipated as heat in the conductor. It may therefore be
measured by the energy dissipated per second per unit current—
that is, by the power dissipated per unit current. The practical
unit of current is the ampere, which is defined as the unvarying
current which, when flowing through a neutral solution of nitrate
of silver between silver electrodes, deposits on the negative electrode
0001118 gram of silver per second. The practical unit of power
or work done per second is the watt. The practical unit of resist-
ance (called the ohm) is therefore the resistance of a conductor
which dissipates 1 watt as heat when a current of 1 ampere flows
through it. The resistance of a conductor depends, however, upon
the mode in which the current is distributed over the cross-section
of it. Imagine a rod of copper of uniform section of any shape,
and suppose it built up by laying together fine copper wires of
square section placed parallel and closely packed. When a
current flows through the rod we may picture to ourselves the
current as uniformly divided between the small constituent wires,
or we may suppose that these are insulated from each other and
that some of the components carry more and others less current
than the average, so that the total current is not distributed
uniformly over the cross-section, but is denser in some places than
in others. We can then very easily prove the following statement
to be true. The resistance of a conductor for uniform distribution
of the current over its cross-section is less than that for any mon-
uniform distribution of the same current.

Let the large square in Fig. 6 be the section of the rod, and
the small squares into which it is divided be the component
elements. Let us suppose the total current to be equally dis-
tributed over the cross-section as indicated by the uniform
shading. Then the conductor has a certain resistance, and dissi-
pates a certain energy per second per unit of current flowing
through it. In the next place, let us suppose that current is
removed from one of the little elements and added to that in



10 RADIOTELEGRAPHY

another, so that, whilst the current in one component element or-
wire becomes zero, represented by the small white square, that in
the other selected constituent, represented by the doubly shaded
square, is doubled. This is in effect making the current non-uniform
over the total section, without altering the
total current flowing. The heat produced
per second in any conductor by Joule’s
law is proportional to the square of the
current, so that if the current is doubled,
the heat is quadrupled. Hence, if we
consider the energy dissipated as heat in
each element or filament of the whole
number into which we have considered
the conductor to be divided, we see that
when the current is uniformly distributed
Fie. 6. it is uniformly or equally dissipated as
heat, and if there are, say, 1000 elements
or little component conductors then the total heat produced is -
1000 times that in one element. If, however, we assume that the
current is taken away from one element and added to that in
some other element, then, as far as rega.rds these two elements,
the heat produced per second in the first is now zero, since the
current is Zero, and in the second the heat is quadrupled since
the current is doubled. In all the other elements it remains at
the original value. Accordingly, although the total current flowing
through the whole conductor is the same as before, the total heat,
generated has been increased by rendering the distribution of
current over the cross-section non-uniform. From which it follows
at once that the production of heat per unit current flowing
through the conductor is a minimum for uniform distribution of
the current over the cross-section.

One of the particular characteristics of an alternating electric
current, especially of a high frequency current, is that it is not
distributed uniformly over the cross-section of the conductor,
as is the case with direct currents, but is concentrated in a
s;yface layer of the conductor or principally confined to the
skin.

We may illustrate the difference between the two cases by a
thermal analogy. Imagine an iron ball put into a furnace and left
there for some time; it would become equally hot all through,
and have the same temperature at the centre as at the surface.
If, however, after being in the furnace for a short time, it is taken
out and cooled, and then put into the furnace again, and these
operations rapidly repeated, it would experience the changes of
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temperature only at the surface layers, and the interior would
hardly change in temperature at all.

To make clear the reason for this superficial concentration of
the current on conductors when it is rapidly alternating, we must
consider a little more closely the manner and meaning of estab-
lishing a current in a conductor. For this purpose it is best to
consider a simple case. Let there be two sheets of metal AB, CD
(see Fig. 7), placed parallel to each’ other, and charged with
electricities of opposite sign. These
plates are shown in section in Fig. 7 and
indicated by the thick black lines. This
arrangement constitutes a condenser.
The insulator or dielectric between the
plates is in a peculiar state of strain
along certain lines called lines of electric
strain. In the diagram the directions of
the strain at various parts is denoted by
the dotted lines. The bodies we call
conductors do not permit the creation in
them of electric strain. If the strain in
a dielectric exceeds a certain value, the
insulator is ruptured and a spark dis-
charge takes place.

\%Ie may compare a dielectric with an elastic wire, which can
endure a certain twist before breaking, whereas a conductor is like
a thread of honey or some such plastic body, on which we cannot
put any twist at all, because it yields immediately to the strain.
The so-called charge of the condenser is the energy of this electric
strain in the dielectric, and each cubic centimetre of the insulator
stores up a certain amount of the whole energy.

For the sake of giving definiteness to our conceptions, we may
think of the mass of the dielectric as divided up into closely com-
pacted tubes, the sides of these tubes being bounded by lines in
the direction of the electric strain. At the point where the tubes
terminate on the conductors there is a positive or negative charge,
and it is convenient to so select the size of these tubes that the
charge on each end is a unit of electric quantity. 'We know that
electricity can spread over the surface of conductors, but not over
the surface of insulators. Accordingly, we must suppose that the
ends of the tubes of electric strain are quite free to move over
the surface of the conductors on which they abut.

In books on the theory of electricity, it is shown that the state
of electric strain in a dielectric is equivalent to a tension or pull
along the direction of the tubes of electric strain and a pressure at




12 RADIOTELEGRAPHY

right angles to them. The whole mass of the dielectric may be
considered to be in a state of stretch and squeeze, and in fact the
attraction between oppositely electrified bodies is only the pull
exerted by the tubes of electric strain extending between them.

Suppose, then, that the two oppositely electrified plates of the
condenser in Fig. 7 are connected by a wire. The opposite ends
of the tubes of electric strain move along it and approach each
other, the tube shrinking up in the process in virtue of the ten-
sion along it. The disappearance of the tubes nearest the wire
relieves the lateral pressure on others lying outside, and they all in
turn collapse in the same manner. Each tube, however, represents
a certain amount of potential energy stored in the dielectric, and
it cannot disappear without leaving an equivalent behind it in
some other form. The movement of positive and negative charges
of electricity along the wire in opposite directions involves, how-
ever, the production of another effect in the dielectric, namely, a
distribution of magnetic flux along closed curves embracing the
wire constituting what we call the magnetic field due to electricity
in motion. As, therefore, the energy of electric strain or the
electrostatic field in the dielectric vanishes, due to the shrinking
up of the tubes of strain, it is replaced by energy of magnetic
flux or by a magnetic field distributed along endless lines enclosing
the conductor.

This magnetic flux begins to be created at the surface of the
conductor where the tubes of electric strain are vanishing, and it
spreads outwards into the dielectric and also soaks or penetrates
into the conductor much more slowly. It cannot yet be said that
we understand fully the mechanism by which this energy trans-
formation is effected, or how it is that the lateral movement of the
tubes of electric strain which stretch from plate to plate, causes
them to transfer their energy to another form in which it exists
in a state called magnetic flux distributed along closed lines round
the discharging wire.

In electromagnetic phenomena we reecognise, however, that
we are concerned with energy which may exist either in the form
of electrostatic energy due to an electric strain in a dielectric
produced by an electric charge, or with magnetic energy resulting
from magnetic flux produced by an electric current.

The electrostatic form of energy has a close similarity to the
potential energy of ordinary mechanical strain or distortion, and
magnetic energy to the kinetic energy of moving masses. Electro-
static strain can exist in dielectrics, but not in conductors.
Magnetic flux can exist both in dielectrics and in conductors, but
the change of position of magnetic flux or movement of lines of
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magnetic flux through conductors causes a dissipation of some of
the energy as heat.

Returning, then, to the case of the condenser which is being
discharged, it must be understood that the lines of magnetic flux
which replace the lines or tubes of electric strain do not spring into
existence simultaneously at all parts of the field, but originate at
the surface of the discharging wire and spread outwards into
space, and also penetrate much more slowly into the wire itself,
generating heat in the latter as they move through it.

If, then, the magnetic field outside the wire reaches its full and
final state very quickly, the field inside the wire will have only
penetrated by that time a very little distance into the metal.
The speed with which the magnetic field outside the wire reaches
its full development depends on the form of the circuit—that is,
upon the inductance of the circuit.

The magnetic field, however, does not remain permanent, but
in turn begins to disappear, its lines contracting in again upon the
wire. It can be shown that this process recreates the electrostatic
field, but with electric strain directed in the opposite direction to
that strain, the collapse of which gave rise to the magnetic field.
We shall consider this process more in detail in Chapter IV.,
when discussing electromagnetic waves. Meanwhile it will be
sufficient if the reader is able to grasp clearly the following ideas.
Let the small thick line circle in Fig. 8 represent the section
of the wire discharging the condenser, and let
the black dots round it represent the section of
the lines or tubes of electric strain, and the fine

line circles the direction of the lines of magnetic
flux. Then, before discharge, we have in the
dielectric only an electrostatic field, and the
dielectric is permeated by lines or tubes of =

electric strain. When the discharge wire con-
nects the plates of the condenser the electro-
static field begins to disappear, the lines of
electric strain moving laterally in on the wire, but in so doing give
up their energy to, and create closed lines of magnetic flux which
move outwards from the wire. There comes an instant then when
the electrostatic energy has all disappeared, the condenser is dis-
charged, but a magnetic field has taken its place, and an electric
current is said to flow in the discharge wire. This current then
begins to die away—that is, the magnetic field collapses in upon
the wire—but recreates as it disappears a fresh electrostatic field,
the lines of magnetic flux fading away and being replaced by lines
of electric strain in the opposite direction to the original strain.

Fia. 8.
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If those transformations of emergy succeed each other very
rapidly in the space outside the discharge wire, then the magnetic
field, which is more slowly soaking into the conductor, will never
have time to penetrate far into it, and both the interior magnetic
field, and therefore the heat evolution, will be confined to a thin
outer layer of the material or to a mere skin. The better the
conductivity of the material of which the discharge wire is made,
the more slowly does the magnetic field travel into it, and there-
fore the thinner the skin.

These matters cannot be explained in full detail without the
use of mathematical reasoning of an advanced character, but the
above brief statement is perhaps sufficient to make it clear that when
we are dealing with electric currents which change their direction
very rapidly—in other words, with high frequencyalternating electric
currents—the current in the wire is not distributed uniformly over
the cross-section of the wire, but is confined to a thin surface
layer or skin. Hence, in accordance with what we have proved
above, the resistance of the conductor for such alternating
currents is not the same as that for steady or continuous currents,
but is considerably greater. The usual tables for the resistance of
copper and other wires give us what is called the ohmic or steady
resistance, or resistance to continuous currents, of wires of various
diameters and lengths. These values are not usually applicable
in the case of conductors used in radiotelegraphy. We have,
then, to consider the high frequency resistance of the wire. In
the case of steady or direct currents, the resistance of a wire of
given material, length, and cross-section varies directly as the
length, inversely as the section, and directly as the resistivity or
specific resistance of the material. These resistivities are given in
books of reference either in absolute units or else in microhms or
millionths of an ohm per centimetre cube. Thus, in the case of
copper, the electric resistivity is 1'6 microhms per centimetre cube
at ordinary temperature. If, then, we have a wire of 1 square
millimetre in cross-section, or 001 square centimetre and 100
centimetres long, its steady . resistance  is 1'6 x 100 < 001
= 0016 ohm.

The ratio of the high frequency to the steady resistance has
been investigated by many physicists. TLord Rayleigh has given
two formule which enable us to calculate the resistance of a
straight conductor for high frequency currents applicable in cases
of moderate and very high frequency respectively, to straight or
but slightly curved wires of any material. We have transformed
his formule to meet the case of straight, round sectioned wires,
as these are nearly always used in practice. Also, we have
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considered the wire to be of a non-magnetic material, say copper,
as these are mostly employed in practice.

Let the letter ¢ denote the circumference of the round wire
measured in centimetres, n the frequency of the current, and p
the steady current resistivity of the material of which the wire is
made, reckoned in absolute units on the centimetre, gramme,
second system of measurement. Thus for a copper wire p = 1600
at ordinary temperatures. We then calculate the value of the
quantity nc}/p = k. Thus if n = 1000, ¢ = 1, and p = 1600, we
have £ = §. Let R’ be the high frequency resistance of the wire
and R its ordinary or steady resistance. Then, provided tlw’zt kis

less than wnity, we can calculate the value of the ratio% from

the formula » " y

R=1*1~ 280
Thus for a copper wire of 1 centimetre in circumference or about
1 inch diameter, and for a frequency of 1000 ~, we have

’
% =14 (b5 — 1s5hrg = 1:008 nearly

Accordingly, the increase in resistance for this wire and frequency
is rather less than 1 per cent.

If the frequency and diameter of the wire are such as to make
the value of the quantity & very much greater than unity, say at
least equal to 6, then Lord Rayleigh has given another formula
which is equivalent to

R _, -~
E—%\/k

Thus, suppose the frequency n = 1,000,000 and the wire is a
copper wire of one centimetre in circumference, then p = 1600,
¢=1,and n = 106

Hence & = 19000, and +/k = 25, and vk =125

Therefore the resistance of this wire for currents of 1,000,000
per second would be 12} times greater than its ordinary or steady
resistance. Suppose the wire to be of one-tenth the diameter, or
01 centimetre in circumference, equivalent to about gl; of an inch
il?a diameter. Then for » = 1,000,000, p = 1600, and ¢ = 01, we

ve

k=190 =6}, and /% =26
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’

R
Therefore '

is approximately 25 per cent. greater than its steady resistance. If,
however, we consider the case of a copper wire still smaller, say
of 001 centimetre in circumference, then for a frequency of
1,000,000 this would make % = {;, and the last formula is then
no longer applicable, since % is now less than unity, and we must
revert to the previous formula. Accordingly for this last case we

have

= 125, or the high frequency resistance of the wire

RI
g =1+ &G — v (%) = 1 + 12300

Hence for so small a wire the resistance is not perceptibly
increased even when using frequencies of a million and upwards.

The conclusion from the above statements is that, when using
rather thick copper wires to convey high frequency currents, the
effective resistance may be very much greater than it is for con-
tinuous or low frequency currents. On the other hand, if the
wire is of very small diameter, then even for high frequency
currents this increase in resistance due to the concentration of the
current at the surface of the wire is not very serious. Accord-
ingly, conductors for conveying high frequency currents should not
be solid metal thick wires but stranded conductors, made by
bunching or twisting together very numerous fine silk or copper
covered wires not thicker than No. 32 or No. 36 S.W.G. in size.

There is, however, another point in connection with this
matter of equal importance. When a wire is coiled into a helix
of many close turns it is found that its high frequency resistance
is considerably greater than that of the same wire stretched out
straight, even as calculated by Lord Rayleigh’s formula. The
reason for this is as follows : :

We have already shown that anything which causes a non-
uniformity of distribution of current over the cross-section of the
wire causes an increase in resistance. In the case of a straight
wire we have also shown that high frequency currents concentrate
themselves near the surface of the wire. If the wire is straight,
this surface layer of current is uniformly thick all round the section
of the wire. If, however, the wire is coiled into a spiral, the current
is not merely concentrated in a surface layer, but is furthermore
concentrated on the inner side of each turn, so that the surface
Jayer of current is of different thicknesses at different parts of
the circumference (see Fig. 9). From this it follows that we have
an increase in the resistance to high frequency currents as com-
pared with the resistance of the same wire when stretched out
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straight. This effect has been investigated experimentally by
Dolezalek, Battelli, and Magri, and by T. B. Black, and theoreti-
cally by Wien, Sommerfeld, and by L. Cohen. Battelli and Magri,
as well as Black, placed equal lengths of two similar wires in the
glass bulbs of two similar air thermometers,
one of the wires being straight and the other
tightly coiled. A high frequency current or
train of oscillations was then sent through the
two wires in series, and the amount of heat
generated in the two cases measured by the
increase of air pressure created in the bulbs,
Using two sizes of wires about 015 and 0-3
cm. in diameter, and oscillation frequencies Fia. 9.

of 1,000,000 and 5,000,000 respectively, Black

found that the resistance of the wire in the form of a spiral was
to that of the same wire stretched out straight in some ratio
between 1°25 and 1'‘89. Hence we may say that the effective resist-
ance of a wire for the above frequencies may be increased from 25
to 90 per cent. by coiling it in a helix. This is over and above the
increase in resistance which results from -the surface disposition
of the current as compared with the resistance to steady currents.
Wien and Sommerfeld have investigated the matter theoretically.
Sommerfeld considered the case of a tightly wound spiral or
solenoid of one layer made up of square-sectioned wire with
extremely thin insulation, and he deduced from this an expression
for the ratio of the high frequency resistance R" of a spiral of one
layer of circular-sectioned wire to the resistance to continuous
currents R which is equivalent to

R" _ .
T = 2\/11‘ %\/ k

where % has the same meaning as in the Rayleigh formula given
above. The constant 2¢/7 = 354 and /% is the value of the
ratio of the high frequency resistance R’ of the wire stretched out
straight to the steady current resistance R. Black’s experiments
show, however, that the actual ratio is not much more than half
the above value.

L. Cohen has also given a formula for the ratio of the resistance
of a helix to that of the same wire when stretched out straight
when the frequency is of the order of 10% and the diameter of the
wire (d) not extremely small, say 1 mm., which is equivalent to

RII 8 2
W= I\Ld_’ A+ 3+ J5 + ete)
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where N is the number of turns per unit length of the helix.
This formula, however, appears to give ratios which are greater
than those furnished by experiment.

n

Black found that for very high frequencies the ratio %—,—,

that of the helix to that of the same wire stretched out straight,
was independent of the frequency when the frequency was very
high, but determined by the number of turns per unit of length
and by the diameter of the wire, and also that it was also deter-
mined by the ratio of length to mean diameter of the helix, at
least up to a ratio of 10, beyond which, however, all spirals behave
like infinite spirals.

None of the formulse so far given by theory appear, therefore,
to be capable of predicting very accurately the high frequency
resistance of such solenoids or coils as are used in radiotele-
graphy. .

It is, however, important to bear in mind that for wires of the
diameter of 1, 2, or 3 mm., and for frequencies of 10® or so, the
resistance of the wire when stretched out straight will be about
four, eight, or twelve times that of the steady or ordinary resist-
ance, and that when coiled into spirals of eight or ten turns per
inch this augmented resistance may be again increased by 50 to
100 per cent., that it may become half as much again, or double
that which it is for the same wire subjected to the same oscillations,
but stretched out straight. It is, therefore, difficult to predict the
power dissipated as heat by electric oscillations in spirals made of
wire not very thin.

4. High Frequency Inductance.—The inductance of a circuit is
that quality of it in virtue of which energy is conserved or
associated with the circuit when a current flows through it. There
is a very close analogy between the dynamical quantity called the
mass of a body and the inductance of a circuit, and it may be
that the so-called mass of matter is in fact due to the same
ultimate qualities which create inductance.

If an ordinary body is in motion without rotation, with a
certain linear velocity v, then it possesses a certain store of kinetic
energy. This energy is measured by the product of half the square
of the velocity and a certain constant, M, called the mass of the
body, or by 1M#%. In the same manner, if an electric current ¢ is
circulating in a circuit it involves a certain storage of energy
which is proportional to half the square of the current and to a
certain constant, L, called the snductance of this circuit, or to
1Le%

’ Again, if a heavy body is in rotation round an axis it has a

viz.
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certain angular velocity, w, at any instant, and a certain angular
energy. This last is proportional to half the square of the angular
velocity, and to a coefficient, K, called the moment of inertia, or
to 1Kw?

%Furthermore, if the linear or angular energy and velocity of a
body are changing, the rate at which the energy changes with the
velocity is called the linear or angular momentum (Mv or Kw),
and if the momentum is changing with time, the time rate of
change of the linear or angular momentum is called the force or
torque acting on the body. In the case of an electric circuit, if
the energy stored up is changing with the current, then its rate
of change (Li) is called the electrokinetic momentum of the
circuit. If this latter is changing with the time, the time rate of
change of the electrokinetic momentum is the electromotive force
acting in the circuit due to inductance. Having regard to the
fundamental discovery of Faraday that a change in the number of
lines of force linked with or passing through a circuit gives rise
to and is a measure of the electromotive induced in it, we easily
see that the electrokinetic momentum L: is merely another name
for the total magnetic flux due to the current in a circuit which is
self-linked with the circuit.

The quantity called the inductance may, therefore, be con-
sidered to be a coefficient or number which denotes the number
of lines of magnetic flux which are self-linked with a circuit when
unit current flows through it. If the unit of current is the ampere,
then the corresponding unit of inductance is called the kenry, and
a circuit having an inductance of 1 henry when traversed by a
current of 1 ampere produces a total self-linked magnetic flux
which is generally called 1 weber. If this flux is removed
uniformly from the circuit in 1 second it would generate in it an
electromotive force of 1 volt whilst the removal lasts.

The inductances of such circuits as we have to deal with
in radiotelegraphy are generally small, and are conveniently
measured in millihenrys or microhenrys, these being respectively
one-thousandth and one-millionth of a henry.

The above statements may be perhaps made clearer by con-
sidering a concrete example.

Imagine a wire bent into a circle to have some source of
electromotive force, say a battery, inserted in it of such magnitude
as to make a current of 1 ampere circulate round it. The current
will create a magnetic flux which is linked with its own circuit,
and if the inductance of this circular wire is 1 henry, then a total
flux of 1 weber will be self-linked with the circuit. A flux of
1 weber is equal to 100 million “lines of force ” in the usual mode
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of reckoning. Let the battery be short circuited, then the current
in the circuit commences to die away, and in so doing removes
magnetic flux from the circuit. This action creates an induced
electromotive force in the circuit acting in the same direction as
the battery. If the flux is removed uniformly in 1 second, and if
the constant induced electromotive force during that time is equal
to 1 volt, then the total initial self-linked flux has a value called
1 weber, and the inductance of the circuit is 1 henry. The in-
ductance of a circuit therefore depends on its geometrical form,
and is determined by the amount of linkage of flux that takes
place with itself when 1 ampere flows in the circuit. The in-
ductance is therefore increased by closely coiling the circuit.
Also it is determined by the mode in which the current is dis-
tributed over the cross-section of the conductor and is therefore
not the same for steady currents uniformly distributed as for high
frequency currents which are concentrated at the surface of the
conductor. The actual calculation of the inductance of any con-
ductor is impossible, or very difficult, except in a few particular
eases in which the circuit is of a simple form, such as a straight
wire with return at an infinite distance, a circular, square, rect-
angular, or spiral circuit. The principle on which such pre-
determination proceeds is that of calculating the work done in
dividing up the current into a series of elementary filaments of
current, and removing them all to an infinite distance from each
other. We may consider the whole current to be divided into a
number of parallel streamlets or filaments of current in the con-
ductor. Now, parallel currents moving in the same direction
attract each other. Hence, if we assume that these filaments of
current can be separated from each other to an infinite distance,
as if we were separating a rope into its constituent strands, the
work so done in taking the current to pieces must be equal to the
energy it possesses as a whole before separation. This last is
equal to LL:% where ¢ is the whole current and L the induct-
ance of the circuit. The quantity L is therefore sometimes
called the potential of the circuit on itself. It was shown by
Neumann that the potential of a circuit on itself is obtained by
summing up all the products obtained by multiplying together the
lengths of all possible pairs of small elements of the ecircuit
multiplied by the cosine of the angle between their direction, and
divided by their distance apart, regard being taken in this process
of the distribution of the current over the cross-section. The
actual calculation is even in the simplest cases somewhat difficult,
and for details the reader must be referred to larger treatises, but
we shall here give the formule for some cases often required in
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practice. These expressions, with the exception of the formula
(6) for the inductance of a helix of one layer, are the high
frequency values applicable in cases in which the current is
confined simply to a surface layer of the conductor.

In these formula we suppose the circuit to consist of a circular-
sectioned wire of diameter d centimetres and of length ! centi-
metres, made of a non-magnetic material, the diameter being small
compared with the length.

The inductance L in these formule is expressed in microhenrys,
and this can be reduced to centimetres or absolute electromagnetic
units by multiplication by 1000.

(1) Inductance of a straight wire of length I centimetres.

21 4 .
L= 1000 { 2:3026 logmz - 1} microhenrys

The above formula is applicable in calculating the inductance
of a single wire antenna of copper or other non-magnetic wire
when we are concerned with high frequency oscillations in it.

. (2) Inductance of a square circwit formed of circular-sectioned
wire.

Length of side of square = S centimetres.

L= {2-3026 logio 15 _ 2-853} microhenrys

. (3) Inductance of a circular circwit formed of circular-sectioned
wire.

Mean diameter of the circle = D centimetres.

27D
L= IOLOO—{z.SO% 10g104°"TlD - 2'45} microhenrys

The above formule (2) and (3) are applicable for calculating
the high frequency inductance of a square and circular circuit
respectively.

(4) Inductance of two parallel wires D centimetres apart, length
of each wire being I centimetres.

4

2D\ .
L= 1000 {2'3026 logio —d—} microhenrys

(5) Inductance of a rectangular circuit of circular-sectioned wire.

The sides of the rectangle are respectively A and B centimetres, and
the diagonal D centimetres.
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L = 9'2104{ 4AB

1000 (A + B) logy = A logw (A + D)
A+B-D) _.
- = Blog(B + D) — ——ﬁgﬁ,’—} microhenrys
_(6) Inductance of a heliz of one single layer of circular-sectioned

wire.

N = number of turns per centimetre of length of the helix.

D = diameter of helix in centimetres.

! = length of helix in centimetres.

L= (_’;%Y ] {.1 - 0424(D) + 0126 (]7))2
- 00156 (]7))4} microhenrys

In making actual concrete standards of inductance the formule
(2), (5), and (6) will be found very useful.

A very fairly accurate standard of inductance may be made as -
follows :—Chuck in a lathe a rod of ebonite or hard dry wood and
turn it truly cylindrical. Then with the screw-cutting gear cut a
screw groove in it of 8 or 10 turns to the inch, and wind up in this
groove bare copper wire of No. 14 or No. 16 S.W.G. size. The
length of the helix may be from 10 to 50 times its diameter. The
ends of the copper wire should be secured to terminals. Then
measure the mean diameter of the helix of wire, taking into
account the thickness of the wire. This gives the value of D in
the above formula. The length of the helix (/) is then measured
and the number of turns (N) per unit of length, and these quantities
inserted in the formula (6) will give the inductance of the helix
in microhenrys, each of which is 1000 absolute electromagnetic

units, Since the ratio —]lz appears in the formula (6), we may

measure the diameter and length of the spiral in inches if more
convenient, and also count the turns per inch. It will then be
seen that the quantity (#DN) which appears in the formula is the
length of wire wound on one unit of length of the helix, and is
the same number whether D is measured in inches and N in turns
per inch, or D is measured in centimetres and N in turns per
centimetre. Hence, if we adopt the inch as the unit of length,
the only change we have to make is to insert for the value of / in
the formula (6), where it appears alone in front of the bracket, the
length of the helix measured in centimetres.
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The above formula is due to Dr. A. Russell, and is of considerable
practical value when using currents of low or moderate frequency,
but when high frequency currents are employed, the actual in-
ductance of the spiral will be slightly less than that given by the
formula by an amount which can be predetermined theoretically
by a formula due to L. Cohen.

It is necessary always to bear in mind that the inductance of
a coil or wire depends to some extent upon the manner in which
the current is distributed over its cross-section. The resistance of
a wire, we have shown, is a minimum for uniform distribution of
current over the cross-section and is increased by any cause tending
to make it non-uniform. On the other hand, the inductance is a
maximum for uniform distribution over the cross-section, and is
diminished by any cause tending to make it non-uniform. Hence
it is less for high frequency currents than for steady currents.
Also, in the case of coiled wires, the increase in frequency has a
greater effect in diminishing the inductance than is the case with
straight wires. Dolezalek has suggested constructing standards
of inductance of bunched or stranded insulated wires, each wire
being not more than 0'1 mm. diameter, or, say, No. 40 S.W.G., to
compel uniformity in the current distribution over the section.

5. Electrical Capacity.—If we communicate a charge of positive
electricity to a conductor, we raise its potential, that is, we increase
the quantity of work required to be done to transfer a unit of
positive electricity carried on a small conductor from the earth to
the surface of the conductor in question. The charge which must
be given to a conductor to raise its potential by one unit is a
measure of its electrical capacity. If this capacity is denoted by
the letter C, and the potential of the conductor by V, then the
quantity of electricity on it is Q, where Q = CV.

The practical unit of electric quantity is the coulomb, and the
practical unit of potential is the wol¢, and the practical unit of
capacity is the farad. Hence, to charge a capacity of 1 farad to
a potential of 1 volt, we must place on it a charge of 1 coulomb
of electricity. Faraday showed that it is impossible to create a
charge of electricity of one kind only. Hence, if any conductor
is charged with 1 coulomb of positive electricity, there must be
an equal charge of negative electricity on some other conductor or
conductors, or on the earth. '

A Condenser is any arrangement of two conductors on one of
which a charge of positive electricity can be. placed, and on the
other an equal quantity of negative. The agnitude of either
quantity is called the charge of the condemser. The potential
difference (P.D.) between the conductors is called the terminal
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P.D. of the condenser. The quotient of charge by terminal P.D.
is called the capacity of the condenser. In radiotelegraphy the
capacities with which we are concerned are generally very small
and best measured in microfarads (mfds), that is, in millionths of
a farad, or in micro-microfarads (mmfds), that is, in millionths of
millionths, or billionths of a farad.

In the case of certain conductors of symmetrical form we can pre-
determine the capacity from the geometrical form and dimensions.

Thus, for instance, consider the case of a conducting sphere
placed in free space at a great distance from all other conductors.
If we place on this sphere a charge of electricity, it will distribute
itself equally. It is a fundamental principle that all parts of a
conductor must be at the same potential, and it can be shown
from first principles that the potential in electrostatic units at
any point at a distance z from a charge of positive electricity g,
also reckoned in electrostatic units, collected on a very small
q
x .

Hence, in the case of the charged sphere the charge on its
surface may be divided into small elements of charge which are
all equidistant from its centre. Hence, if the r:aiius of the sphere
e

But its capacity C is equal to the quotient of charge by
potential. Hence its capacity is numerically equal to its radius
when reckoned in electrostatic units.

The electrostatic unit of potential is equal to 300 volts. The
electrostatic unit of quantity is such that 3000 million electrostatic
units are equal to 1 coulomb.

Accordingly 900,000 million electrostatic units of capacity
must be equal to 1 farad, or 900,000 to 1 microfarad, or 0'9 of a
unit to 1 micro-microfarad.

Accordingly, we have the following rule :—

To reduce capacities reckoned in electrostatic units to their
cquivalent reckoned in microfarads, divide by 900,000,

Hence if a sphere has a radius R centimetres, its electrostatic
capacity is R electrostatic units and its capacity in microfarads is

R

sphere, is

is R and its whole charge is Q, its potential is

900000

For convenience of reference we give below the formul for the
capacity of conductors or condensers of various forms expressed in
microfarads (mfds).

(1) The capacity of a sphere of radius R centimetres when at
a distance from all other conductors and from the earth.
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R
C= m mfds.

(2) The capacity of a thin, flat circular disc of diameter D
centimetres when at a distance from all other conductors and from
the earth.

D

D

= 31415 x 900000 ~ 2827431

(3) The capacity of a condenser formed of two flat plates each of
area A square centinetres placed parallel to each other at a distance
d centimetres, d being small compared with /4,
_ A _ A
" 4wd x 900000 ~ 11309724 x d
(4) The capacity of a condenser formed of two thin concentric

tubes 1 centimetres long and of diameters D, and Dy centimetres
respectively.

C mfds.

C mfds.

C= ! mfds.

46052 logyo D1+ 900000
D,

(5) The capacity of a vertical wire of length I centimetres and
diameter d centimetres at o considerable distance from the earth and
Jrom all other conductors.

4:6052 logio 7 X 900000

(6) A horizontal wire of length I centimetres and diameter d
centimetres stretched parallel to the earth’s surface at a distance h
centimetres above 1t.

C= L —— mfds.

46052 loglo% x 900000

Concerning the above formule a few remarks are necessary.
In the first place the assumption made in all cases is that the
dielectric medium surrounding or between the conductors is air or
some other material of unit dielectric constant. If, for instance, in
the formule (3) and (4) the dielectric between the plates or
cylinders is glass, ebonite, oil, or other material, the formula must
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have the constant K prefixed as a multiplier, K denoting the
difla)lectric constant of the material as taken from the following
table :—

DIELECTRIC CONSTANTS OF VARIOUS INSULATORS
FOR AIR K=1.

Dielectric constant

Dielectric. Kat 15°C.
Glass, flint. . . . . . . . . 6-57 to 101
Glass,crown . . . . . . . . 6°96
Ebonite. . . . . . . . . . 2-05 to 8-15
Indiarubber, pure . . . . . . 2:12
Indiarubber, vulcanised . . . . 269
Mica . . . . . . . . . . 664
Sulphur . . . . . . . .. 29 to 40
Shellac . . . . . . . . . . 27 to 8-0
Paraffinoil . . . . . ... . 200
Turpentine . . . . . . . . 2-28

Benzol . . . . . . . . . . 2-38

The values vary a good deal for different specimens of materials
of the same name, especially in the case of solids of complex
composition.

In the next place it should be noted that the formulw for the
plate condenser (3) and cylinder condenser (4) have been obtained
on the supposition that the lines of electric strain stretching
between the conductors are straight lines. As a matter of fact, at
the edges they are curved and there is a correction for the fringe
of lines of force at the edges which has been omitted. It is not
large when the plates are near together.

In the third place the formule for the capacity of the sphere
(1), the disc (2), and the vertical wire (5) have been obtained on
the supposition that they are removed a long way from the earth.
In the case of actual conductors of this kind, the measured
capacity would be found to be greater than that given by the
above formule. The manner in which this capacity can be
experimentally obtained will be described in a later chapter,

In those cases in which a condenser has to be constructed of
definite and measurable capacity for radiotelegraphic purposes
the best type is a condenser consisting of flat metal plates (sheet
tin) immersed in paraffin oil. If two such plates are placed in oil
separated by a distance very small compared with their linear
dimensions, the capacity can very approximately be calculated by
the formula (3) and the dielectric constant may be taken as equal
to 20, and a condenser of predetermined capacity thus made.

For other purposes a collection of vertical or partly vertical
and partly horizontal wires are used, and these form with the
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earth a condenser of definite and measurable capacity. For many
purposes in radiotelegraphy the familiar Leyden jar, consisting of
a glass bottle or vessel, coated with tin foil on part of its interior
and exterior surfaces, is a convenient form of condenser, but
one which is rather bulky in comparison with its electrical
capacity.

6. The Time-period of. Oscillatory Electric Circuits.—If we
join in series with each other some form of inductive circuit
and some form of condenser, we have a circuit which is called an
oscillatory electric circuit, and such circuits are broadly divided into
two classes, respectively called open and closed oscillatory circuits.

Thus, suppose we bend a thin wire into the form of a square
and connect the two ends to two metallic plates placed very near
to each other (see Fig. 10), we have a circuit which is called a
closed oscillatory circuit. 1t possesses inductance owing to the size
and form of the square circuit and capacity in virtue of the
proximity of the two plates which form a condenser.

If, however, we affix a metal sphere or disc to the end of a long
vertical wire which has its lower end in close proximity to but
not touching the earth (see Fig. 11), we have an open oscillatory

ﬂ
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cireutt which possesses inductance in the wire and capacity since
the sphere or disc and the wire itself forms with the earth the
two surfaces of a condenser. Between these extreme types of
oscillatory circuit we can have many others, all characterised
by possessing inductance and capacity in series. If the electric
charge in such a circuit is disturbed in any way, as by introducing
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into the circuit a sudden electromotive force, this charge oscillates
backwards and forwards with a definite and constant time period,
just as a pendulum when disturbed and left to itself executes
mechanical vibrations. .

It will be necessary to consider a little more in detail how
these oscillations are produced. Let us suppose the condenser has
a capacity of C farads and that the circuit connecting its plates
has an inductance L henrys and a resistance of R ohms. Then let
the condenser plates be charged until they have a potential
difference of V volts. Suppose that the circuit is now completed
through the inductance, the condenser commences to discharge.
Electricity passes in the form of a current round the circuit, and
as the charge in the condenser diminishes the current in the
circuit increases and the energy is transformed from electrostatic
to electrokinetic form. At the outset the energy imparted to the
condenser was equal to $CV? joules, and when the discharge is
complete the result is that we have a current in the circuit say of
A amperes, and therefore an electrokinetic energy 3LA? joules
associated with it, and also some portion of the original energy
“has been transformed into heat in consequence of the resistance of
the circuit. This current energy, as already explained, expends
itself again partly in reproducing electrostatic charge, and the
transformation repeats itself again and again until the whole
original energy is dissipated as heat in the circuit or by any other
dissipative action. These electrical operations may be compared
with the similar energy changes which take place in the case
of mechanical vibrations. Imagine a heavy mass M hung up by
a spiral spring. The spring can be stretched, and to stretch it
work must be done on it and energy of strain stored up in it. If
then the heavy bob is pulled down and released, the energy of
strain stored up in the stretched spring expends itself in creating
motion in the heavy mass. When the spring has returned to its
original dimensions it has expended this energy in imparting a
kinetic energy $M+? to the bob, with the exception of that small
part which may have been expended in making eddies in the air
or in heating the metal of the spring. This kinetic energy,
however, expends itself in turn in compressing the spring and
then is again transformed into the form of energy of strain, and
the process repeats itself again and again until the original store
of energy is frittered away and the bob comes to rest.

Hence, just as the original energy represented by the stretch of
the spring is transformed into energy of motion of the bob, and
then back again, so the energy of electric strain originally created
in the condenser expends itselfin creating an electric current in the
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inductive circuit, and then this in turn re-creates the energy of
electric strain, and the process repeats itself until the energy
is frittered away into heat or removed by radiation. In the one
case we have mechanical oscillations, consisting in the up-and-
down motion of the heavy mass, and in the ¢ther electric oscilla-
tions conmsisting in a high frequency alternating current in the
inductive circuit.

Suppose, then, that at any instant during the discharge of the
condenser the current in the inductive circuit is @ amperes, and at
that moment the charge of the condenser is ¢ coulombs, the
maximum or original charge being Q coulombs. At that instant
the potential difference of the condenser plates must then be

(% volts. Again the fall in potential down the inductive circuit is

due partly to its resistance R and partly to its inductance L. The
part due to resistance is measured by the product Ra in accordance
with Ohm’s law, and the part due to inductance is measured by the
rate at which La is changing with time, which may be denoted by
La. The sum of all these differences of potential round the circuit
must be zero. Hence we have

Ld+Ra+%=O

The current in the circuit at any moment is measured by the
rate at which the condenser is gaining or losing charge. Therefore
we have with the above notation ¢ = a, and hence the rate at
which a is changing is the rate at which ¢ is changing, which may
be written § = a. Substituting these values for ¢ and ¢ in the
above equation, we have,

Li+Ri+%=0
. R 1
or§+1e+yar="9

This equation establishes a relation between the charge ¢ in the
condenser at any moment, and its rate of change ¢, and its rate of
rate of change ¢, and it is called a differential equation. In all
oscillatory circuits which present themselves in radiotelegraphy
the high frequency resistance R measured in ohms, the inductance
L measured in henrys and the capacity C measured in farads have

such values that the second term ?q may be neglected in com-

arison with 1 i
P Lt
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Accordingly, we may in general neglect the second term and
write the equation for the circuit in the simple form

o, 1
T+ g =0

This equation is the mathematical expression for an oscillatory
motion. To find a solution of it applicable to the present case
consider the following theorem :—

Let a point P move uniformly in a circle round the centre O
(see Fig. 12) in a time T
seconds, and let it describe the
arc MP in a time f£. Then the

angle MOP is equal to% of

four right angles, or to 21r£-,

which we shall write in the
form MOP = pt, where p = %{_‘f
Project OP on the vertical line
through O, and then ON = OP
sin MOP. Let ON = ¢, and
OP = Q, then we have

g = Q sin p¢

As P moves round the circle the point N moves backwards and
forwards along YY. It is required to find the velocity and the
acceleration of the point N. Let P move to P', and therefore
N to N’ in a small interval of time &. Then the angle POP
= pdt and the arc PP' = pQdt, and if we write &g for NN’ it is
easy to see that

%% =pQ cos pt

, But -g—g = § or the time rate of change of ON or ¢. 1If, then, we
draw a line OT at right angles to OP and make OT = p . OP = pQ,
it is easy to see that its projection OZ on OY is equal to pQ cos p¢,
and hence the length of OZ is a measure of the velocity of the
point N or of §. If we repeat this process, and draw a line OU at
right angles to OT and p times as long or equal to p?Q, then its
projection OW on OY is equal to p?Q sin pf, and by similar
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reasoning it can be shown that the length OW is a measure of the
acceleration of N or of § . If, then, the point N executes a simple
periodic motion to and fro along YY, so that its displacement at
any instant is ON = ¢, its acceleration § at that instant is equal to
— p? times ON, or § = —p%.

Returning then to our electrical oscillation, we may make the
supposition that the charge ¢ of the condenser varies periodically
from Q to zero, and from zero to — Q in accordance with a simple
periodic law, so that ¢ = Q sin p¢ where p = 2x-times the periodic
time T. We have already shown that for the oscillatory electric
circuit

w, 1
g+62= 0
Also that for any harmonic motion
§+pig=0
It follows that
_ 1
P=vic
and since p = 2,;, we have for the periodic time T the expression
T = 2+VLC
The electric oscillations, therefore, are executed with a frequency
n = and »
" - 1
T 2n/LC

These two last formule accordingly give us expressions for the
time-period of the oscillations and their frequency, where T is
measured in seconds, L in henrys, and C in farads.

As, however, the capacity is most conveniently measured
in microfarads and the inductance in microhenrys, the time-period
will be expressed in microseconds, or in millionths of a second.
This time-period is called the natural time-period of oscillation of
the circuit. Just as every pendulum has its own natural time-
period of oscillation, in which it executes vibrations when disturbed
and left to itself, so every oscillatory electric circuit consisting of
a capacity and inductance in series with each other has its own
natural time-period in which an electric charge given to it oscillates
if disturbed and left to itself.
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We may put the formula for the natural frequency of an
oscillatory circuit in a more convenient form for calculation. Let
L ems. stand for the inductance of the circuit expressed in absolute
electromagnetic units, that is in centimetres. This is equal to the
inductance in microhenrys multiplied by 1000. Let Cmfds. stand
for the capacity measured in microfarads. Then it is easy to

show that , ;
4/{ 5033 x 10° '
V/C C mfds L cms -

The number 5:033 is equal t0 3/;000
™

Thus, suppose that the circuit consists of a Leyden jar having a
capacity of 4} ,th of a microfarad, and the inductive circuit has an
inductance of 30 microhenrys or 30,000 centimetres. Then the
quantity v/C mfds. . L cms. has a value of 10. This last quantity is
called the oscillation constant of the circuit. The natural frequency
of such a circuit is then half a million, and the natural time-period
of oscillation is two microseconds. When two oscillatory circuits
have the same natural time-period they are called syntonic circuits.
This is the case when the product of the capacity and the inductance
of the two circuits is the same, although the individual values may
be very different.

7. Electric Resonance.—If an oscillatory circuit has a periodic
or alternating electromotive force set up in it and if the frequency
of this E.M.F. agrees with the natural frequency of the circuit,
then an immensely greater current will be produced than if the
periods do not agree. This increase in the amplitude of the
alternating current created in the circuit by exactly syntonising
the frequency of the impressed E.M.F. with the natural frequency
is said to be due to electric resonance. The term is borrowed from
acoustics. It is a familiar fact that we can set up a very
considerable amplitude of vibration in a pendulum by administering
to it small blows, or even puffs of air, provided that these are timed
to agree exactly with the natural period of the pendulum. In the
same manner oscillations of great amplitude can be created in a
heavy elastic beam supported at both ends by very gentle blows
given at the right intervals in the centre.

Supposing that an electric condenser has its plates connected
by a wire, part of which forms a coil, and that over this last coil we
wind another wire in which a high frequency current can be set
up. Then alternating currents in this coil, called the primary coil,
generate by Faradaic induction a secondary electromotive force in
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the other coil, and therefore a secondary current. The secondary
current will be small unless the two circuits are syntonised, but
it increases very rapidly as the circuits are brought into syntony
with each other. This is called tuning the circuits. Two such
overlaid or neighbouring coils constitute an oscillation transformer,
and the two circuits are said to be coupled together. If the primary
and secondary coils are very close together, or intertwined, the
circuits are said to be closely coupled. If they are far apart, they are
- said to be loosely coupled.

If both circuits possessinductance and capacity, they are called
coupled oscillatory circuits, and they can be tuned by varying the
capacity or inductance of one or both until the oscillation constants
of each circuit are either equal or in exact integer ratio to each
other.

If oscillations are set up in a circuit which are in agreement
with its natural frequency, they are called free oscillations. 1If,
however, oscillations are maintained which have a frequency
different from the natural frequency of circuit, they are called
Jorced oscillations.

Suppose, then, that we form an oscillatory circuit consisting of
a condenser, C, the capacity of which can be varied gradually, and
an inductance coil, P, which forms ome coil of an oscillation
transformer, and insert in the circuit some instrument, such as a
hot wire ammeter, A, adapted for measuring high frequency currents
(see Fig. 13). Let the other circuits of the oscillation transformer
have undamped oscillations set up in it of
any frequency. If then we take obser- ¢

vations of the reading of the ammeter, A
beginning with a very small capacity in
the circuit, and steadily increase the
capacity, we shall find the current as

read on the ammeter increases with the
capacity up to a certain capacity, and
after that decreases again. If we plot
these ammeter readings as ordinates of a
curve drawn to capacity values as abscisse,
we shall obtain a curve rising up to a peak
more or less sharply, corresponding to the
maximum observed value of the current,
and to a certain value of the capacity (see
Fig.14). This maximum current is called Fie. 18.
the resonance current, and the value of the
natural frequency of the circuit corresponding to the value of
the capacity which produces this maximum current is called the
D
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resonance frequency, whilst the curve itself so drawn is called a
resonance curve, Such resonance curves can be used, as we shall
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show in Chapter VI1IL, for de-
termining the logarithmic de-
crement or damping of the
oscillatory circuit for which
they are described.

If the resonance curve is
very sharply peaked, it shows
that a very little want of tuning
of the oscillatory circuit to the
exact frequency of the im-
pressed electromotive force has
a very great effect in reducing
the current induced in the
oscillation circuit. This implies

that exact tuning has a great effect in exalting the current. 'This
again shows that the damping or sources of energy loss in that
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oscillation circuit are
small, and hence the loga-
rithmic decrcment is
small. On the other hand,
a resonance curve with a
rounded summit, as in
Fig. 15, implies that the
departure from absolute
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syntony has not much
effect in reducing the
current, or, vice versd, that

exact tuning has not much effect in exalting it, and this means
that the circuit in question has a large decrement.

CURRENT.

CAPACITY.
Fia. 16.

Undersomecircumstances
the resonance curve is a
double-humped curve, as in
Fig. 16, which indicates that
oscillations of two different
frequencies exist in the cir-
cuit. Let there be two
oscillation circuits, each con-
sisting of a condenser and an
inductive circuit. Let these
circuits be coupled induc-
tively and closely together

by overlaying one circuit on the other, so that oscillations set up
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in one circuit induce oscillations in the other, and let the two
circuits be syntonised. Then, if free oscillations are excited in
one circuit, the result will be to create in both circuits a complex
oscillation, which is alternately of greater and of less frequency
than the natural frequency of either circuit taken alone. The effect,
however, is capable of simple explanation by a mechanical analogy.
Let a string be fastened loosely across a room, and from it let two
rods be hung like pendulums placed a little way apart. Draw one
rod on one side and let it go, setting it in vibration like a pendulum
in a plane at right angles to the line of the sustaining string. It
will at once begin to set the other pendulum in vibration, because
the first pendulum in its vibrations imparts little jerks to the
string, and so administers impulses which set the second pendulum
in vibration. Itwill be found that as the second pendulum begins
to take up the vibrations the first one comes to rest. The reason
is obvious. By the Third Law of Motion, action and reaction are
equal and opposite, and the first pendulum cannot accelerate the
second without retarding itself. =~ 'When the first pendulum has
come to rest the second one is in full swing. The process then
repeats itself, and the motion is gradually handed back from the
second to the first.

If, now, we consider the rate at which each pendulum is
swinging, it is not difficult to see that when one pendulum is
acting as the driver it must be swinging at a slightly less rate
than its natural or free rate. Also, when it is being driven it
must be swinging slightly faster. Accordingly, each pendulum is
alternately going faster and slower than it would go if vibrating
freely and alone. Precisely the same thing happens in the case of
the two coupled electric circuits. The oscillations in the primary
can only create secondary oscillations by generating an electro-
motive force in the secondary circuit, and a counter-electromotive
force in their own circuit. This results from the insertion and
withdrawal of lines of magnetic flux into and from the circuits,
and the effective inductance of the primary circuit is changed by
the presence of the neighbouring secondary circuit. Accordingly,
the two circuits act and react on each other like the two
pendulums above mentioned, and create oscillations which are
alternately quicker and slower than those of the natural free period
of each circuit. If we place near to either the primary or the
secondary circuit another or tertiary circuit, which contains a
variable capacity and some means for indicating the current
strength in it, we can, by altering the capacity in this last circuit,
tune it to syntonise with either frequency, and if we plot a
resonance curve by continuously varying the capacity in the
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tertiary circuit, we find it to be a double-humped curve as in
Fig. 16, where the two maximum ordinates correspond to the two
separate frequencies of the oscillations set up in the secondary
circuit.  'We shall return to this matter again in a later chapter in
considering the inductively coupled transmitter used in radio-
telegraphy, and also the cymometer for measuring electric wave

length.



CHAPTER II
DAMPED ELECTRIC OSCILLATIONS

1. The Production of Damped Oscillations by Condenser Dis-
charges.—If a condenser such as a Leyden jar is electncally
charged and then discharged through a wire having a high resist-
ance, the flow or movement of electricity set up in the discharge
circuit is always in the same direction. The current begins by
being zero at the instant of completing the circuit, rises to a
maximum very quickly, and then gradually falls in strength to
zero again. The variation of the current during discharge may be
represented by the ordinates of a curve as in FIC' 1. This form of
discharge is called the dead-
beat or mon-oscillatory dis-
charge. It takes place when
the resistance R of the dis-
charge circuit is greater than

the value of 2\/ %‘, where C S

is the capacity of the con- Fie. 1.
denser measured in farads, L
the inductance of the circuit in henrys, and R the resistance of
the circuit in ohms,

Thus suppose that a Leyden jar having a capacity of 001 of a
microfarad or 0°01 x 106 of a farad is discharged through a circuit
having an inductance of 1 microhenry, Then, in these units, the

CURRENT.

quantity 2\/ (Ij‘ is equal to 20, and hence if the circuit has a

resistance of more than 20 ohms the discharge will be dead beat
or unidirectional in type.

If, however, the resistance is much less, say 1 ohm, then the
(hscharge will not be unidirectional, but will be an osczllatory
discharge, electricity moving backwards and forwards in the
discharge circuit with gradually decreasing amplitude, in the
manner already explained in the previous chapter, so that
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the discharge current is represented by the ordinates of a
decrescent wavy curve, as in Fig. 2, constituting a train of
damped oscillations.

A mechanical illustration of these two modes of discharge is as
follows: A

Imagine two metal vessels, one of which is exhausted of its
air and the other contains air under pressure. The difference of
the pressure of air in the two vessels corresponds to the difference
of potential between the two plates of the electric condenser. Let
the above-named vessels be connected by a long, narrow pipe

Fia. 2.

which offers considerable obstruction to the movement of air
through it. Then when the connection is made by opening a tap
in the pipe, the air pressure will sink in one vessel and rise in the
other, but the motion of the air in the pipe will always be in the
same direction. This corresponds to the dead-beat electric dis-
charge. If, however, we suppose the vessels to be connected by a
short, wide pipé offering but little obstruction to the motion of air
through it, then, if the connection is suddenly established by
opening a valve, the air pressure in the two vessels will only be
equalised after a series of rushes of air to and fro in the pipe.
The air first flows through the pipe in one direction, and then in
virtue of its inertia overshoots the mark and moves back again,
and this action is then repeated, each of the air oscillations being
less than the previous one, until they subside and leave the two
vessels at last at equal pressure.

To create trains of damped electric oscillations we must
therefore charge some form of electric condenser and discharge it
suddenly through an inductive circuit of low resistance, and repeat
the process again and again. The simplest way of doing this is
by means of an induction coil having its secondary terminals
connected to two metal balls separated by a slight air gap, these
balls being also connected to a condenser and low resistance
inductance coil joined in series, as in Fig. 3.
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The induction coil I has its primary circuit supplied with
current from a primary or secondary battery or from a continuous
current dynamo, and in this circuit is an automatic interrupter
which continually opens and closes the battery circuit. At each
interruption an electromotive force is ‘set up in the secondary cir-
cuit, and the condenser C becomes charged with positive electricity
on -one side and negative on the other. When the difference of
potential of the two plates reaches a limit fixed by the length of
the gap between the two spark balls, a discharge of the condenser
takes place through the inductive resistance L and across the spark
gap S, and if the gap is not too long the conditions are fulfilled for
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the production of the oscillatory form of discharge of the condenser
which accordingly takes place. Several such oscillatory discharges
may take place during the rise and fall of the electromotive force
created in the secondary circuit at each interruption of the primary
current. Hence, when the coil is set in operation a bright
crackling spark appears'in the spark gap, and the experienced ear
can decide from the sound whether this spark is accompanied by
electric oscillations or not.

This apparatus is called the spark apparatus for the production
of damped oscillations. A perspective view of it is shown in
Fig. 4. The oscillations die away in amplitude during the train
because the energy of the original condenser charge is being
dissipated by resistance or in other ways, part of the dissipative
resistance residing in the spark itself. We shall then consider
each of the element of this apparatus in succession.

_ 2. Induction Coils for Radiotelegraphy.—We shall assume that
the reader is acquainted with the general construction and mode
- of operation of an induction or spark coil. For the purposes of
radiotelegraphy a type of induction coil frequently employed is one
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called a 10-inch coil, meaning an induction coil which can produce
a spark 10 inches long between points or small balls attached to
the ends of its secondary circuit. Such a coil consists of a
primary circuit of thick wire, generally No. 12 S.W.G. in size,
wound in 300 or 400 turns on an iron core composed of a bundle
of well annealed soft Swedish iron wires, each not more than
No. 22 S.W.G. in thickness, the bundle being 2 inches in diameter
and about 18 inches long. In some cases makers provide several

Fic. 4.

primary cores or wind the primary coil in several distinct layers,
the ends being brought out so as to combine them in different ways
in parallel or in series. This, however, is not so necessary in
radiotelegraphy as in Rontgen ray work.

The resistance of the primary of a 10-inch coil made as above
would be about 0'3 of an ohm, and its inductance 0:02 of a henry.
This primary coil is enclosed in an ebonite tube with very thick
walls, at least 1 of an inch thick, and this tube must be very
carefully made and perfectly free from flaws. The tube should
be 2 inches longer than the iron wire bundle and closed by ebonite
caps at the ends, the ends of the primary wire being brought out
through holes in one of the caps. This tube carries two thick
ebonite cheeks between which the secondary coil is wound. This
last consists of a very considerable length (10 to 17 miles) of
No. 34 or No. 36 S.W.G. copper wire, double covered with white
silk. The secondary circuit is wound in a very large number of
flat coils or sections, several hundred such coils being sometimes
_ employed. These are prepared by winding the silk-covered copper
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wire between paper discs in a flat spiral, as a sailor winds up a
spare rope. These coils are then slipped on to the ebonite tube
enclosing the primary coil, and the ends of the coils are then jointed
together. To enable this to be done, the coil sections are wound
in double flat layers with a dise of paraffined paper between, the
beginning and end of the wire thus being at the outside, and the
two layers so wound that the windings follow on in the same
direction. There is then no difficulty in making the joints
between the various flat coils composing the secondary circuit.
Mr. Leslie Miller has, however, invented an ingenious machine for
winding the flat disc coils consecutively with no joints between
them at all, as shown in Fig. 5, in which, however, the discs are

Fia. 5.

shown widely separated for the sake of clearness. The object of
this mode of winding is to secure that no two points on the
secondary wire which are at great differences of potential come
near to each other. The whole of the very numerous flat coils
forming the secondary circuit are compressed together between
the two thick ebonite cheeks, and it is usual to immerse the whole
finished secondary coil in very hot melted paraffin wax to exclude
air and insulate it thoroughly. The coil so made is finished by
enclosing in an outer sheath of thin ebonite and mounting it on a
" box baseboard on supports of ebonite. The ends of the secondary
wire are brought to two terminals carried on ebonite pillars and
provided with adjustable spark points (see Fig. 6). Two other
adjuncts are then necessary. In the first place some means has to
be provided for rapidly interrupting or reversing the primary
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current, since it is only by so doing that we can create electro-
motive force in the secondary circuit. This appliance is called an
interrupter. Also it is necessary, as first shown by Fizeau, to
place a condenser of a certain capacity acress the points between
which interruption of the primary circuit occurs. This is called
the primary condenser.

In reference to the construction of induction coils for radio-
telegraphy, it should be noticed that the value of a coil is not to
be judged simply by the length of spark it can give between the
ends of the secondary wire when the primary circuit is interrupted,

Fia. 6.
[Reproduced by permission of Messrs. Newton & Co.

but by the spark length which can be obtained when a condenser
of a certain capacity, say 0-1 microfarad, is connected across the
ends of the secondary circuit.

At each make and break of the primary circuit an electro-
motive force is created in the secondary circuit, the magnitude of
which depends upon the rate at which the magnetic flux created
in the core is linked or unlinked with the turns of the secondary
circuit. This flux grows up when the primary current starts
more slowly than it decays as the primary current stops, and hence
the secondary electromotive force at the “make” of the primary
circuit is very small compared with that at the “break.” The
latter may be several hundred times greater than the former.
Hence, if the primary circuit is rapidly made and broken, an
intermittent electromotive force appears in the secondary circuit
which is practically always in the same direction, only that
secondary electromotive force due to the stoppage of the primary
circuit being of any importance. This electromotive force lasts a
very short time at and during the decay of the magnetism in
the core. If we charge a condenser having a capacity of C farads
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through a non-inductive resistance of R ohms at a source of
constant electromotive force of V volts, then it can be shown that
the condenser will not be charged to the voltage V unless the
electromotive force is kept applied to the condenser for a time at
least equal to 5 times CR seconds. Thus, if we have a condenser
of 1 microfarad and try to charge it through a resistance of
1 megohm (1 million ohms) at a pair of terminals giving 100 volts
continuous supply, the condenser will not be charged to 100 volts
in much less than 5 seconds. At the end of 1 second it will only
be charged to 63 volts, and at the end of 2 seconds to 86 volts,
and at the end of 3 seconds to 95 volts, as shown by the ordinates
of the curve in Fig. 7. Hence, although a very large electro-
motive force makes its appearance in the secondary at each break
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of the primary circuit, since it has to act through the high
resistance of the secondary coil, amounting to several thousand
ohms, and lasts only a very small fraction of a second, it is only
able to charge a condenser connected between the secondary
terminals to a small fraction of the maximum voltage which would
exist in the secondary circuit if the condenser were removed.
Suppose, then, that we attach to the ends of the secondary
circuit of a large induction coil a pair of metal balls adjustable as
to distance, and insert a proper interrupter and primary condenser
in the primary circuit. On interrupting the primary current we
obtain a torrent of thin blue irregular lightning-like sparks between
the secondary balls, and by extending the distance between these
balls we can produce a spark, say, of a maximum length of
10 inches, and this implies that the secondary circuit is the seat
of intermittent electromotive forces rising as high as 500,000 volts
momentarily. If then we join the outside and inside coatings of
a large Leyden jar having, say, a capacity of 0-01 microfarad to
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these secondary terminals, we find that we can get no spark until
the balls are brought within a few millimetres (5 to 10) of each
other. The condenser cannot therefore be charged to more than
20,000 or 30,000 volts. Any increase in the resistance of the
secondary circuit or of the capacity of the condenser decreases the
effective spark length and charging voltage. Accordingly, it is
desirable to keep the resistance of the secondary circuit as low as
possible by employing a rather thick secondary wire. This, how-
ever, implies increased cost of manufacture and increased bulk of
coil, unless the number of turns of the secondary circuit is
correspondingly decreased. It is found, however, that a certain
compromise can be effected, and that a coil constructed, say, with
a secondary circuit of No. 30 SSW.G. wire will enable a certain
fixed charging voltage or spark length to be obtained on a con-
denser of larger capacity than by means of a coil wound with the
same weight of secondary wire of a smaller diameter, such as
No. 36 S.W.G. '

Coils with rather thick secondary wires are called “intensified
induction coils” by Messrs. W. Watson & Sons, and by Messrs.
Newton & Co. “beavy discharge coils.” They have advantages
as above described for radiotelegraphic purposes. The same
result can, however, be achieved by coupling together in
parallel the similar terminals of the secondary circuits of two or
more identical coils having fine wire secondary circuits and joining
their primary circuits in series with each other, and with one
interrupter and primary condenser. The coils then give their
secondary electromotive forces at the same instant, and they have
the same value, but the effective resistance of the secondary
circuit is reduced. A 10-inch induction coil, as usually made,
takes a mean primary current of 10 amperes, and requires a
terminal voltage of 16 to 20 volts. This current is the
average current, but at certain instants the current actually
taken is much larger. The current is most conveniently sup-
plied from secondary or storage cells. On board ships these
can be charged from the electric lighting circuits, but in light-
houses and lightships it may be necessary to charge these
secondary cells from a number of large primary cells. In this case
suppose a battery of 8 secondary cells has to be charged. This
will require a maximum voltage of 20 volts, and a large number of
primary cells, each having an electromotive force, say, of 1'5 volts,
must be arranged 15 in series, and, say, 6 or more in parallel,
to provide the current necessary to charge the 8 secondary cells.
The secondary cells are then used directly on the coil. The primary
cells used are generally some pattern of low resistance dry cell.
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It will be seen, therefore, that the induction coil described
requires a power supply of about 150 watts, or, say, 02 of a horse-
power. This is sufficient for radiotelegraphic work up to 100
miles, but for greater distances more power is required, and this
is obtained by the use of alternating current transformers.
Before describing these high power arrangements it will be
convenient to complete the description of the induction coil by
referring to the various forms of current interrupter used.

3. Interrupters for Induction Coils.—As already explained, the
use of this appliance is to interrupt rapidly and very suddenly a
continuous current flowing from the battery through the primary
circuit of an induction coil, so as to create a momentary electro-
motive force in the secondary circuit. The magnitude of this
secondary E.M.F. depends, other things being equal, upon the
suddenness with which the primary current is arrested.

In the early forms of induction coil, a hand-worked mechanical
circuit breaker was employed, but it was not long before automatic
interrupters were invented, and very much ingenuity has been
expended of late years in devising varieties of interrupter for this
purpose.

At the present time we may divide known forms into three
broad classes—

(i) Hammer or plunger interrupters.

(ii) Mercury jet or turbine interrupters.

(iii) Electrolytic interrupters.

The hammer interrupter in its simplest form consists of a
cylindrical block of soft iron which is mounted on the top of a stiff
flat brass spring, the lower end of the spring being attached to the
baseboard of the coil. The iron block is fixed opposite to the end
of the soft iron core of the coil, and when the latter is magnetised
it attracts the iron block or hammer head. The back of this block
is furnished with a thick platinum stud, which has opposite to it
a similar stud carried on the end of a screw which is tapped
into a fixed pillar also mounted on the baseboard. In normal
adjustment when the primary current is not flowing, the two
platinum studs just make contact, and the primary current flows
into the coil through this contact. The core is then magnetised
and attracts the hammer head, which separates the platinum con-
tact studs and interrupts the circuit. To make the break more
sudden, Mr. Apps added an adjusting screw by means of which
the spring carrying the hammer head is forced back so as to make
a stronger contact against the contact stud (see Fig. 8).

In this form it is now known as an Apps break. With such
a break properly adjusted it is possible to vary the number of
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interruptions of the primary circuit from about 10 to 50 per
second.

The platinum contact studs require some care to keep them in
order. They become rough and are burnt away by the spark
which takes place at the point of separation, and from time to

time require dressing up with

a fine file or glass paper. In

coils used for radiotelegraphy
@ these platinum studs should

be as massive as possible,
not less than % inch in
diameter and ] inch in
length, and larger if possible.
A s Platinum costs now about
£4 or more per ounce, and
being a very dense metal,
the expense of large contact
ramk studs is not inconsiderable.
Although this hammer break
is irregular in action and
has notable defects, yet it is
simple and easy to keep in
= order, and hence has been
z much used on radiotele-

graphic coils, taking a

primary current of not more
Fra. 8. than 10 amperes, at a low
voltage, say, 12 to 18 volts.

It is, however, not suitable for larger currents or higher voltages.

The inferrupter is, however, incomplete without the addition of
a primary condenser. This last consists of sheets of tinfoil
separated by somewhat larger sheets of paraffined paper. The
condenser is built up as follows: —

Sheets of thin but good linen paper are dried and immersed in
melted parafin wax and then lifted out and allowed to cool.
Sheets of tinfoil rather less in dimensions than the paper are
provided. These tinfoil sheets are separated by double or treble
sheets of the paraffined paper, and each alternate sheet of tinfoil
is displaced so as to project beyond the paper to one side or the
other. The alternate sheets of tinfoil are then pinched together
and the mass strongly compressed. It then forms a condenser of
which all one set (say the even numbers) of tinfoil sheets form
one plate or coating, and all the other sets (say the odd numbers)
form the other coating, whilst the paraffined paper is the dielectric.

RN
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This condenser is generally placed in the box base which carries
the induction coil, and the two coatings are connected respectively
to the spring carrying the hammer head and to the upright
carrying the contact screw.

The usual connections of the complete induction coil are shown
in Fig. 9. In this diagram P and N are the terminals to which
the battery is attached. T is the platinum contact and H the

hammer break. I is the iron core of the coil. C is the primary
condenser. Pr is the primary of the coil, and R is the current
. reverser.

The primary condenser of & 10-inch induction coil would
generally have a capacity of about 1 microfarad, which might
necessitate 100 square feet of tinfoil, reckoning both surfaces; in
other words, would consist of 50 sheets of tinfoil, each 12 inches
by 12 inches in area, separated by double sheets of paraffined
paper. The exact capacity of the condenser does not seem to be
very important, provided it is not too small ; the coil gives a very
small secondary spark without it, and it therefore is an important
element in the coil construction. Lord Rayleigh found that if
the primary circuit is interrupted with extreme suddenness, for
instance, if severed by a bullet from a gun, the secondary spark
length is not increased by the addition of the condenser. With the
ordinary break speed the primary condenser acts to annul more
quickly the magnetisation of the coil at each break of the primary
circuit, and it appears to do this by destroying the electric arc
which tends to form across the contact studs as they separate.

A second type of circuit breaker is represented by the mercury
jet interrupter (see Fig. 10). It consists of a cylindrical block of
steel which is carried on a shaft and has its lower end immersed
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in mercury. The block has a vertical hole drilled part of the way
through it and a lateral hole meets the vertical one. If the block
is made to revolve rapidly, the mercury is sucked up the vertical
hole and thrown out of the lateral one in the form of a jet. If

Fia. 10.

this jet impinges on a copper plate or plates placed in the right
position, then when the jet is playing on the plate there is an
electric circuit through the jet from the mass of mercury beneath
the centrifugal pump to the target-plate, but when the jet squirts
agide of this plate the circuit is interrupted.

To prevent this jet of mercury from being rapidly oxidised, the
whole process must take place in some non-oxidising medium, such
as oil, alcohol, or, better still, coal gas.

In one practical form the mercury jet interrupter consists of a
glass vessel in the bottom part of which is the reservoir of mercury.
The cover of this vessel carries the steel shaft on the lower end
of which is the pierced steel block constituting the centrifugal
pump. This shaft is rapidly rotated by a small electric motor.
The lid also carries an insulated terminal to which is attached
the copper plate which forms the target against which the
revolving jet of mercury issuing from the pump impinges during
a portion of its revolution. The circuit is interrupted suddenly
at each revolution between the terminal attached to the target
plate and the shaft of the pump at the instant when the jet
ceases to play on the plate. In some interrupters the mercury is
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covered with paraffin oil to a depth sufficient to include the jet.
This oil, however, prevents the mercury globules into which the jet
breaks up from cohering again, and before very long the whole
mass of mercury is reduced to the condition of a fine black sludge.
It can then only be recovered to the condition of bright metallic
mercury by a troublesome process of treating it with strong
sulphuric acid and washing away the acid with water. It has
been found that when using absolute alcohol instead of oil as the
insulator the mercury keeps coherent for a longer time, but there
are disadvantages in using such an inflammable and volatile liquid
as alcohol. Hence, although the mercury jet interrupter in oil or
alcohol has been much used as a break for radiotelegraphic coils,
and is capable of giving a more regular and rapid series of inter-
ruptions than the hammer break, it is far from being perfect or
very convenient in use. '

A great improvement, however, was made by M. Béclere of
Paris in this break by substituting an atmosphere of coal gas for
the oil or alcohol. In this improved form it is known as the
moto-magnetic or coal gas mercury break. By replacing the
liquid by a gas much less power is required to drive the break.
Hence an electric motor is not necessary when the break is
continuously used. The break may then consist of a metal
chamber in the bottom of
which is a small quantity
(generally less than 1 pound)
of mercury. Into this the -
lower part of a cylindrical
block of steel dips, the block
having a channel cut in it,
so that when the block re-
volves the mercury is sucked
up the channel and squirted
out in the form of a re-
volving jet, which interwmit-
tently impinges upon & metal
plate or plates insulated from
the containing box. This
centrifugal pump is caused to
revolve by having fixed on
its shaft a Z-shaped piece of Fia. 11,
soft iron. See Fig. 11, which
shows a type of this break made by Messrs. W. Watson & Sons.

The interrupter is mounted on the induction coil base so that
this Z-shaped piece comes opposite to one end of the iron core.

F
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If the core is periodically magnetised and demagnetised, it exerts
attractive impulses on the iron armature and maintains it in
motion. The break is so connected in the primary coil circuit
that the current flowing through it passes through the jet of
mercury and then magnetises the core of the coil. This magnetism
is made to attract the Z-shaped iron and pull it round into a
position in which the jet no longer impinges on the target plate.
The circuit is then interrupted and the coil core loses its magnetism.
The pump, however, continues to revolve by its own inertia and
immediately closes the circuit again and so repeats the process. To
start the break an initial twist must be given to it by hand and
then after that the intermittent magnetic impulses of the coil core
maintain it in motion. To prevent oxidation of the mercury the
chamber is kept full of coal gas. This is supplied from a small
steel bottle, and as the gas is not used up but only exhausted very
slowly by leakage a cylinder holding 5 cubic feet of gas will last
for months. This interrupter has been found to work very well
for Rontgen ray coils where continuous operation of the coil is
necessary. For radiotelegraphic work it is necessary, however, to
have the interrupter driven by a small separate electric motor
worked off the same battery which supplies the coil, for in radio-
telegraphic work the coil is not continuously in operation, but is
started and stopped intermittently, and the interrupter must there-
fore start into action at once or be kept in action. Any ordinary
oil or alcohol mercury turbine interrupter can be improved and
converted into a coal gas mercury break by making the vessel in
which the turbine revolves gas tight. It is then only necessary
to expel the air from this chamber by coal gas drawn from a small
steel bottle or gas bag which is kept connected with the vessel so
as to supply the small gas leakage and prevent air diffusing back
into the chamber.

The third type of interrupter is the electrolytic break. If a
large lead plate is immersed in dilute sulphuric acid containing
20 per cent. of acid, and if a second electrode of very small surface
is immersed, consisting of a short length of stout platinum wire,
projecting for about } of an inch out of the end of a tight fitting
glass or porcelain tube, then such an electrolytic cell interposed
in the primary circuit of the induction coil will interrupt the
current, provided that the electrode of small surface is the positive
electrode or anode (see Fig. 12).

This form of interrupter was invented by Dr. Wehnelt in 1899,
and excited great interest at the time of its introduction. If a
continuous electromotive force is applied to a circuit consisting
of a Wehnelt electrolytic cell made as above described, and an
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inductive resistance, the current is not continuous, but is inter-
mittent, several hundred interruptions occurring per second. The
action essentially depends upon the presence of inductance in the
circuit, and if the inductance of the primary coil alone is not
sufficient, an extra inductance coil must be added in series with

Fia, 12.
[ Reproduced by permission of A. C. Cossor.

it. No primary condenser is necessary. When such a Wehnelt
interrupter is attached to the primary circuit of an induction coil,
the secondary spark is of a different character to that given by a
hammer break. It is no longer a long, thin, irregular, lightning-
like spark, but becomes shorter and more like a flame or alternating
current arc, owing to the large number of the interruptions per
second.

A modification of the Wehnelt break, introduced by Caldwell
and by Campbell Swinton, consists of a porcelain test tube, with
a small hole in the bottom. This is immersed in a larger vessel
containing dilute 1'5 sulphuric acid. A lead plate of large surface
is immersed in the outer vessel, and a smaller lead plate in the
test tube, and it is found that when this electrolytic cell is placed
in series with an inductive resistance, a continuous electromotive
force or battery produces a rapidly intermittent current in the
circuit. The frequency and strength of this current can be
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regulated by more or less closing the small hole in the test tube
by the conical end of a glass rod inserted into it.

Although the electrolytic break has been much used in con-
nection with Rontgen ray and for certain electro-medical work, its
advantages in connection with radiotelegraphy are not nearly so
great. The reason for this is as follows :—

If a condenser has its plates connected to the secondary ter-
minals of an induction coil, and if an electromotive force begins to
arise in the secondary circuit, the condenser begins to receive a
charge. If the secondary terminals end in spark balls placed a
certain distance apart, the potential difference of the condenser
plates will increase up to a limit determined by the interval
between these spark balls. At that moment a discharge takes
place, and the condenser discharges with oscillations across the
spark gap. If at the same time the supply of electricity from
the coil is sufficiently rapid to cause a true electric arc to take
place between these balls, the result is to reduce their difference
of potential very considerably, and it will not increase again to a
high value until the arc stops or is extinguished. The discharge
which takes place is therefore a compound effect. It consists of
an arc discharge superimposed on a condenser oscillatory dis-
charge, and before the latter can be repeated the arc must be
- extinguished in order that the difference of potential between
the balls may rise again to a value sufficient to charge the con-
denser with a sensible amount of energy. It is found that if
the source of potential difference can supply a large current, then
special means have to be adopted to repress this arc. The dis-
charge between the spark balls should, in fact, consist of electricity
which has come out of the condenser, and not directly out of the
electric generator employed to charge the condenser. We shall
describe presently methods which are employed to repress this
arcing. Meanwhile it may be mentioned that one method by
which it can be achieved is by blowing a jet of air upon the spark
gap. This prevents the arc, but does not hinder the true con-
denser oscillatory spark discharge from passing across the gap.

4. Alternators and Transformers for Radiotelegraphy.—When
electric oscillations of large power have to be created, the induc-
tion coil and interruptor operating with the current from a
battery are not suitable for the purpose, but alternating currents
of high potential generated by alternators and transformers are
employed.

The most convenient form of alternating current generator for
radiotelegraphy is a form of dynamo called a revolving field
alternator. This consists of an iron frame or carcase built up
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of thin sheets of iron stamped out in the form of a ring with
inward projecting teeth. Around these teeth are wound coils of
insulated wire which are connected up in series with each other.
In the centre of the ring is placed a star-shaped electromagnet,
with an even number of poles or rays, each surrounded by a coil
of wire. These coils are joined in series, and the ends brought to
two insulated rings on the shaft of the magnet. By means of
springs or brushes pressed against these rings a continuous current
from a secondary battery is passed through the magnet coils, and
magnetises them, so that alternate poles or rays are north poles
and south poles. This so called field magnet is set in rotation by
an engine by means of a pulley and belt, or else by a direct
coupled engine, and as it revolves the lines of magnetic flux pro-
ceeding from its poles sweep through the fixed coils attached
to the inner side of the ring, which are called the armature coils.
In these coils alternating electromotive forces are created, and,
since the separate coils are joined in series, these are added
together, and produce a high resultant electromotive force. It is
usual to excite the field magnets by fifty secondary cells or at -
a voltage of 100 volts, and to design the alternator to give 2000
volts in root-mean-square or effective value, at a frequency of
50 periods per second.

If the alternator is a small size, say 5 to 10 kilowatts, or 7 to
14 H.P., it may be driven by a belt and pulley from the flywheel
of an oil or steam engine. In places where coal and water are not
easily procured, an oil engine having two heavy flywheels on its
shaft, from one of which the alternator is driven, is a very con-
venient source of power. For more permanent or larger installa-
tions, where water and coal are available, a steam engine is better,
as the turning moment is more uniform (see Fig. 13).

The current from the alternator at 2000 volts is then passed
into the primary circuit of one or more transformers, and from the
secondary circuits a current at a potential of 2000 or 3000 volts,
or more, can be drawn.

Transformers for radiotelegraphic purposes must be oil insu-
lated. They consist of a primary circuit and secondary circuit of
insulated copper wire wound over a laminated iron core, the whole
being immersed in an iron vessel under highly insulating oil. The
containing vessel itself should be insulated, and the transformers
generally have their primary or low tension circuits joined in

- parallel on the alternator, and their high tension or secondary
circuits may be joined in series.

In working with extra high tension transformers used for
charging condensers, the utmost precautions must be taken to
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avoid touching any “live” wire, because such a mistake would in
all probability be instantly fatal. Transformers have the power of
giving a current far in excess of that which can be furnished by an
induction coil, hence the reason for extreme caution in handling
them. If such a battery of high tension transformers has its

Fia. 18.

secondary terminals connected to a pair of spark balls,and if these
are also joined to the terminals of a battery of condensers C (see
Fig. 14), we have an arrangement capable of producing electric
oscillations of great power.

In this case the alternator A produces a low frequency
alternating current at a voltage, say, of 2000 and frequency of 50.
The transformers T transform up this voltage, say, to 20,000,
correspondingly reducing the current. The condenser C is thus
charged to 20,000 or 30,000 volts or so, and the spark gap S
may be 5 to 10 millimetres in length. The condenser then
discharges across this spark gap at intervals, producing at each
discharge a train of high frequency oscillations, the frequency
being determined by the capacity of the condenser and the
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inductance P in series with it. It might be thought that
since the charging voltage is alternating, or first in one direction
and then in the other, that one condenser discharge or train of
oscillations would occur at each instant of maximum charging
voltage, and therefore that the number of condenser discharges
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per second would be double the frequency of the charging
voltage. This, however, is not the case. The number of con-
denser discharges per second may be much greater or much less
than twice the frequency of the alternating current which is
supplied to the transformers for the following reasons :—

If the transformers have a very high secondary inductance, or
have inductance coils placed in series with their secondary circuits
between the transformer terminals and the spark balls, and if the
spark balls are set near together, the condenser may become
charged to a potential which will enable it to discharge across this
gap long before the periodic electromotive force of the transformer
has reached its maximum value, as it increases from zero. The
moment the discharge happens the condenser empties itself, and if
there is no sensible arc discharge due to the transformer itself between
the spark balls following on this discharge, the still rising electro-
motive force may again proceed to charge the now discharged con-
denser, and repeat the process several times during a complete
.period of the alternator. Hence there may be 3, 4, or more
condenser discharges in each half period or alternation of the low
frequency electromotive force. This, however, can only happen
when the secondary circuit of the transformer is so throttled by
inductance as to prevent any true arc discharge from following on
after each condenser discharge.
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On the other hand, if the inductance of the transformer
secondary circuit is not sufficient to prevent this arcing, then there
will be no repeated condenser discharge, but only a simple
alternating current arc between the spark balls. We can then
only obtain oscillations by employing some means to stop the arc
without stopping the condenser discharge. This may be done in
several ways— ‘

(i.) We may blow a strong jet of air upon the spark gap. This
has the effect of blowing out the are, but it does not prevent the
condenser from discharging across the gap.

(ii.) We may enlarge the spark gap to such a length that the
normal voltage of the transformer cannot maintain an arc across
this distance.

It is then necessary to tune or syntonise the condenser circuit
and the secondary circuit of the transformer to the low frequency
of the alternator, and when this is done the effect of the resonance
will be that at intervals corresponding to, say, 4 or 5 periods
such a potential difference will be accumulated between the spark
balls that the condenser can discharge across the gap, but the arc
due to the transformer electromotive force pure and simple cannot
be maintained, because the spark gap is too long.

(iii.) The spark gap may be formed between two surfaces in
rapid relative motion, in which case the condenser discharge takes
place at the moment of the nearest approach of the surfaces, but
the arc is broken by their separation the moment afterwards.

The precise details of these devices are considered in a later
chapter, and partly in the next section.

The practised ear soon learns to judge from the sound of the
spark whether there is any sensible arc discharge mixed up with
the condenser oscillatory discharge. The discharge we desire to
produce is that in which the spark between the balls is wholly due
to energy which is liberated from the condenser, and not at all to
current coming directly out of the transformer. The former is
called an active spark, because it is the accompaniment of active
oscillations; the latter is more or less inactive, and is called an
arc spark.

5. Spark Discharges and Spark Voltages.—It will be seen that
to produce intermittent damped oscillations, as already described,
we have to join in series with each other a spark gap, a condenser,
and an inductive circuit of some kind, and to employ a source of
high electromotive force to charge the condenser, which then dis-
charges at intervals across the spark gap. The damping or
logarithmic decrement of the trains of oscillation so produced
depends, amongst other things, upon the resistance of this
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oscillatory circuit, and this, in part at least, comprises the resistance
of the spark itself. We have also seen that it is essential to pre-
vent the formation of an electric arc discharge across the spark
gap. Hence the nature of the spark gap very much affects the
nature of the condenser discharge, and we have to consider the
various types of spark discharger employed in radiotelegraphy.

In the case of small power apparatus, including an induction
coil as a source of electric supply, it has generally been the custom
to take the discharge between brass balls about half an inch or one
or two centimetres in diameter, attached to the ends of brass rods -
which slide through sleeves connected with the induction coil
secondary circuit terminals. A rough adjustment of the spark
length is then possible, but usually no means is provided for
measuring the spark length. With the usual 10-inch coil and
a condenser consisting of a battery of Leyden jars the discharge
spark may be about 5 to 10 millimetres in length, and makes a
rapid series of explosive sounds or continuous crackling noise, but
since the quantity of electricity passing is not large the balls
themselves do not wear away very rapidly. The chief objection to
this form of discharger is the noise it produces. In sending radio-
telegraphic signals by the Morse code it is necessary to make a
rapid geries of oscillatory discharges of long and short duration, the
long consisting of 6 or 8 trains of condenser discharges and the
short of 2 or 3. These long and short series are arranged according
to a certain code of alphabetic signals, as explained later on. To
prevent these sound signals from being heard outside the operating
room, it is best to enclose the spark balls in an air-tight case with
thick walls, by preference a cast-iron vessel, through the walls of
which the discharger wires are brought, but insulated by thick
ebonite sleeves (see Fig. 15). If, however, the discharge spark

Fia, 15.

takes place in air, it combines some of the nitrogen and oxygen
into oxides of nitrogen, which are converted into nitrous and nitric
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acids, and these deteriorate the insulation of the spark balls.
Hence, when operating in a completely closed chamber, it is
desirable to replace the air by carbonic dioxide. This can easily
be done by means of a supply of the compressed gas kept in a
small steel bottle, which is connected with the spark chamber and
admitted as required to expel the air.

Even when a complete metallic enclosure is not used some
reduction in noise may be obtained by placing the spark balls
inside a glass cylinder having very thick walls, which is closed
with ebonite or wooden ends, and placing in this cylinder a
quantity of quicklime to take up the acid nitrous vapours formed
by the spark.

Fessenden found that advantages are obtained by taking the
spark between a plate and a point in compressed air contained in
an iron drum, and asserted that, when the pressure exceeded
60 1bs. on the square inch, the spark-producer became more efficient
as a means of creating electric radiation. The dielectric strength
of air or other gases, that is, the potential difference between
certain surfaces which is required to produce a spark between
them, is approximately proportional to the pressure, when this is
greater than one atmosphere. Therefore, the energy given to a
condenser connected across a spark gap, which varies as the square of
the voltage, must increase roughly as the square of the air pressure
for a given spark length. Accordingly, the advantage obtained by
increasing the pressure round the spark balls is chiefly due to the
fact that we can greatly increase the charging voltage of the con-
denser without increasing the length of the spark, and therefore
also its energy dissipating resistance. The function of the spark
gap is to enable the source of electromotive force to charge the
condenser, and when this charge reaches a certain value the insu-
lating quality of the air suddenly disappears, and the space
" instantly becomes conductive, luminous, and highly heated, thus
forming an electric spark. The spark is & conductor as long as it
lasts. Hence, the two qualities of the air gap between the spark
balls with which we are concerned are—

(i.) The dielectric strength or spark voltage; and-

(ii.) The spark resistance or energy dissipating power.

The potential difference which is necessary to create a spark
discharge between two metal balls depends upon (i) the size of
the balls; (ii.) their distance ; (iii.) the nature of the surrounding
gas and its pressure ; and (iv.) on the temperature of the balls, on
the material of which they are made, and on some other conditions,
such, for instance, as whether they are exposed to ultra-violet
light or the radiation from other sparks. This spark potential
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difference is generally called the spark voltage, and is stated for a
given spark length.

The spark discharge is facilitated or spark voltage lowered by
permitting ultra-violet light, e.g. the light from an electric arc, the
sun, or from electric sparks to fall on the spark balls, especially
on the negative ball. The spark discharge is also promoted by
heating the electrodes or balls, particularly the negative ball.

In connection with radiotelegraphy we use the spark gap to
permit an oscillatory discharge, and it is found that when small
quantities of electricity only are in question, the oscillatory form
of discharge is promoted by keeping the balls highly polished.
For this purpose, well-burnished zinc or brass balls form the best
spark surfaces. Accordingly we require to know the potential
difference which must exist between two smooth metal balls, say
of brass, 1 or 2 cms. in diameter, which will cause a spark to pass
between them when their surfaces are at a certain distance apart
and the air around them at ordinary or atmospheric pressure.

The following table gives the spark voltage for metal balls
2 cms, in diameter in ordinary air. The distance in millimetres
is the distance between the nearest points on the balls.

It should be noted, however, that the figures must not be
applied in cases where the balls have diameters differing much
from 2 ems., and especially that they are totally inapplicable in the
case of points.

TABLE OF SPARK VOLTAGES FOR POLISHED METAL BALLS
" 2 CMS. IN DIAMETER IN AIR AT 760 MM. PRESSURE.

inimenron| SPork voltage.  |IPREEISRERL | spark voltage, | CPOHI0EE | Spark voltage.
1 4,700 18 . 44,700 35 61,100
2 8,100 19 | 46,100 36 61,800
8 11,400 20 | 47,400 87 62,400
4 14,500 21 | 48,600 38 68,000
5 17,500 22 . 49,800 39 63,600
6 20,400 23 51,000 40 64,200
7 23,250 24 | 52,000 41 64,800
8 26,100 25 | 58,000 42 65,400
9 28,800 - 26 | 54,000 43 66,000
10 81,300 27 I 54,900 41 66,600
11 83,300 28 {55,800 45 67,200
12 85,500 29 L 56,700 46 67,800
18 - 87,200 30 . 57,500 47 68,300
14 38,700 81 58,800 48 68,800
15 40,300 32 | 59,000 49 69,300
16 41,300 33 L 59,700 50 69,800
17 43,200 34 . 60,400 51 70,300
!
‘ ,
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It will be seen from the above table that whilst it requires a
potential difference of 4700 volts between the balls to create a
spark 1 mm. long, the increase of spark voltage per millimetre
continually decreases from about 3000 volts per millimetre for
spark lengths of 5 mm. to about 500 volts per millimetre for
spark lengths of 50 mm., or so. It is usually said, therefore,
that the dielectric strength of air is greater for thin layers of
air than for thick ones. This, however, is due to our mode of
measuring the spark length, by the distance between the nearest
parts of the opposed surfaces, and to the distribution of the.
electric force in the space. There is reason to believe, as Dr.
A. Raussell has shown, that the true dielectric strength of air is a
fixed constant, equal to 3800 or 3900 volts per millimetre.

In the case of sparks conveying small quantities of electricity
the balls are but slightly eroded by the discharge, but when using
large discharges, the surfaces are heated and worn away rapidly.
For this reason, in the case of dischargers for large power it is
necessary to rotate the balls. The author has devised arrangements
in which two large metal balls or discs are enclosed in a chamber.
Each of these surfaces is rotated slowly by means of an electric
motor, and the discharge takes place between these discs or balls.
The chamber can be filled with nitrogen or carbon dioxide gas,
either at normal or under increased pressure. The erosion is then
made uniform, and the discharge surfaces are eaten away only
at one place. When it is desired to obtain high voltage sparks
which are oscillatory, it is better to split up the spark between a
number of balls in series, and not to unduly lengthen a single
spark.

A matter of some importance in connection with the electric
sparks used in radiotelegraphy is the resistance of the spark itself.
It is a form of conductor, and as such possesses energy dissipating
power or resistance, which is determined by its length and by the
quantity of electricity it conveys. :

The discussion of the various methods for measuring spark
resistance must be deferred to the chapter on Radiotelegraphic
Measurements. Meanwhile it may be said that whilst some
physicists have measured the resistance of single sparks or dis-
charges, these measurements do not possess much interest from a
radiotelegraphic point of view. The matter of practical import-
ance is the contribution which is made towards the total damping
effect of a circuit containing a spark gap by the resistance of a
rapidly repeated oscillatory spark. In the case of a damped
oscillation the spark resistance is not constant during the suc-
cessive oscillations, depending as it does upon the quantity of
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electricity carried across the gap. The resistance of an electric
spark has this peculiarity, that the greater the quantity of
electricity conveyed across in the discharge, the less is the
true resistance of the spark. This is probably connected with
the phenomenon characteristic of the electric arc and vaporous
conductors generally, that the potential difference of the ends of
the conductor decreases with increase in the current flowing
through it. Hence, the ratio of P.D. to current decreases as the
current increases, that is, the resistance decreases as the current
increases. In the case of rapid trains of oscillatory sparks, the
important quantity is the mean spark resistance during the con-
tinuance of the discharges. We may vary the spark length and
yet keep the current constant, or we may keep the spark length
constant and vary the current. If the current or discharge is
kept constant, then the spark resistance appears to increase with
the spark length and decrease with the capacity C in the manner
shown by the curves in Fig. 16, which embody the results of
some experiments by :

y
Prof. A. Slaby, taken 2 & 5 7
by a method devised 5 °§/ // /
by K. Simons, in 1904, Z 6| 2 75

in which a metallic re- & ,‘9/ SA o/° S /
sistance is substituted E 4 DA A

for a spark of a given 2 Yl d / o
length and adjusted w 2 // /

until the current in

the circuit is the same < o
as before. Similar ex- @ SPARK LENGTH IN MM.
periments were made Fre. 16.

by the author, who
found that the spark resistance is to some extent determined by
the material of which the spark balls are made. Measurements
of spark resistance by another method called the resonance
method, have been made by Rempp and Drude. Rempp gave
curves which appeared to show that the spark resistance decreased
at first with increasing spark length, and reached a minimum
for sparks of about 6 mm. in length, after which it rapidly
increased. Rempp’s results have, however, been criticised by
by Eickhoff, who has shown that Rempp neglected to take account
of the effect of increasing spark length in causing brush discharges
from the edge of the tinfoil of the Leyden jars used as condensers.
This brushing involves loss of energy, and, unless a correction is
made for it, it is reckoned in with the true dissipation of energy
due to the spark, and thus credited as due to spark resistance.
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Eickhoff has shown that if Rempp’s results are suitably corrected
they show that with increasing spark length the spark resistance,
in an oscillatory discharge circuit comprising a condenser and
inductance, decreases at first rapidly and then tends to become
constant. These results have been confirmed by the author, for
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an oscillatory circuit comprising a capacity of 000261 mfd., an
inductance of 0:00636 millihenry and a spark gap varying from

1 to 6 millimetres, as shown by the curve given in Fig. 17. The
larger the capacity used, the
8 lower is found to be the re-
' it sistance of a spark for given
length. The resistance of
the spark is therefore not
sils c length but is dependent upon
the circumstances wunder
N which it is formed, and is
'\F/www.;‘ less the larger the quantity
8§t of electricity which is carried
Fia. 18. by it.
to the necessity for preventing an arc discharge accompanying the
true spark discharge of the condenser in those cases in which a
rapid series of oscillatory sparks is required, and especially when
using transformers and large condensers. This can be achieved to
some extent by blowing air upon the spark gap, but even better
by employing as the discharger surfaces in very rapid relative

merely a function of its
We have already referred
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motion. This causes them to keep cool and completely prevents
the arc discharge, whilst still permitting the condenser oscillatory
discharge.

The arrangement in Fig. 18, due to R. Grisson, shows one
mode of causing the oscillatory discharge of a condenser charged
by a dynamo or battery to take place without arcing. In this
arrangement the discharge is caused to take place between the
balls SS by the periodic passage between them of four other balls
carried on the arms of a rapidly rotating cross. Mr. Marconi has
also devised several forms of non-arcing discharger to which we
shall refer in connection with descriptions of radiotelegraphic
apparatus and stations.

6. Condensers for Electric Oscillations.—The next element in
the apparatus for the production of electric oscillations to be
considered is the condenser. It consists of a sheet of a dielectric
or insulator the two surfaces of which are nearly covered with
some sheets of metal. The dielectric, which may be air, glass,
ebonite, oil, or mica, is the real seat of the energy storage. The
nature of the metal coatings is immaterial. They simply serve to

~discharge the dielectric when connected together. The simplest,
and for some purposes the best form of condenser is an air con-
denser made by placing two sheets of flat metal parallel to each
other and at a small distance apart. If this distance is d centi-
metres, and if the area of each plate is A square centimetres, then
provided d is small compared with /A we can say that the

capacity of the condenser is very nearly I‘TGTI%‘T(—-MZ microfarads.

An air condenser possesses no sensible conductivity or source
of internal energy waste, but if the plates are near together and
the potential difference large, a brush discharge will take place
between the edges of the opposed plates which implies some
dissipation of energy. Nevertheless, air condensers are very
efficient oscillatory condensers. The chief objection to them is
their bulk. The dielectric strength of air is about 38,000 or 39,000
volts per centimetre. Hence, if the condenser plates are 1 cm.
apart, the above voltage cannot be exceeded without discharge.
The energy put into a condenser of capacity C mfds. when

2
charged to V volts is 12('17376 joules. Hence for such a parallel

2
plate air condenser, we cannot put into it more than _ A x(38)

joules, where A is the area of the opposed surfaces and d their
distance, If, then, the plates are 1 cm. apart, each must have
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a surface 15,664 square cms. to enable the condenser to store
up 1 joule or about 0°74 of a foot-pound of energy. Accordingly,
two square metal plates, each 125 cms. in the side, placed 1 cm.
apart, will store up 1 joule of electric energy as a maximum. At
this rate we cannot store more than 1 foot-pound of energy in the
form of electrostatic strain in 1 cubic foot of air. If, however, we
employ compressed air as the dielectric of a condenser, as first
suggested by R. A. Fessenden, we can then increase the dielectric
strength almost proportionately to the pressure, and so store up in
the same bulk of condenser much greater electric energy.

For most purposes, however, it is better to employ a solid or
liquid dielectric, such as glass, ebonite, or some. insulating oil.
These all have a higher dielectric constant and a higher dielectric
strength than air. Thus, for instance, good crown glass has a
dielectric constant not far from 7, and for thicknesses such as
01 inch a dielectric strength of 200,000 volts per centimetre.
Accordingly, it has five times the dielectric strength, and therefore
7% 5 x5 =175 times the energy storage capacity of air at
atmospheric pressure for the same volume. Oil and ebonite have
dielectric constants of about twice that of air, but ebonite has a
greater dielectric strength than glass, and oil about half its value.
Accordingly, a condenser for use in oscillatory circuits may be
made as follows: Plates of thin zinc or brass are cut with a tail,
as in Fig. 20, and these are arranged with tails on opposite sides
on either side of a sheet of glass, say 0-1 inch or 2 to 3 mms.
in thickness. Alternate sheets of glass and metal plates are built
up, arranged as shown in Fig. 19. The glass is cut rather larger

Fia. 19,

than the metal sheet, so as to leave a margin all round the metal
plate. This pile of glass and metal sheets is enclosed in a stone-
ware or wooden box and covered in with vaseline or resin oil. In
place of glass, sheets of ebonite may be employed. The immersion
in oil is necessary to prevent sparking round the edges of the
plates. If the glass is 0’1 inch thick and the metal sheets are
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12 inches square, or have an area of 1 square foot, the single plate
of glass included between two metal plates will have a capac1ty of
550 of a microfarad.

A common form of condenser is the Leyden jar, conslstmg of a
glass bottle or cylinder of thin English flint glass, lined inside and
outside with tinfoil for about two-thirds of its height. The
exposed bare glass surface must be well coated with shellac
varnish, and the jar is closed by a wooden disc through which
passes a brass rod terminated on the outside by a ball or terminal,
and on the inside by expanding brass wires, which make a good .
contact with the inner tinfoil. Leyden jars for radiotelegraphic
purposes should be carefully tested for dielectric strength, and
also have their capacity in fractions of a microfarad marked on
them, Leyden jars are combined into Leyden batteries by placing
them in a box and joining them up either in parallel or in series.
In the first case all the outside surfaces are connected metallically
together and also all the insides; and the capacity of the whole
lot is then the sum of the capacities of each singly. In the
second case the outside of one jar is connected to the inside of the
next, and so on for a number of jars. This last mode of con-
nection is called cascade connection, and then the reciprocal of the
whole resultant capacity is equal to the sum of the reciprocals of
each jar taken separately. Hence, if C,, Cy, Cs, represent the
capacities of three jars or condensers, and C the resultant capacity,
when joined in parallel we have C = C; + C3 + Cg, but when
joined in cascade or series we have—

1 1 1, 1
cTatato
. 1
RV S

The reader will therefore notice that the rule for adding con-
densers in parallel is the same as that for adding resistances in
series, and for adding capacities in series is the same as that for
adding resistances in parallel.

Moscicki has devised a kind of Leyden jar consisting of a glass
tube, of which the walls are rather thicker at the ends than in the
middle, being gradually increased in thickness in passing from the
centre to the ends. These tubes are coated inside and outside with
a silver deposit electroplated over with copper for strength, and the
coatings extend up to a certain distance from the ends. These
tubes are combined in batteries and form convenient high-tension
condensers. The reason for thickening the glass at the ends is

F
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because a Leyden jar is apt to pierce when charged too highly at
or near the edges of the coatings, at which place the electric force
is greatest. Moscicki found that a coated plate of glass 0'5 mm.
in thickness would stand 67,000 volts without rupture in its centre
portions, but that it was pierced by 11,000 volts near the edges of
the tinfoil coatings.

If a Leyden jar is used as the condenser in an oscillatory
circuit, then when the charging potential is high enough a brush
discharge or glow is seen along the edges of the tinfoil, and this
implies a discharge into the air. It causes a small increase in the
effective capacity of the jar, which is larger under high charging
potential than under low. It is prevented by immersing the jar in
insulating oil. A standard condenser is best made by employing
metal plates placed a few millimetres apart in high flash-point
paraffin oil free from every trace of water as the dielectric.

A number of flat zinc or brass plates are prepared of the same
size and are separated to a small distance by inserting the edges
in saw cuts made in slips of ebonite, Alternate plates are con-
nected by wires. The whole mass of plates is suspended in a
glass vessel filled in with the paraffin oil, and the capacity is
determined as described in Chapter VIIL of this book. Such a
condenser possesses no sensible dielectric energy loss, and the oil
doubles the capacity of the condenser as compared with its capacity
when in air, because the dielectric constant of the oil is nearly 2.

7. Inductances and Oscillation Transformers.—The third element
in the oscillation circuit is the inductance coil or oscillation trans-
former. To produce the high frequency oscillations required in
radiotelegraphy, we must employ a circuit having inductance in
series with capacity. One form which the inductance may take
is that of a loop of one or a few turns of insulated wire. In one
shape it may be constructed by making a square wooden frame
12 inches, or 30 cms., or more in side, and 4 inches, or 10 cms.,
in width.

On this is wound a number of single turns of cable joined in
parallel, each turn being a rope made up by twisting together a
large number of fine copper wires, each insulated with cotton.
The object is to obtain a coil of one turn which shall have the least
possible effective resistance, and also small inductance. As we
have seen in Chapter I., to reduce the resistance we must prevent
the skin effect and compel the current to make use of the interior
as well as of the surface of the wire, and to reduce the inductance
we must employ only one turn of wire.

We may wind over this single primary turn, which is placed
in series with the condenser and the spark gap, another winding
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of several turns also made of insulated wire, and thus construct
what is called an oscillation transformer. When the primary coil
is traversed by oscillations they induce other oscillations in the
secondary circuit, but these last are feeble unless a condenser is
put across the secondary terminals and the two circuits brought
into resonance, If, however, this is done, then the primary
oscillations induce secondary oscillations, and by a suitable choice
of number of turns and capacity we may obtain from across the
terminals of the secondary condenser a much higher potential
difference than that between the terminals of the primary con-
denser. These two syntonic circuits, moreover, as we have shown
at the end of the previous chapter, act and react on each other in
a curious manner, so that the result of coupling together two
circuits inductively (called by the German writers magnetic
coupling) is to create oscillations of two periods in both circuits,
one greater and the other less than the free natural period of either
circuit taken separately.

‘We have given already a mechanical illustration by an experi-
ment with two pendulums of the reasons for this production of
oscillations of two periods, but it is desirable to elucidate the
matter more completely. We shall assume that the capacity in
the primary oscillation circuit is C, microfarads, and that the
inductance is L; microhenrys, and that the capacity and inductance
in the secondary circuit are C; and L respectively. The two circuits
are assumed to be syntonised so that C; X L; = C; x Ly = CL,
and the natural time period of oscillation of either circuit taken
alone is T = 2+/CL microseconds.

Let V; and V,; be the maximum values of the potential
differences of the terminals of the primary and secondary con-
denser respectively, and let I; and I; be the maximum values of
the currents in the two circuits respectively. Then, if we consider
the resistances of the circuits to be negligible, the current (max.
value) at any instant in one circuit is equal to the rate at which
the charge of its condenser is varying. The charges of the two
condensers are the products C,V; and C3Vj respectively. We
have shown in section 6 of Chapter I. that if p = 27n, where =
stands for frequency, that the maximum value of the time rate of
change of any simple periodic quantity is p times its maximum
value. Hence the currents (max. values) in the two circuits
are given by the equations I, = pC,V, and I = pCyV, respec-
tively. Also, if L; and L, are the inductances of the circuits, the
magnetic flux linked with either circuit due to its own current is
measured by L;I; and Lyl, for the two circuits respectively, and
therefore the counter electromotive forces due to inductance, or, as
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it is called, the reactance voltages, in each circuit are pIL,I, and
pLal, respectively. Again, each circuit not only is linked with
its own lines of flux, but with some of those of the other. Let M
be a quantity, called the coefficient of mutual inductance, such that
MI; is the flux due to the secondary circuit which is linked with
the primary, and MI,; is the flux due to the primary which is
linked with the secondary circuit. Then pMI; and pMI, are the
induced electromotive forces in the primary and secondary circuits

respectively.
Now, in each circuit the potential difference of the condenser

terminals is the sum of the reactance voltage and induced voltage.
Hence we have for the two circuits the electromotive force
cquations
Vl = lell +pMIg
= pLaly + pM1,
Eliminating I, and I, by the help of the equations I, = pC,V,,
I = pC;V,, we have finally the equations
(1 - p“‘LlCl)Vl +ﬁ2MCQV2 =0
p2M01V1 + (1 - ngQCQ)Vg =0
Furthermore, eliminating V; and V, by cross multiplication,
we arrive at the biquadratic equation

Cloz(Lng bl M2)p‘ bl (ClLl + C2L2)p2 + 1=0

If we write & for ——, and if we assume the two circuits are

Lle
tuned so that C,L,; = CQLQ CL, then, making these substitutions
in the above equation, it is easy to see that
s _ 1 1+4k
T CL1-#
Hence there are two values of p, according as we take the positive
or negative sign. Since the natural frequency = of either circuit
1

alone is given by the equation n = o /oL Ve may denote the
two roots of the above equation by the symbols p, = 2wn; and
P2 = 2mng, and then we have

Ny = n- 1
Vi

n2=n———1~-—
V1+k
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The quantity % is called the coefficient of coupling, and it
denotes the ratio of the coefficient of mutual inductance M to the
square root of the product of the separate inductances L; and L,
of the two circuits. M is always numerically less than 4/L;Ls
because the number of lines of flux a circuit can send through a
neighbouring circuit is less than those linked with itself. Hence
% is a proper fraction, and 4/1 — £ is less than unity, and /1 + %
is greater. Hence we see that n; must be greater than n, and ng
less than n. Accordingly we derive the following important
conclusion. When two oscillatory circuits are inductively coupled
together so that oscillations in one excite oscillations in the other,
and if these circuits are tuned to the same frequency when separate,
then when coupled together, oscillations of two frequencies are set
up in them both, that of one being greater, and that of the other
less, than the natural frequency of either when alone.

The difference of these two frequencies depends upon the co-
efficient of coupling of the circuits. If % is a small fraction, the
circuits are said to be loosely coupled, and then =, and ng are not
very different. If % isa large fraction near to unity, then n; and
ng are very different, and the circuits are said to be closely coupled.

For many purposes a very convenient form of variable in-
ductance may be made as follows: two cylinders of hard dry
wood or of ebonite have a coarse screw groove cut on their surface
with a pitch of 8 or 10 to the inch. In this groove, bare copper
wire, No. 14 or No. 16 SW.G., is wound, and the ends of the wire
attached to screw terminals in the ends of the cylinders. The
groove should be so deep that the wire lies halfway deep in it.
These cylinders are mounted up on a board side by side. A thick
and heavy strip of copper is bent as in Fig. 20, so as to fit the

@i AR IOE

Fra. 20.

curved surface of both parallel cylinders and lie on them. An
ebonite handle serves to slide it along. The current enters at one
end of one spiral, passes down it a certain distance, then cuts
across the copper strap to the other, and returns by the other
spiral. Hence, by moving the strap more or less along the
cylinders, a variable amount of inductance can be inserted in any
oscillatory circuit. The inductance of any length of the spiral can
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be predetermined by the formula given in Chapter L., in the section
on Inductances.

Another mode of making an inductance which can be varied,
is to construct two circular coils of equal number of turns, one of
which is rather smaller than the other and can revolve on an axis
arranged as a diameter to the larger coil. The two coils are joined
in series with each other, and when they are arranged in the same
plane with the windings following on in the same direction, they
have their maximum inductance. If, however, the inner coil is
turned round so as to be at right angles to the outer, or turned
right about face, so that the windings are in the opposite direction,
then the two coils in series have a greatly reduced joint inductance.
By the use of appropriate induction coils, we can transform
electrical oscillations, increasing the current and lowering the
potential, or vice versa.

Oscillation transformers for creating extra high potential
discharges by means of lower potential oscillations are often called
Tesla coils, though as a matter of fact employed by many
physicists prior to the date of Tesla’s researches. A coil of this
description consists of a primary circuit, which should have few
turns, and a secondary circuit of many turns. These circuits must
be constructed of highly insulated wire, and the secondary circuit
should be preferably formed of one single layer of wire wound on
an ebonite or glass tube. The primary circuit is in series with a
condenser and spark gap. The whole coil must be immersed under
some highly insulating oil to prevent brush discharges. When
oscillatory discharges are sent through the primary circuit, oscilla-
tions are created in the secondary circuit of higher potential, and
long sparks and powerful electric brush discharges can be taken
from the ends of the secondary circuit. The effect may be
increased by “ tuning ” the two circuits by adding capacity to the
secondary circuit. '

8. Multiple Transformation of Qscillations for High-Tension Con-
denser Charging.—We can employ the high frequency oscillations
produced by a Tesla coil or oscillations transformer to charge an
oscillation circuit, and so produce trains of oscillations which are
not only of great amplitude, but succeed each other with great
rapidity. '

The following arrangement, devised by the author in 1900, is
such a system of multiple transformation for high potential con-
denser charging. A high-tension alternator, D (see Fig. 21),
provides an alternating current having a frequency, say, of 50 at
a pressure of 2000 volts. This current passes through the thick
wire of an ordinary high-tension transformer, T, and is transformed
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up to 20,000 or 30,000 volts. Across the secondary terminals of
this transformer are connected a pair of spark balls, S!, a con-
denser, C!, and the primary coil of an oscillation transformer, T2
The secondary circuit of this last is connected in turn to a pair
of spark balls, 82 and to a condenser, C? and the primary circuit

Fia. 21.

of a second oscillation transformer, T3. The secondary circuit
of this last transformer then provides oscillatory discharges of
extra high tension and high frequency, and a large number of
trains of oscillations per second.

The operation of the apparatus is as follows: At each alterna-
tion of the current in the alternator, a current traverses the first
transformer T?, and creates alternations of potential which charge
the condensor C.. If the circuit composed of the secondary circuit
of the transformer T!, the primary circuit of the transformer
T? and the condenser C* has its capacity and inductance adjusted
to be in resonance with the low frequency (say 50) of the alter-
nator, then powerful oscillations will accumulate in it, which at
intervals will discharge across the spark gap S. Thus there will
not be 100 sparks per second at S', corresponding to the 50 fre-
quency, but perhaps 10 or 12. At each of these sparks the con-
denser C! discharges with oscillations and gives rise to a long train
of damped oscillations. These are transformed up in potential by
the transformer T%, and in like manner charge the condenser CZ
and, if the circuit of this condenser is properly tuned to the circuit
of the condenser C!, then, in like mauner, powerful oscillations
are set up in the circuit composed of C? and T2, and when sparks
occur at the second spark gap S, we have high potential high
frequency oscillations in the circuit of C? which consist of multiple
trains of oscillations, a group of trains in the circuit of C? corre-
sponding to each one in the circuit of C'. Special means have to
be provided for preventing the arcing at the primary spark balls,
which will be described in a later chapter.
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We have already shown that when two oscillatory circuits are
in tune and coupled together inductively, oscillations of two
frequencies are created in them by their mutual reaction. Hence
in the above-described arrangement the effect produced in the last
oscillation circuit is a very complex one, and cannot be described
as a simple series of trains of oscillations of one period. Other
arrangements with multiple spark gaps have been devised, by
which oscillations can be created in definite relative phase differ-
ence to each other, such, for instance, as that due to Mandelstam
and Papalexi, which is as follows:

A circuit is constructed as in Fig. 22, which contains two con-

S
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densers, C, and C,, two spark gaps, S; and S,, and so arranged as
to form two oscillation circuits, O; and O,. The spark gap S, is
short-circuited by a large inductance, L, and the other portion of
the oscillatory circuits comprise inductances Ly and L,. If, then,
the spark gap S; is connected to an induction coil or transformer,
the inductance L offers no obstacle to the slow charging of the
condenser C,, which accordingly becomes charged, but the con-
denser C, is not charged. When the potential of C, reaches a
certain value, it discharges across the spark gap S; with oscilla-
tions which take place in the circuit comprising the two condensers
and the two inductances with a frequency determined by the in-
ductances L, and L, and the capacities C; and C,. At a certain
phase of the discharge determined by the constants of the circuit a
discharge takes place across the spark gap S, and sets up inde-
pendent oscillations in the circuit Op, which have a frequency
determined only by the capacity and inductance C;, L;. Hence
we have oscillations started in the circuit Oy which bear a definite
relation to those in O, as regards phase of maximum value, deter-
mined by the inductances and capacities and the spark-gap length
Ss.  The full theory of the action can only be explained by the
aid of mathematical analysis, but a comprehension of the principles
involved may be obtained by considering a mechanical analogy.
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I'magine a heavy weight suspended by means of a spiral spring
from a fixed support. If the weight is pulled down and released,
it vibrates up and down at a rate determined by the mass of the
bob and the stiffness or extensibility of the spring. The mass of
the bob corresponds to the inductance of an electrical circuit and
the extensibility of the spring per unit force to the capacity of the
condenser and the mechanical rate of vibration to the electrical
frequency. If we suppose the weight pulled down by a thread
which breaks when the tension in it exceeds a certain value fixed
by the extension of the spring, we may regard this thread as
acting like the air in the spark gap in suddenly releasing the strain
and starting the oscillations. .

Next suppose that a second weight of different mass is hung
alongside of the first, suspended by a spring of different ex-
tensibility, and let the two weights be connected through a
pivotted lever, as in Fig. 23. The left-hand weight and spring
must be supposed to be connected to the
lever by a thread which will be ruptured
by a certain tension. Hence on pulling
down the right-hand mass by the thread
S, the corresponding spring is extended
and the first system alone stores up strain.
When the thread S;, in Fig. 23, corre-
sponding to the spark gap S;, in Fig. 22,
snaps, the right-hand mass L; oscillates,
and it communicates its oscillations
to the left-hand mass L,, and as these
systems are not in tune there is a
strain brought to bear on the thread
Sg, which finally snaps and releases the
mass L, which thereafter executes free
oscillations in a period determined by the
mass L, and the resilience of the spring Fia. 28
Cy.  In this manner the free oscillations
of the system LyC, are started by the oscillations of the system L;C,;.

‘We shall refer in Chapter V. to a system of directive telegraphy
by Prof. F. Braun in which this method has been applied for the
production of two trains of oscillations having fixed phase relations.
The special claim made by A. Jollas for this method of charging
devised by Mandelstam and Papalexi is that by this means it
is possible to convey to a condenser a greater energy than corre-
sponds with the length of the spark gap used. In the ordinary or
single oscillation circuit we cannot give to the condenser more
energy than $CV joules, where C is its capacity in farads and V
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is the spark potential corresponding to the length of spark gap !
employed. Hence the attempt to increase V involves an increase
in /, and this involves an increase in the resistance of the spark,
and therefore a larger damping in the circuit, and therefore fewer
oscillations per train. Hence the integral effect of the oscillations
as estimated by the heating effect of the whole of the train when
passed through a fine wire is not necessarily increased, but may
be decreased by increasing the spark length. We diminish the
number of oscillations in a train if we try to increase the ampli-
tude of the initial oscillation. It appears therefore that there is
a certain length of spark gap which gives the least damping and
.therefore greatest integral effect, and this appears to correspond
to a very short spark length in air of about 1 mm. or less.



CHAPTER III
UNDAMPED ELECTRIC OSCILLATIONS

1. High Frequency Alternators.—It has already been explained
that undamped or persistent electric oscillations are extra high
frequency alternating currents, the frequency of which may be
from 1000 to 10,000 times greater than those of the so-called low
frequency alternating currents used for electric lighting and the
transmission of power. The production of these undamped
oscillations has attracted great attention of late years, and several
methods have been found by which they can be produced. One
of these is by the use of a high frequency alternator. The
invention of these machines dates back to about 1889 or 1890,
when arc lighting by alternating currents began to attract
attention, and it was hoped that by the employment of alter-
nating currents of a frequency of 10,000 or more, the sound of the
alternating arc which was very noticeable at 50 or 100 ~ would
be annulled. Elihu Thomson and Nikola Tesla were successful
in constructing such machines.

Tesla constructed one form of high frequency alternator as
follows (see Fig. 1): It consists of a fixed ring-shaped field
magnet with magnetic poles projecting inwards and a rotating
armature in the form of a fly-wheel. This wheel, J (see Fig. 2),
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
connected 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 Fig. 2), and an insulated wire or strip was
wound zigzag fashion between these teeth, so that when a con-
tinuous current was passed along this conductor, the teeth were
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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

Fre. 2.

per niinute, or 50 per second, it produces an alternating current
having a periodicity of 10,000 ~. A machine of this kind can be
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constructed to give a current of, say, 10 amperes. In the machine
above described, which was capable of giving an alternating
electromotive 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 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 Sharp gauge. This
size is equivalent to No. 28} British S.W.G. The armature wires
must be wound with great care, otherwise they are apt to fly off
in consequence of the great peripheral speed. It is practicable to
run such an armature 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.
3 and 4). 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 strip. This plate
was clamped on a central
boss fixed on a shaft (see
Fig. 4) and caused to re-
volve between the two
parts of a field magnet Fre. 8.
having a large number of
inwardly projecting poles, all those on one side being of the
same polarity and facing an equal number of like poles on
the opposite side, of the opposite polarity. In this manner, the
disc was perforated by the magnetic flux passing 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 magnetic flux,
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gives rise to the electromotive force in the armature. The arma-
ture 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
streams of magnetic flux. A very strong excitation could there-
fore be employed without producing any wasteful leakage flux.
The chief defect of this design of armature is that unless the slits
in the disc are very close together, so that the width of the radial
bar or slice is not more than .}, inch, there is considerable heating
of the armature, due to eddy currents set up in it. In ome

Fia. 4.

machine of this 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 is therefore necessary in all parts of the machine, because
the clearance between armature and field magnets must necessarily
‘be very small.

A plan for obtaining the necessary high relative speed between
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armature and field without exceeding moderate limits of actual
rotation was adopted by Sir David Salomons and Mr. Pyke, who
constructed in 1891 a high frequency alternator on the following
lines. It consists of two iron discs, both having teeth like a crown
wheel and each revolving mdependently on a shaft turning in its
own long bearing” The wheels are placed on the ends of the
shafts in line with each other so that the projecting teeth are in
apposition and can be brought almost into touch with each other
by shifting the bearings upon the bed plate, in grooves made for
the purpose of facilitating this adjustment. The discs are each
12 inches in diameter, and one of these discs is so wound as to
constitute both the armature of an alternator and the armature of
a continuous current motor. With this object, the greater part
of the centre of the disc is filled up with a Gramme-wound flat .
ring armature and the usual commutator, whilst the edge of the
disc consists of a large number (about 360) of small iron teeth,
round which a fine insulated wire is coiled. These teeth project
outwards perpendicularly to the surface of the disc, and by means
of insulated slip rings the alternating current can be drawn
off from this alternator armature. The other disc or wheel
constitutes the field magnet both of the alternator and the motor.
It has a transverse bar, round which insulated wire is wound
forming an electro-magnet, which provides the field for the
Gramme armature, and the current also passes in shunt through
a wire wound zigzag fashion between projecting teeth on this
magnet disc, similar to the winding on the armature disc. A
continuous current is supplied to this field _magnet by means of
a pair of slip rings and brushes, and there is also a brush holder
carrying a pair of brushes fixed to the disc which press against
the commutator of the Gramme armature fixed in the other disc.
When a continuous current is supplied to the machine at a
pressure of 100 volts, it commences to rotate, the two discs
running in opposite directions, the continuous current field
magnets being pushed backwards as it drives the Gramme
armature forwards. In this manner, a differential velocity can
be given to the dises equivalent to a speed of 3000 R.P.M. in its
effect on the alternating armature. Since there are ten teeth to
the inch in the peripheries of the discs, and 360 poles in the
whole of the circumference, it follows that with an absolute speed
of each disc of 1500 R.P.M. an alternating current will be
produced in the wire wound in the teeth of the armature disc
which will have a frequency equal to 180 times 50, viz. 9000
periods per second.

A description has been given by B. G. Lamme of a small
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alternator of 2 K.W. capacity, having a frequency of 10,000.
This alternator was built by the Westinghouse Company for
Leblane, who required it for experiments in connection with
telephonic research. The alternator is of the inductor type, with
200 polar projections. The armature was of sheet steel only
3 mils (= 0003 inch) in thickness. The rotor consisted of a
forged steel disc 25 cms. in diameter. Driven at a speed of
3000 R.P.M., the frequency was 10,000 complete periods per
second.

Since steam turbines, such as the De Laval turbine, are now
built which run at a speed of 30,000 R.P.M. or more, this motor,
when it can be employed, offers a means of obtaining very high
frequency currents from any suitable form of alternator direct
coupled to the turbine. It is most convenient to make the
revolving part the field magnet and have the armature stationary.

Generally speaking, it is not easy to obtain by any of the
devices above described a frequency higher than 30,000 periods .
per second. Very excellent mechanical workmanship and perfect
balance is necessary to be able to run any form of disc armature,
having a diameter of 30 cms. or so, at a speed of 100 revolutions
per second. Such an armature must carry 300 coils to be
enabled to give even this frequency.

In consequence of the difficulty of balancing a wound armature,
the inductor form of alternator has been adopted in some cases for
high frequency machines. The revolving part is then merely an
iron 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 iron disc rotates it varies the magnetic reluctance
of the magnetic circuit, and hence the flux passing through the
armature coils. In this manner an electromotive force is created
in them which has a frequency determined by the speed of the
iron disc and the number of its teeth.

‘W. Duddell has described the construction of a high frequency
alternator. of the inductor type. It consists of a laminated soft
iron ring having two inwardly projecting poles. This ring is
wound with an exciting circuit, so that a direct current flowing
in this circuit tends to make one of these poles North and the
other South. In addition, another or armature circuit is laid upon
the ring. Between the pole pieces a laminated soft iron disc
revolves which has V-shaped notches cut on its periphery.

The exciting circuit on the ring had inductance coils inserted
in it, so as to prevent high frequency currents being generated in
it. The iron inductor disc was revolved by a cotton belt passing
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round a pulley on the inductor shaft and round two large metal
disc pulleys which in turn were driven by an electric motor. In
this manner the inductor disc was driven at 30,000 or 40,000
R.P.M. Alternating currents could be obtained from the armature
circuit having a frequency up to 18,000 per second. The machine
gave a current (R.M.S.) of 1 ampere and an electromotive force
of 40 volts. Subsequently inductors with 50 or 60 teeth were
used and driven at speeds up to 600 revolutions per second. This
furnished an alternating current having a frequency of 50,000.
Finally an inductor disc was made with 204 teeth, merely a
sort of laminated iron disc with a milled edge. Coils of wire
were wound on the iron pole tips as armature coils, and with this

Fia, 5.—High Frequency Alternator of S. G. Brown.

arrangement it was finally found possible to create an alternating
current having a frequency of 120,000 when the disc was driven
at a speed of 600 revolutions per second. On the other hand, the
output of the machine was then very small, being only 0'1 ampere
at 2 volts. The alternator gave 36 volts on open circuit. This
machine was constructed for experiments on the electric arc, and
not primarily for the purpose of electric oscillation work.

An inductor type of alternator has been constructed by S. G.
Brown, having a normal speed of 6000 R.P.M. and a frequency of
12,000 ~ but capable of running up to a frequency of 20,000 ~,
The output of the machine is, however, not more than a fraction
of a horse power (see Fig. 5).

G
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The only inventor who so far has claimed to have constructed
an alternator of larger power and much higher frequency is
R. A. Fessenden, in the United States, who has made an alternator
said to give a frequency of 80,000 ~. In practice it seems to
have been limited to a frequency of 60,000 ~ with an output of
250 watts when running at a speed of 10,000 R.P.M., and having
an electromotive force of 60 volts. As far as any details have yet
been published it appears that the machine is of the Mordey type,
consisting of a fixed armature in the form of a thin disc and a
revolving field magnet with 360 poles. At a speed of 139
revolutions per second, or about 8400 R.P.M., an alternating
current of 50,000 ~, and with a terminal E.M.F. of 65, is generated.
The maximum output, however, is hardly one-third of a kilowatt.
Hence, although sufficient for the experimental purposes for whiclp
it was required, such a machine falls far short of the power
required for long distance radiotelegraphy. Recently, however,
the same inventor has constructed some high frequency alternators
of the same type but larger output, to which reference is made in
Chapter IX. of this manual.

It is found by experience that the attempt to run alternator
armatures or inductor discs at very high speeds, say, above 5000
R.P.M,, involves considerable power expenditure, due to resulting
air friction and air churning. Hence, if we attempt to gain the
high frequency by extremely high speeds, the alternator cannot
have a very high efficiency. On the other hand, there are
practical limitations also to the size of the armature and its
peripheral velocity. The simplest form of high frequency al-
ternator is the inductor type of machine in which the only moving
part is a steel disc having its edges cut into teeth, so that by its
revolution the magetic flux through the armature coils is varied
and hence an electromotive force created. The inductor type
labours, however, under the disadvantage that the attempt to take
a current out of the machine generally results in a large drop in
the terminal potential difference. It is therefore an exceedingly
difficult matter to combine in one alternator the properties of high
frequency, high potential, and large power output. It cannot be
said that such machines are yet commercial articles, or that they
can be easily made for frequencies above 20,000 ~.

The progress yet made in constructing such alternators has
not yet enabled them to command much use in radiotelegraphy,
and we are not yet able to obtain commercial high frequency
alternators having even a power output of 10 kilowatts at a
frequency of 50,000 or more. Hence the alternator method of
producing undamped oscillations has up to the present only come
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into limited use, although there is still the possibility that it may
be improved, and a considerable field for its employment exists in
connection with radiotelephony, as described in a later chapter.

2. The Production of Undamped Eleetric Oscillations from a
Continuous Current.—The discovery that it is possible to produce
undamped electric oscillations from a continuous electric current
by means of the electric arc opened up a wide field of research.
In 1892 Elihu Thomson patented in the United States (0. S
Patent, No. 500,630. ~Applied for July 18, 1892) the following
method intended to effect the above-mentioned transformation.
From the terminals of a direct current dynamo or a storage
battery B, having an electromotive force of 500 volts, a circuit
is taken which passes through a coil of very high inductance K
and is interrupted by a spark gap S between two metal balls.
These balls are adjustable as to dis-
tance, and are also connected by another
circuit consisting of a condenser C and
an inductance L in series (see Fig. 6).

The operation was stated to be as
follows :—When the spark balls are
put in contact, a current is drawn from
the supply and passes through the large Fia. 6.
inductance coil. If the balls are sepa-
rated, an electric arc is formed and the condenser becomes charged
by the difference of potential between the balls. The formation of
the arc between the balls involves, however, the passage of a
current through the large inductance, which causes a drop in
voltage, so that the potential difference of the balls is decreased.
The inventor stated that the ball distance, inductance, and
capacity can be so adjusted that the condenser is regularly
charged and discharged across the spark gap. The electromotive
force in the direct current circuit charges the condenser and then
forms an arc across the spark gap, but the rush of current which
then ensues through the large inductance causes an arc between
the balls and a drop in their potential difference, and the condenser
then discharges back across the gap. In his specification Elihu
Thomson says that he was able easily to obtain persistent
oscillations in the condenser circuit of 30,000 or 40,000 per second,
but no proof was given in this publication that the oscillations
were really unintermittent. Nevertheless, it is clear that he
realised the utility of undamped oscillations, and was endeavouring
to find means for producing them, as shown by remarks made
subsequently in 1899 on the matter in an address to the American
Association for the Advancement of Science (see the Electrician,

:
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September 22, 1899, p. 778). He does not mention the use of
any other material than metal for the balls, but it was affirmed
that the effect is improved by the use of a strong magnetic field
across the arc, or an air blast applied to the space between the
balls. These observations of Elihu Thomson did not at the date
of first publication attract much attention, probably because no
apparent immediate application presented itself, and it was not
until a fresh discovery was made by Duddell that interest in the
matter revived. It is clear, however, that Elihu Thomson had
proved in 1892 that the shunting of a direct current arc by an
oscillatory circuit containing capacity and inductance provided a
means for converting some of the energy of a direct current into
energy of electric oscillations, whether the transformation was
into groups of intermittent damped oscillations or into true
persistent oscillations.

3. Duddell’s 8inging Arc.—In 1900 W. Duddell described some
very interesting observations on the behaviour of an electric arc
between solid carbon terminals when
shunted with a condenser and induc-
tance in series, in a paper to the Insti-
tution of Electrical Engineers of London,
entitled, “On Rapid Variations in the
Current Through the Direct Current
Are.” In these experiments he formed

Fre. 7. an electric arc A between rods of solid

carbon of the kind generally used as
the negative rod in an ordinary plain continuous current are,
but he connected the two arc carbons by an oscillatory circuit
consisting of a condenser C and inductance L in series (see
Fig. 7). Using carbons 9 mm. in diameter, with an arc current
of 35 amperes and a potential difference of 42 volts, and a
condenser of 1 to 5 microfarads capacity in series, with an
inductance of 5 millihenrys, he found that the electric arc gave
forth a musical note, the pitch of which depended upon the
capacity and inductance in the oscillatory circuit. Also that in
the condenser circuit undamped electric oscillations were set up. .

He showed that the effect could only be well produced with
solid carbons, and this only when the capacity in the shunt circuit
was of the order of a microfarad, and the resistance of that circuit
rather small. He also noticed that to obtain the effect, the arc
must be supplied with continuous current from some steady source,
such as a dynamo D or storage battery, and a resistance R
of several ohms must be put in this circuit in series with
the arc. The resistance of the inductance in series with the
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condenser must, on the other hand, be low, not more than about
1 ohm.

To explain the manner in which these oscillations are set up in
the condenser circuit by the continuous current passing through
the arc, we must consider some of the properties of the carbon arc
itself, that is, of the electric arc taken between hard carbon rods.

In the case of every conductor of electricity there is some
relation between the current flowing through it and the potential
difference between the ends of the conductor. Thus if we take a
metallic conductor and keep it at a constant temperature, and
create various potential differences, reckoned in volts, between its
ends, and measure the resulting current flowing through the con-
ductor in amperes, we find that the current is strictly proportional
to the terminal difference of potential, provided there is no internal
gource of electromotive force.
Hence the relation of current to
voltage for various current values
can be represented by a straight
line, as drawn in Fig. 8, in which
the abscisse represent current in
amperes and the ordinates the
potential difference of the ends in
volts, and the tangent of the angle
of slope of the line, or the ratio of
voltage to current is, by Ohm’s CURRENT
law, constant and equal to the re- Frc. 8
sistance of the conductor. Any line T .
representing the relation of the potential difference of the terminals
of a conductor or a generator to the current flowing through it or
out of it is now called a characteristic curve. Hence, for ordinary
metallic conductors, the characteristic curve is a straight line rising
upwards with increasing current, and is called a straight rising
characteristic curve. If, however, a series of observations are made
by means of a voltmeter and ammeter on an electric arc between
carbon rods, we find a totally different form of characteristic curve.
If we measure the current through the arc and the potentialdifference
of the carbons for various constant lengths of arc, and plot a curve
showing the relation between the two for various currents through
the arc, we obtain a curve which is concave upwards and slopes
downward as the current increases ; in other words, we have a
Jalling characteristic (see Fig. 9). An increase in the arc current
is accompanied by a decrease in the potential difference of the
carbons. Hence the arc considered as a conductor differs essentially
from a metallic conductor, and does not obey Ohm’s law.

DIFFERENCE.

POTENTIAL
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The characteristic curve of the arc is therefore a curve which
slopes in the opposite direction to that of conductors which do
obey Ohm’s law. Moreover, H. T.
Simon has furthermore distin-
guished between the so-called
static characteristic and the dy-
namic characteristic of the arc.
The former is a curve which
delineates the relation between
the arc current and the arc elec-
trode potential difference (P.D.)

: when these quantities are slowly
| varied and in one direction, and
X - the latter is a curve which de-
URRENT. lineates the relation between
Fia. 9. current and P.D. when these
quantities vary periodically and

in a cyclical manner, as in the alternating current arc.

The static characteristics of carbon arcs have been determined
and described for many different arc lengths and carbon sizes and
qualities, particularly by Mrs. Ayrton. The static characteristics
for arcs between carbon and metal electrodes and in various gases
have been studied by Upson and others. In all cases they are -
curves sloping downwards with varying curvature indicating that
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