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PREFACE TO THE SECOND EDITION

Ix the four years or more which have elapsed since the publication of
the first edition of this Treatise on Electric Wave Telegraphy immense
progress has been made in the art and science of Radiotelegraphy, and
at the same time the literature in connection with it has become very
extensive. A large number of books in different languages have been
published, dealing more or less completely with the history and
methods for conducting Telegraphy through space without inter-
connecting wires, and much new practical and scientific knowledge
has been accumulated. In preparing, therefore, a second edition of
the present book, extensive additions have been made to bring it up
to date, and the opportunity has been taken of re-writing much of the
original matter so as to remove errors which the criticism of others
or of the Author himself had detected. The treatment of the purely
historical side of the subject has been, as far as possible, restricted.
The practical radiotelegraphist is not at the present time so much
interested in general descriptions of inventions and systems, some of
which may have become antiquated, and others never developed to
the point of practical utility, as he is in a careful analysis of the
scientific phenomena, and especially in detailed descriptions of the
appliances and methods involved in modern practical Radiotelegraphy,
and also in the processes of measurement involved. During the ten
years between 1900 and 1910 the Author has been many times called
upon to give University Courses or Cantor Lectures at the Society of
Arts, London, and Discourses at the Royal Institution of Great
Britain, on the subject of Radiotelegraphy, and the present Treatise
is based to alarge extent upon the subject-matter of the Lectures
so delivered. During that time, however, the art of Radiotelephony
has been developed as an extension of Radiotelegraphy, and the title
of the book has therefore been amplified to include the principles of
Radiotelephony as well as Radiotelegraphy, and a short chapter on
the former subject being added. In so doing the aim of the Author
has not been to give the most complete description of every appliance
known or patented, but to deal chiefly with the scientific principles
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underlying the art, the theory of the operation of the instruments
employed, and especially with the quantitative aspect of the
subject, and the methods of measurement which are used in a
metrical estimation of the quantities and effects concerned. An
enormous amount of research has been carried out in the last ten
years on the subject of electromagnetic waves and their application to
telegraphy and telephony, and the specifications filed in the Patent
Office in various countries bear record to the amount of ingenuity
and thought that has been spent in the endeavour to utilize this
scientific knowledge for practical purposes.

The extent and importance of Radiotelegraphy in connection with
modern life is shown by the degree to which it has been made the
subject of patents, of legislation, and of International Conferences, as
well as in the attention given to the matter in the daily press.

For the convenience of radiotelegraphists a reprint of the Wireless
Telegraphy Act of Great Britain, 1904, is given in the Appendix, and
a reproduction of the English translation of the Service Regulations
of the International Radiotelegraphic Convention of 1906, made by
Mr. G. R. Neilson of the Eastern Telegraph Company, and by kind
permission taken from the complete English translation which he
made of the Proceedings of the International Radiotelegraphic Conference
of Berlin, sitting in 1906, officially accepted by H.M. Postmaster-
General and published by The Electrician Printing and Publishing
Company of London. '

Invention is, however, progressing so rapidly, even now, in
connection with the subject, and the amount of work that has been
done is so large, that any attempt to present an account of the
subject must necessarily be imperfect in many respects. The
quantitative aspect of the subject is, however, of special importance
at the present time. There comes a stage in the development of the
technical applications of scientific discoveries when exact measure-
ment is the very life and soul of further achievements, and when
empirical methods and personal skill have to be replaced by careful
predetermination and precise measurement. Hence considerable
space has been occupied in the present Treatise with the theoretical
treatment of that part of the subject which is necessary for a full
quantitative knowledge of it, and also for effecting improvements.

Electric or Hertzian Wave Telegraphy, now called Radiotele-
graphy, was for some time regarded as the Cinderella of Telegraphy
by her two older sisters, Land and Submarine Telegraphy. Events,
however, have long since justified the opinions formed by many
persons who witnessed the early and original work of Commen-
datore G. Marconi (amongst whom the Author may include
himself) that the form of wireless telegraphy which unquestionably
originated with him was destined to be of the very greatest utility.
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Its supremely important application in connection with naval opera-
tions and ordinary supermarine communication has given it a
unique position in connection with our means of communication
through space, aud its vast utility and importance have been again
and again demonstrated by the aid which it has rendered in saving
life at sea. The great achievement of bridging the Atlantic with
electromagnetic waves and establishing commercial communication
across it by Radiotelegraphy, is an event in connection with which
Mr. Marconi's name will be ever memorable, and it can hardly be
doubted that even the present achievements of Radiotelegraphy will
be thrown into the shade by future advances. There is, however,
great difficulty in appraising the value of new schemes and appliances
which are from time to time brought forward, and the perusal of
Patent Specifications or descriptions of apparatus in the technical
journals seldom affords the means of forming a correct estimate of
the real value in practice of the processes or appliances described.
Nevertheless the fundamental principles of the subject are now fairly
well fixed, and it is hoped that the present work in its amended and
extended form will be found of assistance as a text-book to those
who are engaged in practically operating and developing methods
of Radiotelegraphy by presenting in a compact form information,
data, and formulse which are esséntial in connection with its practical
operations and scientific progress.

The writer cannot forbear to mention his obligations to the
writings of Lord Kelvin, Lord Rayleigh, Sir Joseph Thomson, Sir
Joseph Larmor, Professor Poynting, and others, in connection with
parts of the book. In addition to the epoch-making papers of Hertz,
the works of many Continental writers, such as Drs. Drude, Wien,
Zenneck, Bjerknes, Slaby, Braun, and Seibt, have been sources of
valuable information, and where limitation of space has compelled
brevity, reference has been made to the original scientific memoirs
or books.

The Author desires also to place on record his obligations to the
following societies, authors, firms, publishers, and proprietors of
journals who have kindly permitted blocks and diagrams belonging
to them to be reproduced :—

To the Royal Society, as well as to Professor Karl Pearson, F.R.8.,
and Miss Alice Lee, B.Sc., for permission to use the diagrams in
Plates II., III., IV., and V., and also to Professor A. E. H. Love,
F.RS., for diagrams in Plate V. at the end of Chapter V.; also
to Dr. F. Hack for the dingrams in Plate VI., taken from his paper
in the Annalen der Physik. To Admiral Sir Henry Jackson, F.R.S,,
RN, for the use of diagrams and copious extracts from his paper
in the Proceedings of the Royal Sociely, abstracted in Chapter IX. To
the Physical Society and Mr. W. Duddell for a similar courtesy. To
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the Journal de Physique and Dr. Hemsalech for the blocks of Figs.
19, 20, and 21 of Chapter I. To the Society of Arts for permitting
the use of numerous diagrams taken from reprints of the Author’s
Cantor Lectures, and to the Institution of Electrical Engineers for
the same kindness. Also to the proprietors and publishers of 7'%e
Electrician, The Philosophical Magazine, The Electrical Review, Electrical
Engineering, The Electrical Magazine, Technics, and The Electrical World
of New York, for permission to use many illustrations which have
appeared in their books or journals, and are duly acknowledged in
their proper places. To Commendatore G. Marconi and Marconi’s
Wireless Telegraph Company, Mr. Anders Bull, Dr. J. Zenneck,
and to Messrs. Enke, of Stuttgart, to Professor G. W. Pierce and the
Editors of the Physical Review for likewise permitting the reproduction
of views or diagrams which have appeared in papers or books by
them respectively. Various firms have obliged the Author by allow-
ing the use of illustrations taken from their trade circulars, e.g. the
Marconi Company for many diagrams of Marconi apparatus ; Messrs.
Isenthal & Co. for the diagrams of the Grisson Electrolytic Interrupter ;
Messrs. K. Schall, the use of blocks of Figs. 37, 39, 48, 54, 56,
57, and 58 in Chapter I.; the Cambridge Scientific Instrument
Company, the block of the Duddell Thermoammeter in Chapter VI.,
and Messrs. Hartmann, Braun & Co. and Mr. Leslie Miller identical
favours. To these and others who have assisted in rendering it
possible to illustrate the descriptions in the text fully the Author
desires to return his thanks, as well as to those who have assisted
him in reading the proofs.
J. A F

THE PENDER ELECTRICAL LABORATORY,
Ux1veRrsiTY COLLEGE, LONDON,
August, 1910.
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ERRATA.

TuE reader is requested to make the following corrections :—

Pagos 84 and 35, under Figs. 34 and 85,

instead of Gehrche
" read Gehrcke

Page 136, line 7 from bottom,

: 1
insteadof L'=2l (220-364 10§ 3 — 2'853) for & squaro

4l
read L'= 2l(2'3026 log,, g — 2'853) for a square
Page 278, in the formula two lines above formula (107), in the last term,
instead of V2ga cos (¢t + ¢)
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Page 296, last line,
instead of attenuation factor
read attenuation constant
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instead of wave length factor
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instead of pay
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THE PRINCIPLES OF

ELECTRIC WAVE TELEGRAPHY
AND TELEPHONY

PART L.—ELECTRICAL OSCILLATIONS

CHAPTER I

THE PRODUCTION OF HIGH FREQUENCY CURRENTS AND
ELECTRIC OSCILLATIONS

1. High Frequency Electric Currents—Damped and Undamped
Electric Oscillations.—An alternating electric current is defined to
be one which periodically changes direction in its circuit. For a
certain time it flows in one direction in some conductor with varying
strength, and then reverses and flows for an equal time in the opposite
direction. The time in fractions of a second which elapses between
the commencement of the current in one direction and beginning
again in the same direction is called a complete period or cycle, and
will be denoted in this treatise by the letter 7. The number of
complete periods per second is called tke frequency of the current, and

is denoted by n. The quantity 2mn or -;;.—r is of the nature of an

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

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

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

An electric oscillation may be defined to be an alternating electric
current of extremely high frequency reckoned, say, in hundreds of

B
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thousands or millions per second, but here again the distinction
between so called high frequency electric currents and electric oscilla-
tions is more a matter of terminology than any precise difference in
frequency. We are, however, concerned with two classes of electric
oscillations, the difference between which is important. In one case
the oscillations or high frequency currents continue with undiminished
amplitude or maximum value. They are then called undamped or

ersistent oscillations. 1If, on the other hand, the oscillations after

eginning with a certain amplitude die away, then cease, and after a
time begin again with the original amplitude, they are called damped
oscillations, and each group is called a train of oscillations. If the
decay of amplitude in each train is very rapid, it is called a strongly
damped oscillation train, and if the rate of decay is small, it is said to
be feebly damped.

We may graphically represent a high frequency electric current
or undamped electric oscillation in the usual manner by a repeated
sinoidal curve, since in nearly all the cases likely to occur in practice
the variation of current from moment to moment during the complete
period is a simple sine function of the time. Hence we may proceed
a8 follows : Let a horizontal line AX (see Fig. 1) be taken as a time

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

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

s=Isinpt. . . . . . . . (1)

The value of the maximum current 7 is called the wmplitude of the
oscillation, and the angle pt is called its phese. The above expression
(1) is therefore the equation of the wavy curve, called a sine curve,
and is also the analytical expression for a high frequency alternating
current, or persistent, or undamped electric oscillation.

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

A logarithmic spiral is the curve described by the extremity of a
radius vector, the length of which varies so that the logarithm of its
length bears a constant ratio to the phase angle the radius vector
makes with some fixed straight line. Thus in Fig. 2 the spiral curve
is described by the extremity R of a radius OR (= r) which revolves
uniformly round O, the length OR varying so that the ratio of log r

F1G. 2.—Delineation of a Damped Periodic Curve.

to the angle RON (= 6) is constant. Hence the polar equation of
the left-handed logarithmic spiral as drawn is r = ¢~ ¢, where « is
some constant.

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

% gin 6

Let p be the angular velocity of OR. Accordingly, if OR moves
through the angle RON in a time ¢, we can write pt for . Also it is

convenient to substitute I~ or Te~*Pt for a~° where € is the base
of the Napierian logarithms, and I, @, or & are certain constants.

i=a"
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. We then obtain the equation of the wavy line NQQ,Q, in the
orm—

i=Ileginpt . . . . . . . (2
and this therefore is the mathematical expression for a damped
electric oscillation.

If 7, denotes the maximum value KQ of the first oscillation, 7, that
of the second K,Q, in the opposite direction, and soon ; then it is easy

to see that ¢ has the value 7,, when t=$ 22' ,and the value I, when

t= ?; g + g , where ¢ is the angle TON = OTZ (see Fig. 2), and
tan ¢ = /8 = p/a. Hence it follows by substitution in (2) that,
T Al
I£.l=e¢2 or log‘§;= %7 =98
2 2

The quantity 12? or 8 is called the logarithmic decrement of the oscillations

per half period. The quantity e—% where ¢ is the base of Nap. logs, is

called the damping per half period.
Hence we have—

a=2n8=2nlog6§' S )
2

We can therefore write the equation of a damped electrical
oscillation in one of three equivalent forms, thus—

2.7
€nr 2 .
) = S e—at8 /A
! I'sin¢>e s
3¢/x
i:I]' e—atsinpt e e e (4)
sin ¢
T
S G
i = I‘—sin_tﬁ—sm L4

The ratio of one maximum oscillation to the next in the opposite
direction is that of €3 to unity.

Some writers define the logarithmic decrement to be the Napierian
logarithm of the ratio of two successive oscillations in the same
direction that is separated by one whole period. In that case the
symbol taken for it is equivalent to 28 as used above.

2. The Practical Generation of Undamped and Damped
Electric Oscillations.—A number of arrangements have been devised
for generating high frequency currents and electric oscillations.
Some of these processes create damped and some undamped
oscillations. The oldest of these methods is that in which the
oscillatory discharge of a condenser is employed to create inter-
mittent trains of damped oscillations. Other well-known appliances
are available for the production of undamped oscillations, viz. the high-
frequency alternator, the direct current electric arc shunted by an
inductive resistance in series with a capacity, and the pulsatory or
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variable condenser. The high frequency alternator is more especially
applicable for the production of high frequency alternating currents,
and the arc methods for the generation of undamped electric oscilla-
tions. It is convenient to discuss these in the following order:
(1) high frequency alternators; (2) the production of damped oscilla-
tion by condenser discharges; (3) the generation of undamped
oscillations by the electric arc.

8. Production of High Frequency Currents by High Frequenc
Alternators.—Machines for the direct production of undamped hig
frequency alternating currents are called hiyh frequency alternators.
Not very many of these have been constructed, and until recently the
highest frequency obtained by such mechanical appliances has not
exceeded 10,000 periods per second. For much of the work in radio-
telegraphy and radiotelephony a far higher frequency, at least 30,000,
is required, but the mechanical difficulties connected with the pro-
duction of an alternator for such frequency are considerable and are
as yet hardly overcome except for machines of very moderate power.

F1a. 3.—Tesla High Frequency Alternator. (Side view.)

Designs for high frequency alternators began to be considered about
1889 or 1890, when attention was being directed to arc lighting by
alternating currents. It had been found that most forms of alternat-
ing current arc lamp produced a disagreeable hum when actuated by
an alternating current of a frequency of the order of 100. The notion
therefore arose that if a frequency could be used higher than that of
the highest audible note, the defect would be annulled. Prof. Elihu
Thomson and Mr. Nikola Tesla were probably the first to construct
such alternators, and Tesla, finding that he had in this machine a
source of electric current capable of exhibiting many interesting
electrical effects, pursued the subject and devised several forms of
alternator capable of producing alternating currents of a strength of
10 amperes or so, having a frequency as high as 12,000 complete
periods per second.

One form of Tesla high frequency alternator was constructed as
follows (see Fig. 3) : It consists of a fixed ring-shaped field magnet
with magnetic poles projecting inwards and a rotating armature in
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the form of a flywheel! This wheel, J (see Fig. 4), was turned down
on the edge, forming a kind of flanged pulley, and this groove is
wound full of annealed iron wire insulated with shellac. Pins, L, were
set in the sides of the ring J, and flat coils, M, of insulated wire wound
over the periphery of the armature wheel and around the pins.
These coils were 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 Figs. 3 and 4), and an insulated wire or strip was wound
zigzag fashion between these teeth, so that when a continuous current
was passed along this conductor, the teeth were made alternately
North and South magnetic poles. It is quite possible thus to produce
a magnet having 400 radial poles in the circumference, and also easy

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

to put 400 coils on the armature. Hence if such a machine is driven
at a speed of 3000 revolutions per minute, or 50 per second, it
produces an alternating current having a periodicity of 10,000 ~. A
machine of this kind can be constructed to give a current of, say,
10 amperes. In the machine above described, which was capable
of giving an alternating 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

! See The Electrical Engineer of New York, March 18, 1891, vol. xi. p. 338.
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No. 26, Brown and Sharp gauge. This size is equivalent to No. 28}
British 8.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. 5 and 6). The plate was cut through by radial slits
alternately at the inside and outside edge, so as to divide the plate up
into a zigzag strip. This plate was clamped on a central boss fixed
on a shaft (see Fig. 5), and caused to revolve between the two parts
of a field magnet having a large number of inward projecting poles,
all those on one side being of the same polarity and facing an equal

F1G. 5.—Tesla High Frequency Alternator: Disc type. (Side view.)

number of like poles on the opposite side, of the opposite polarity
(see Fig. 6). In this manner, the disc was perforated by the magnetic
flux passing 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, gives rise to the electromotive force in the
armature. The armature winding therefore consisted of a single
disc-shaped conductor equivalent to a zigzag winding, and this was
driven at a high speed so that the radial elements of the armature
cut across streams of magnetic flux. A very strong excitation could
therefore be employed without producing any wasteful leakage flux.
The essential drawback of this construction is that unless the slits in
the armature are very close together, so that the width of the radial
bar or slice is not more than g inch, there is considerable heating of
the armature, due to eddy currents set up in it. In one machine of
the last type, constructed by Tesla, the field had 480 polar projec-
tions on each side, and from this machine it was possible to obtain
a current having a frequency of 15,000 complete periods per second.
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When a machine of this description, having a disc of considerable
diameter, is driven at a speed of 3000 R.P.M., very accurate balancing
is necessary, or otherwise dangerous vibrations will be set up in the
machine. Great rigidity and accuracy of work are therefore necessary
in all parts of the machine, because the clearance between armature
and field magnets must necessarily be very small.

A good plan for obtaining the necessary high relative speed
between 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 (see Fig. 7), both having teeth
like a crown wheel and each revolving independently on a shaft
turning in its own long bearing. The wheels are placed on the ends

Fia. 6.—Tesla High Frequency Alternator: Mordey or Disc Type. (Section.

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 alter-
nating current can be drawn off from this alternator armature. The

* See Journal of the Institution of Electrical Engineers, London, 1892, vol.
xxi. p. 709.
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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

F1a. 7.—Salomons and Pyke High Frequency Alternator.

drives the Gramme armature forwards. In this manner, a differen-
tial velocity can be given to the discs 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 Mr. B. G. Lamme of a small
alternator of 2 K.W. capacity, having a frequency of 10,000. This
alternator was built by the Westinghouse Company for Leblanc, who
required it for experiments in connection with telephonic research.
The alternator is of the inductor type, with 200 polar projections.
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The armature was of sheet steel only 3 mils (= 0-003 inch) in thick-
ness. The rotor consisted of a forged steel dise 25 cms. in diameter.
Driven at a speed of 3000 R.P.M., the frequency was 10,000 com-
plete periods per second.

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

In consequence of the difficulty of balancing a wound armature,
the inductor form of alternator is often adopted for high frequency
machines. In this case the revolving part is merely an iron disc
having teeth or notches cut on its edge. If two chisel-shaped mag-
netic poles are placed on either side of such a dise, and if these poles

Fi6. 8.—Siemens’ High Frequency Inductor Alternator.

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 Fig. 8 is
shown a view of such a high frequency inductor alternator made by
Messrs. Siemens Bros., the toothed inductor disc being driven by a
motor which also drives on the same shaft a small dynamo which
provides the exciting current for the field magnets of the alternator.
The frequency and electromotive force are, of course, determined by
the speed of this disc. It is easy by it to produce an alternating
current of a frequency of 5000.

Mr. W. Duddell has also 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 (see Figs. 9 and 10).
This ring is wound with an exciting circuit, so that a direct current
flowing 1n this circuit tends to make one of these poles North and

3 W. Duddell, “A High Frequency Alternator,” Proceedings of the Physical
Society of London, April, 1905, vol. xix. part v. p. 481.
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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.

| MRS

<|=:IO"

T e

B e

19

F16. 9.—Duddell’s High Frequency Alternator.
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F1a. 10.—Duddell's High Frequency Alternator. (Elevation.)

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 round a
pulley on the inductor shaft and round two large metal disc pulleys,
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which in turn were driven by an electric motor (see Fig. 11). 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 alternat-
ing current having a frequency of 50,000.

Finally an inductor disc was made with 204 teeth, merely a sort
of laminated iron dise with a milled edge. Coils of wire were wound
on the iron pole tips as armature coils, and with this arrangement it
was finally found possible to create an alternating current having a
frequency of 120,5)00 when the disc was driven at a speed of 600

F16. 11.—Duddell's High Frequency Alternator. (Perspective view.)

revolutions per second. On the other hand, the output of the machine
was then very small, being only 0'1 ampere at 2 volts. This alternator
gave 36 volts on open circuit. The machine was constructed for
experiments on the electric are, and not primarily for the purpose of
electric oscillation work.

The only inventor who has so far succeeded in constructing high
frequency alternators of larger power and higher frequency than
those above described is R. A. Fessenden in the United States.
Recognizing the difficulties which arise from magnetic leakage when
poles of opposite sign are interspaced, he, like Tesla, adopted the
Mordey type of alternator, in which the field magnets have poles of
the same sign on one side, and the magnet consists of a pair of
revolving discs with opposed teeth facing inwards, those on one side
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being all N. poles and those on the opposite side 8. poles. The fixed
armature in the form of a disc is placed between these rows of poles,
and in some cases it appears a double armature is employed. The
two magnet discs resemble crown wheels with small teeth, between
which the wire for carrying the exciting current is wound. One
machine thus made by him is said to be capable of giving an alter-
nating current with a frequency of 80,000. In practice it seems to
have been limited to 60,000, with an output of 250 watts and an
electromotive force of 60 volts when running at a speed of 10,000
RP.M. At a speed of 8400 R.P.M. it gave a frequency of 50,000
and a voltage of 65. The field magnet of this machine is described
a8 having 360 poles. Another type of alternator coupled direct to a
De Laval steam turbine has been constructed and described by
Fessenden (see 7The Elechrician, vol. 61, p. 441, 1908). De Laval
steam turbines are now made in small sizes to run at 30,000 R.P.M.
Hence when coupled direct to & shaft running at this speed an

[Reproduced by permission from  The Electrician.”
F16. 12.—Fessenden’s High Frequency Turbo-Alternator.

armature of comparatively small diameter will give the required high
frequency. In the case of the machine shown in Fig. 12 the
alternator gives a current at 225 volts and a frequency of 75,000,
with about 2-5 k.w. output. The machine is of the double armature
type, with 300 coils on each armature, and a field magnet with 150
teeth. The two air gaps are only {; inch in length. The steam
pressure used with the turbine is 100 Tbs. per 8q. inch. Fessenden,
however, states that he has constructed high frequency alternators
having an output of 2 k.w. or more and a frequency of 10,000, and has
under construction some giving an output of 20 k.w. and a frequency
of 200,000. If such machines can be built at & reasonable price,
they will undoubtedly be of very great use in connection with radio-
telegraphy and radiotelephony. The great defects of all high fre-
quency alternators so far ms.ge are the small output, relatively low
frequency, and large terminal voltage drop on taking current from
the machine,

In the case of alternators worked at very high speeds on board

——
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ship sudden strains due to gyroscopic action might be brought into
play when the ship rolls, unless the alternators are carried on a
special form of support.

These alternators in any case cannot have a very high efficiency,
because the power expenditure required merely to rotate a disc even
of a few inches in diameter at a very high speed is considerable, this
power being absorbed in air friction and churning.

The above-named difficulties have deterred all but a few inventors
from directing more attention to extra high speed alternators,
particularly since the discovery of means for converting a continuous
current of electricity into -undamped electric oscillations by means
of the electric arc. Before, however, we discuss the appliances for
the production of undamped oscillations by the last-named method,
it will be convenient to consider first the apparatus and methods for
the production of damped electric oscillations by means of condenser
discharges.

4. Production of Damped Electric Oscillations by the Dis-
charge of a Condenser.—If two conductors receive electrical
charges of opposite sign, in other words, are brought to different
potentials, and if they are suddenly connected through a conductor
having inductance but small resistance, the equalization of their

tentials takes place by means of a discharge, consisting of a series
of decadent electrical oscillations, or movements of electricity, to and
fro along the conductor.

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

The conditions for the establishment of such air oscillations
between the two vessels are, however, that the pipe be very suddenly
opened, and it must offer but little resistance to the movement of the
air. If the pipe throttles the air motion, then the pressure would
sink gradually in one vessel and rise in the other, but there would
be no aérial oscillations. In the same manner, if the equalization of
the electrical potentials of the charged conductor takes place through
a wire of high resistance, electric oscillations are produced.

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

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

The necessary conditions for the creation of mechanical oscilla-
tions in a material system or substance are that there must be a
self-recovering displaceability of some kind, and the matter displaced
must possess density or inertia. In other words, the thing moved
must tend to go back to its original position when the disturbing or
restraining force is withdrawn, and must overshoot the position of

uilibrium in so doing. Frictional resistance causes decay in the
amplitude of the oscillations by dissipating their energy as heat.

In the same way the essential condition for establishing electrical
oscillations in a circuit is that it must connect two bodies having
electrical capacity with respect to one another, such as the plates
of a condenser, and the circuit must itself possess inductance and
low resistance. Under these conditions the sudden release of the
electrical strain results in the production of an oscillatory electric
current in the circuit, provided the resistance of the circuit is less
than a certain critical value. We have these conditions present when
the two coatings of a charged Leyden jar are connected by a thick
copper wire.

ince every charged conductor is merely one coating or surface of
a particular type of condenser, it follows that most cases of electric
discharge in the form of a spark are oscillatory in character. 1t is
probable that many lightning flashes are oscillatory discharges on a
gigantic scale. In a later chapter we shall consider the methods by
which the existence of oscillations set up, even when & charged metal
ball is discharged to earth by a spark taken by the knuckle, can be
demonstrated.

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

¢ The discharge, whatever may be its nature (that is, of a Leyden jar), is not
correctly represented by the single transfer of imponderable fluid from one side

4 «The Scientific Writings of Joseph Henry,” vol. i. p. 201. Washington, 1886.
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of the jar to the other. The phenomena require us to admit the existence of a
principal discharge in one direction, and then several reflex actions backwards and
Jorwards, each more feeble than the preceding, until equilibrium is obtained. All
the facts are shown to be in accordance with this hypothesis, and a ready
explanation is afforded by it of & number of phenomena which are found to be
described in the older works on Electricity, but which have until this time
remained unexplained.’

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

“We assume that the discharge of a jar is not a simple motion of the
electricity in one direction, but a backward-and-forward motion between the
coatings, in oscillation which becomes continually smaller until the entire vis
viva is destroyed by the sum of the resistances.”

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

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

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

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

A, ¢ d . .,

—(—”[}é = LOLE +Re . L (B)

LG+ Bi = — ¢ fid
¢ Rdg 1

or d[é‘l"ﬂ'dz'*‘mg—o .. (6)

or "I"¢g+T1T4+¢g=0 . . . . . . . (M

8 ¢« On Transient Electric Currents,” by Prof. William Thomson, Phil. Mag.,
1853, ser. 4, vol. v. p. 398,
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The above equation (5) is merely the symbolical expression of
the fact that at any instant the rate of loss of energy by the con-
denser is equal to the sum of the rate of dissipation of energy in the
circuit and the rate of storage of energy in the magnetic field round it.

In equation (7) T is written for Il—; and 7" for CR, whilst § and ¢

stand for the first and second time differentials of g.

The above differential equation belongs to a class which occurs
in numerous physical investigations, and 1ts solution in the last form
consists in finding the value of the quantity of electricity ¢ or the
charge of the jar at any instant in terms of the time and the three
constants L, R, and C.  An equation of this kind has two solutions
according to the relation of the constants.

It is easy to show, following Lord Kelvin, that the nature of the
solution of the above equation (6) is determined by the relative values

]
of the quantities % and LG, or by IL{ and %CR. If ;RE»., is greater

1 o 4L ..RC.
than e that is, if R is greater than \/ T or if -4 18 greater than L,

the charge in the jar dies away gradually as the time increases, in
such a manner that the discharge current is always in one direction.

The rat.io%is called the fime-constant (T) of the discharge circuit,

and the product CR is called the time-constant (7") of the condenser
circuit. Hence the above condition amounts to saying that the dis-
charge is unidirectional when 7' is less than 1/ TT, that is, when
the time-constant of the inductive circuit is less than half the
geometric mean of the time-constants of the inductive circuit and
the econdenser circuit.

The solution of equation (6) and the determination of these con-
ditions offer no difficulty.

Assume ¢ = A€™, where A is some constant, € is the base of the
Napierian logarithms, and m a quantity to be determined. Then by
substitution we have—

dq Rdg ¢ _ , R 1
R 1 :
Hence m*+ym+g=0 .- . . . . . . . (8
Solving the above quadratic equation, we have—
__R R 1
"=TeL VLT Le

Therefore if 4 i ! i
erefore if £is greater than i, the roots of the quadratic (8)
are real, and the solution of (6) takes the form—

g=Aemt LA™ . . . . (9)
In the above equation A, and A, are constants, and m, and m, are
the two real roots of (8).

If we call Q the total charge of the jar at the instant when the
c
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discharge begins, and reckon the time ¢ from that instant, then when
t=0 we have ¢ = Q. Also the current ¢ flowing out of the jar

== and ¢ is zero when ¢ = 0.

Hence from (9), under these conditions, we have—
A+A,=Q andAm+ Am,=0
Therefore A, = M and A, = .
my — m, my — m,
Hence the complete solution of equation (6) in the case of the above
defined conditions is—

q —’—”-2—9 ", (m €™b — m e”“‘)~ < (10)

where m; = — 2L+'\/4L’ ‘n=—a+p
R 1 t

and my= — g = II_T? o= a—p

1)

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

. m,sz :
= m,t — 4 L.
Therefore i= = o g emt—emt) 12)
£
g
['3
2
o
w
(Y]
-4
$
]
o Time Axis.

F16. 13.—Curve representing the Dead-beat Discharge Current of a Condenser.

But when /=0, { =0, and when /=, { =0. Hence at some
instant the current has a maximum value, and by differentiating
. 1 — logem,
equation (12) it is easily found that at a time ¢ = ogg:;l,ﬁ ;’;gqn’, the
2 — O

current ¢ has & maximum value.
Accordingly this result shows us that when the resistance, induec-

I
tance, and capacity are so related that & 41 I8 greater than LG ©F

R.
which is the same thing, when C «1s greater tlzan%, then the discharge

from the condenser is umdlrectlonal but rises up to & maximum value
and then decays (see Fig. 13).

L ,
On the other hand, if e is less than R’ the roots of the quadratic
(8) are unreal, and may be written in the form—

m=—a +/[3}

m,= —a—jB

(13)
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. — R 1 R
where j= . - 1,a=2—L,andﬂ=\/m-4—L,
In this case the solution of (6) is—

q= Ale-(a-jﬂ)t + Aae"“ Bt . (1%
Bearing in mind the exponential values of the sine and cosine, viz.—
. €0 — ¢—jo €0 + =30
sin 6 = — cos § = —g

we can write equation (14) in the form— ,

g=€e{(A, + A,) cos Bt + j(A, — A,) sin Bt
Hence from the values of A, and A, already obtained we arrive at the
equation —
€ —ot

1= 0 —m, {(ma - m,) cos Bt + {my + m,) sin pt} . (15)

as an expression for ¢.

Therefore since the discharge current ¢ = —%, we have by
differentiation of (15)—

m::;:l{(mz_ m,) (a cos B¢ 4B sin Bt)+)(m,+m,) (a sin Bt — B cos ﬁt)}

and from the values for m, and m, given above we have finally—
i= Qe-d('ﬁ'_@")sin Bt .. (16)
5 Coe e

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

q= Qe““(cos Bt + %sin ,Bt)

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

v= Ve"’“(cos Bt + %sin ,Bt)

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

t=

- 1
compared with unity, and then 8 = JIG Lower down (see equa-
tion (20)) this last quantity 8 is shown to be equal to 2wn = p, when
R=0ora =0. Hence under these conditions the above equation
and also equation (16) take the form—
» = Ve—a cos pt }
i = CpVe~tsin pt) '
These last equations are of the same form as the expression

i =Ie~% sin pt given on page 4 as the equation for the wavy line
obtained by the projection of the point moving along a logarithmic

o L

an
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spiral. They show, therefore, that both the currents in the circuit and
the potential difference of the condenser plates decay in accordance
with the law of a damped oscillation train.

It is necessary, however, to call attention at this point to the fact
that when circuits are traversed by high frequency currents the
resistance R and the inductance L of the discharge circuit which
make their appearance in the above equations have not the same
numerical values as the resistance and inductance involved when
steady continuous currents are passing through the circuit. Aeccord-
ingly, the above statements as to the condition under which the
oscillatory form of discharge is produced are subject to a certain
correction, but, broadly speaking, we may say that when the resistance
of the discharge circuit is very low the discharge will take the
oscillatory form.5 If we examine the equation (16) for the discharge

Discuance Curnent
=
:
4

F16. 14.—Curve representing the Damped Oscillatory Discharge Current
of a Condenser.

current, we see that it shows that the current is zero at intervals of
time corresponding to sin Bf = 0. It follows that these times of
zero current are therefore spaced out at equal intervals, each equal

to ; Also the maximum values of the currents in either direction

decay away in geometric progression as the times increase in arithmetic
progression. The discharge current in the two cases, viz. the dead-
beat case and the oscillatory case, corresponding to the equations (12)
and (16), can therefore be represented graphically by the two curves
shown in Fig. 13 and Fig. 14.

The ordinates of the curve in Fig. 13 represent the discharge
current at various instants during the discharge in the dead-beat or
non-oscillatory case, and the ordinates of the curve in Fig. 14, the
currents in the oscillatory case. In this last, the ordinates above the

¢ Sco sections 1 and 2, Chap. IL., of this treatise. When the frequency is so
low that the discharge current is uniformly distributed over the cross-section of
the conductor, or when the conductor is so laminated that this is the case, the
uantity R in the equations above is the ordinary or ohmic resistance and L is
the ordinary inductance, but when the frequency is so high that the current is
not so distributed, then the resistance R and inductance L must be replaced by
the high frequency resistance and inductance of the circuit.
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datum line represent currents in one direction, and those below,
currents in the opposite direction. The gradual decrease of the
maximum ordinates indicates the damping.

The Napierian logarithm of the ratio of any maximum current
or ordinate to the next maximum in the opposite direction multiplied
by twice the frequency, gives us the value of the damping coefficient
a as shown in section 2. Accordingly, we have, a = Q’Rf, = 2n3, and

‘1 R T . .
B= LC ~ 4L Taking g to represent the interval of time

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

21!' 21!'
v AT o - 18
T="g VAR (18)
NV LC T 4L
Hence the oscillations are isochronous, and their frequency n = 17,
is given by—
1 1 R®

2
If R is so small that 41;;2 can be neglected in comparison with

Ll’ﬁ , then the frequency is given by the expression—

./_/1
"= amyLC
In this equation (20) the quantities C and L must be measured in
homologous units when the expression is employed in practical
calculations. That is to say, C and L must both be expressed or
measured in electromagnetic units or both in electrostatic units or
else in practical units, viz. in furads and henrys.
In the majority of cases with which we are concerned in radio-
~telegraphy the resistance of the oscillatory circuit is negligible, the
capacity is small, and conveniently measured in microfurads or
fractions of a microfarad, and the inductance is best expressed in
absolute C.G.8. electromagnetic units, viz. in rentimetres.
, Bearing in mind that a microfarad is 10-° of a farad, or 10-** of an
absolute electromagnetic unit of capacity, we can convert the above
formula (20) for the frequency n into the form
"= 5033 x 10° 1)
4/ capacity in microfarads X inductance in centimetres
The constant 5033 is the value of J;goo’ which is required in the

(20)

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

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

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

Paalzow also described, in 1861 and 1863, experiments with a
vacuum tube, which proved that these intermittent discharges of a

F1a. 15.—Prof. Boys’ Revolving Lens Disc for Photographing Oscillatory Electric
Sparks.

Leyden jar are alternately in opposite directions. He passed the
discharge, or a part of it, through a vacuum tube, and found that if
the discharge circuit had a high resistance, the difference in the
appearance of the glow at the two electrodes showed that the dis-
charge was unidirectional. If, however, the resistance of the dis-
charge circuit was low, then the identity in appearance showed that
the discharge was bidirectional. Moreover, a magnet held near the
tube then split the discharge into two lines of light, thus proving that
the discharge was alternating (see Poggendorff's Annalen der Chemie
und Physik, vol. 112, p. 567, and vol. 118, p. 178).

Many years later, Vernon Boys photographed the oscillatory
spark of a Leyden jar by another ingenious method. He employed
a series of lenses set in a rapidly revolving disc (see Fig. 15).” These
lenses projected upon a photographic plate images of the spark of the
jar. The lenses were set at various distances from the centre of
the disc so that each lens formed its own separate curved image of
the spark, which was circular in form.

7 See Vernon Boys, Proc. Phys. Soc. Lond., November, 1890, vol. xi. p. 1.
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The Leyden jar was replaced in some experiments by a condenser
formed of a number of sheets of window glass with metal plates or
coatings placed between, and was connected in series with a large
inductance, so as to give to the circuit a somewhat low natural
frequency.

The capacity of the condenser was measured, and the inductance
also predetermined. The capacity used was about 0'1 of a micro-
farad. The inductance consisted of a large coil of insulated wire
having an inductance of 0.026 of a henry. Hence the oscillation
frequency was about 3300. The several images of the spark were
projected by the revolving lenses upon a photographic plate and
drawn out into segmental bands, broken up into dark and bright
portions, corresponding to the electric oscillations. From the known

F1a. 16.—Photograph of an Oscillatory Electric Spark taken by Prof. Boys with
a Revolving Lens.

speed of the lens disc, the time interval corresponding to each
separate spark image could be calculated. One of the photographs
is shown in Fig. 16. The photographs showed from 14 to 23 oscilla-
tions per spark, and the measured periodic time or frequency
agreed very well with that calculated from the inductance and
capacity. .

Professor J. Trowbridge has also obtained some interesting photo-
graphs of oscillatory sparks taken from the discharge of a large glass
plate condenser charged by means of a battery of 20,000 small lead
storage cells. The battery was employed to charge the condenser
plates in parallel, and then these last were changed by a commutator
into series so as to add up the potentials. In this manner he obtained
discharges representing a potential difference of 3 million volts.® The

* See a paper read by Professor J. Trowbridge at a meeting of the American
Academy of Arts and Sciences, Harvard University, Cambridge, U.S.A., or Nature,
August 2, 1900, vol. 62, p. 325, * On some Results obtained with a Storage Battery
of Twenty Thousand Cells.”
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sparks were 6 or 7 feet in length, and photographs of them showed
distinctly their oscillatory character Esee Fig. 17).

By using alarge inductance, the frequency was reduced as low as
gggo The frequency of the oscillatory spark represented in Fig. 17 is

Trowbridge found that with potentials of 3 million volts air at
ordinary pressures became conducting, and he also showed by
photographs that the discharges through air at this potential re-
sembled minijature flashes of lightning, and were clearly oscillatory
in character.

Professor Trowbridge has also given in another place some beau-
tiful reproductions of photographs of oscillatory sparks.! In these
experiments a condenser was charged by an induction coil actuated
by an alternator, and the discharge took place across a spark gap in
a primary coil or circuit having inductance. This circuit acted induc-
tively upon the two other circuits, also having inductance and capacity
in them, and each also having a spark gap.

The images of sparks occurring at the three spark gaps were simul-

F16. 17.—Photograph of Oscillatory Eloctric Sparks, taken by Prof. Trowbridge.

taneously photographed by being thrown on a sensitive plate after
reflection from a revolving mirror. The spark images were therefore
drawn out into bands of light (see Fig. 18), and these were serrated
at the edges when the spark was oscillatory.

These researches clearly showed that even when the primary
spark was not oscillatory it could yet give rise to an oscillatory
secondary current in one of the adjacent circuits.

Another matter studied by Professor Trowbridge was the influence
of the magnetic permeability of the material in and near the discharge
circuit.

If the inductance coil through which the condenser discharge takes
place has an iron core inserted into it, the resulting increase of induct-
ance shows itself by the reduction in frequency of the oscillatory spark.
Also since the magnetic hysteresis of the iron demands an energy
expenditure, this damps out the oscillations more quickly than would
otherwise be the case. This is well indicated by some photographs of
oscillatory sparks taken by Dr. E. W. Marchant in Lord Blythswood’s
laboratory at Renfrew. He photographed, by the aid of a revolving
mirror, the oscillatory spark obtained by discharging a condenser
formed of glass plates coated with tinfoil. The condenser had a
capacity of 006 microfarad, and the resistance coil through which it
was discharged an inductance of 0:005 henry. The frequency was

* See Phil. Mag., August, 1894, ser. 5, vol. 38, p. 182, Plate VII.
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therefore about 9000. The con-
denser was charged to 13,500 volts.
The image of the spark in the re-
volving mirror is shown in Fig. 19.

A core of 550 iron wires No.
28 S.W.G. was then inserted in
the inductance coil, and the spark
again photographed. In this last
case the frequency of the oscilla-
tions, as shown by the time-interval
between the successive images, is
markedly decreased (see Fig. 20).
Also the decay of the oscillations
is seen to be increased, thus show-
ing the augmented damping due to
the iron core."

If the oscillations do not exceed
a certain frequency, one of the
simplest methods of photographing
them and comparing the observed
frequency with that calculated
from the capacity and inductance,
is the method adopted by Dr. A.
Schuster and Dr. G. A. Hemsa-
lech."

In this case a circular sheet of
photographic sensitive film is at-
tached to the flat surface of a steel
disc which revolves inside a closed
box. The disc is capable of re-
volving at a speed of 120 turns per
second, and as it has a diameter
of about 33 cms., a point near the
edge has a linear velocity of about
10,000 cms. per second, or 100,000
mms, per second. The box in
which the disc is contained has a
small slit opposite the periphery
of the disc, and by means of a
lens an image of another slit, illu-
minated by an electric spark behind
it, can be thrown upon the sensi-
tive film. When the spark is con-
tinuous, the photographic image
on the film is a band of light, the
length of which corresponds with
the duration of the spark, but when

!* See a letter by Dr. E. W. Marchant,
Nature, vol. 62, p. 413, August 30, 1900.

! See G. A. Hemsalech, Journal de
Physique, February, 1902, * La Constitu-
tion de I'étincelle électrique.”

F1G. 18.—Photographs of Oscillatory
Electric Sparks by Prof. Trowbridge,
taken with a Revolving Mirror,
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the spark is oscillatory, the image is a series of separated images. As
1 mm. between the images corresponds to about 0-00001 of a second,
we can determine from the angular separation of the images and the
speed of the disc the frequency of the oscillations. In Fig. 22 is
shown a photograph of the oscillatory spark taken by Dr. Hemsalech
by this means. Fig. 21 shows the image on the plate when the disc
is at rest, and Fig. 22 shows the image of the oscillatory spark pro-
duced when a condenser consisting of eight large Leyden jars

F1a. 19.—Coil without Iron Core. Fia. 20.— Coil with Iron Core.
Photographs of Oscillatory Electric Sparks, taken with a Revolving Mirror by
Prof. Marchant.

(capacity about 0048 mfd.) was discharged through an inductance
of 0-042 henry or 42,000,000 cms.®

The frequency is therefore about 3500 complete periods per second.

If the bobbin forming the inductance had an iron core 18 mms.
in diameter inserted into it, the effect was to greatly reduce the num-
ber of oscillations in the train (see Fig. 23). This photograph shows
clearly that the iron core absorbs some of the energy of the discharge
and acts as an additional damping. As already stated, this is due to
the magnetic hysteresis loss and to the energy loss due to the eddy
electric currents set up in the core by the rapid oscillatory magnetiza-
tion to which it is subjected. These photographs are interesting
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Fia. 21. Fie. 22. Fic. 23.
Photographs of an Oscillatory Electric Spark, by Dr. Hemsalech.

because they reveal to us something of the mechanism of the discharge.
By examining the image of the spark with a spectroscope, Dr. Schuster
and Dr. Hemsalech have shown that in this case the first effect of the
initial oscillation is to pierce the air between the discharge balls, or
rather that the electric current constituting the first oscillation is
carried by conduction through the air of the spark gap. This forms
the so-called * pilot spark,” which is well shown in certain photo-
graphs. The energy of this first oscillation volatilizes some of the
metal of the spark balls and creates a supply of metallic vapour,
which conducts the next oscillation, and thereafter each oscillation

2 See A. Schuster and G. A. Hemsalech, Phil, Trans. Roy. Soc., 1899, vol. 193,
p- 189. Also G. A. Hemsalech, Comptes Rendus, 1901, vol. 180, p. 898; vol. 132,
p. 917.

e
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travels in or by the conducting metallic vapour produced by the pre-
ceding oscillation, and in turn creates a further supply. Hence the
energy of the oscillatory discharge is chiefly expended in creating the
metallic vapour between the electrodes whereby the discharge passes.
Interesting questions therefore arise as to the resistance of the electric
spark, and whether this resistance remains constant during the whole
period of a train of oscillations. We shall return to the consideration
of this matter in connection with the damping of electrical oscillations
in circuits containing a spark gap.® Meanwhile it is sufficient to say
that the resistance of an oscillatory spark as used in wireless tele-
graphy is rarely more than a fraction of an ohm. It does not remain
constant during the discharge, but increases towards the end of each
train of oscillations. Generally speaking, it may be said that the
larger the quantity of electricity which passes at each oscillation, the
less is the equivalent spark resistance.

It is found, however, that the equivalent resistance of a single
spark or single isolated group of oscillations is different, and greater
than that of a closely recurring series of oscillatory electric discharges.

Whilst the above-described methods enable us to photograph and
thus analyze an oscillatory discharge, there are other processes
which enable us to observe visually the oscillations which compose
the train, or at least some optical effects equivalent to them. Four
such methods are known and used, viz. those depending on the use
of an oscillograph, a Braun cathode ray tube, a Gehrcke oscillo-
graphic vacuum tube, and lastly a method which
depends upon the effects of an air blast upon an
oscillatory spark.

The first of these methods with the oscillograph
is only suitable for the objective representation of
or for photographing oscillations of relatively low
frequency, say, a few hundreds up to 1000 or 1200
per second.

An oscillograph is a type of galvanometer in
which the movable part of the instrument, whether l T
coil or needle, which is displaced when a current
flows through it has such a high natural time period

of its own, from g5 to 3is; of a second, that it

can follow consecutively the fluctuations in the E] JE

value of a periodic current passing through the

instrument, when these are not too rapid.
In one form as constructed by Duddell, it con- -

sists of a loop of fine wire (see Fig. 24) placed in a . "‘2‘;"’ Di

strong magnetic field having a small mirror, M, =i fiqe Geeil.

resting on the two wires forming the loop. A ray lograph,

of light from an arc lamp falls on this mirror, and

is then again reflected from a larger mirror on to a screen or photo-

graphic film. When an alternating current is passed through the

loop of wire, the two sides of the loop vibrate so that the attached

mirror oscillates synchronously about a vertical axis. The second

mirror is made to oscillate by a small motor synchronously about a

horizontal axis, and the combined motions cause the ray of light to

13 See Chap. III. of this treatise.
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possess a double motion and to delineate on the screen a curve
which reproduces the wave form of the alternating current in the
wire loop of the oscillograph.

To adapt this appliance to delineate the discharge of a condenser,
the author fixed on the shaft of an alternator a disc of insulating
material, having on its edge brass sectors. Against this disc three
brass wire brushes press, and the sectors are so arranged that as the
disc revolves the middle brush is alternately connected first to one
and then to the other of the outside brushes. If, then, a condenser,
battery, and oscillograph loop are joined up as shown in Fig. 25, it
will be evident that as the disc revolves the condenser is alternately
charged by the battery and discharged through the oscillograph.
The number of sectors on the disc is made the same as the number
of pairs of magnetic field poles of the alternator. The small
synchronous motor of the oscillograph is then driven by the current
of the alternator. Hence the ray of light reflected on to the screen

—] |7||M|ﬁ
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Fi1G. 25.—Arrangement of Condenser, C; Commutator, Com.; battery, B;
and oscillograph, O, for delineating Condenser Discharge Curves.

of the oscillograph continually repeats the same motion, and a
naturally non-repetitive process, like the discharge of a condenser, is
made periodic, and therefore suitable for record by the oscillograph.
Photographs can then be taken showing the variation of the
condenser discharge current for various capacities, inductances, and
resistances in the discharge circuit. In the Pender Electrical
Laboratory, University College, London, a number of such discharge
curves were photographed, using a paraffin paper condenser of
capacity variable between 05 and 7-0 mfds., an inductance consist-
ing of a long helix of copper wire of 31'5 millihenrys (= 315
x 10 cms.), and added non-inductive resistances of various values.
The curves given in Plate I., Figs. 1 to 5 (see p. 110), are repro-
ductions of these photographs. Curves 1 to 5, inclusive, are the
discharge curves of various capacities from 7-0 to 0-75 mfd. through
an inductance always equal to 31-5 millihenrys, In curves 6 to 10,
inclusive, a capacity of 05 mfd. had non-inductive resistances varying
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from 0 to 524 ohms added in series with it and with the inductance
coil, which itself had a resistance of 7 ohms and inductance of 315
millihenrys.

The ime period of oscillation was measured on the photographic
plate, and calculated in fractions of a second from the observed speed
of rotation of the alternator. This time period is given on the
diagrams by the numerical value denoted by * 7' measured.” The
calculated time period, denoted on the diagrams by “ 7 calculated,” is
obtained from the Kelvin formula 7' = 2x,/CL, and the known
values of the capacity and inductance used in each case. It will be
seen that in every case ‘7' calculated ”’ agrees very well with « T
measured.” .

As a further confirmation of the accuracy of this fundamental
formula, the values of the measured time periods of oscillation in
each case were then set out in the form of a curve (see Fig. 26) in

Tius Prnriob 1N TENTHOUsANDTHS 8x0.

Fic. 26.

terms of the capacity used. The points of observation were found to
lie closely on a parabola, showing that the square of the time period
varies very exactly as the capacity, as it should do by the Kelvin
formula.

These photographs show in a striking manner the way in which
the time period increases with the capacity. They also show how
the introduction of resistance into the circuit damps out the oscilla-
tions. It should be noted that in all but the last two photographs
the time interval allowed by the commutator for the discharge was
not sufficient to take in all or nearly all the oscillations which would
have taken place if circumstances had permitted.!

Another method of objective representation is found in the use of

'* Some excellent photographic curves representing the damped oscillations of
condenser discharges have also been taken by Prof. E. Taylor Jones with a short-
period electrometer used for determining the frequencies of slow electrical
oscillations (see Phil. Mag., vol. 14, 6th series, August, 1907, p. 238). Tho
experimental results obtained by Prof Taylor Jones also agree with the Kelvin
formula with considerable exactness. These are referred to in § 11, Chap. III.
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a Braun cathode ray tube.!* This tube is a form of high vacuum
tube, having at one end a cathode from which cathode rays are pro-
jected (see Fig. 27). The tube T has in it two baffle screens with
small holes in them, and on an enlarged anticathode end a screen, B,
of phosphorescent material. When the tube is set in operation by a
large electrostatic electrical machine, such as a Voss or Wimshurst,
giving a unidirectional and continuous discharge, so that a continuous
projection of cathode particles takes place from the cathode, we see
on the screen a brilliant point of light due to the cathode ray phos-
phorescence. This ray is a flexible conductor. If, then, a pair of
coils traversed by an electric oscillation are placed on either side of
the neck of the tube, the cathode ray is deflected up and down by the
alternating magnetic field of the coils, and the spot of light on the
screen is expanded into a line of light. If this line of light is
examined in a rotating mirror suitably placed, it can be expanded
into a wavy decrescent line of the form of the lines in the photo-
graphs taken with the oscillograph. Although the plan succeeds in
producing an objective representation of the discharge current, it is

To Earth ,~ Ceil Screen Slide
B
To Negative Pole
of Voss Machine M
% R M A PP 7 REA e e (AP e
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F1a. 27.—Method of employing a Braun Cathode Ray Tube to
delineate Alternating Current Curves.

more troublesome to operate, and not so suitable for quantitative
work as the method employing the oscillograph above described.

Professor F. Braun and Dr. J. Zenneck have pointed out that such
a tube may be used to trace the forms of alternating current curves
(see Annalen der Physik, 1902, vol. 9, p. 497); and Dr. W. Mansergh
Varley has described the use of it in high frequency work.!®

The arrangement used in connection with the Braun tube for
delineating alternating current curves is shown in Fig. 27. For
the optical delineation of oscillatory discharges, Messrs. Varley and
Murdoch recommend an electrostatic method of deflecting the
cathode ray. In Fig. 28 a diagrammatic scheme of the apparatus is
shown. The Braun tube T has its cathode terminal led to the
negative pole of a Voss machine driven by a small electric motor.
Two brass plates, P, P (see Fig. 28), are placed on either side of the
tube just beyond the diaphragm in it, and these are connected with
the spark balls of the oscillatory circuit containing a condenser, K,
and an inductance, L. The plates P, P were about 31 inches by 2}
inches in size, and placed 3 inches apart. The capacity was 0-003
mfd., and the inductance about 1 henry, being the secondary circuit

15 See Prof. F. Braun, Wied. Ann. der Physik, 1897, vol. 60, p. 552.

18 See Dr. J. Mansergh Varley, Phil. Mag., 1902, ser. 6, vol. 8, p. 500; and also
Dr. Varley and Mr. W. H. F. Murdoch, The Electrician, 1905, vol. 55, p. 885, on
« Some Applications of the Braun Cathode Ray Tube.”
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of a small transformer. On the phosphorescent screen B is seen a
brilliant green spot of light when the cathode tube is in action, and
this expands into a bright line when the condenser discharges take
place, since the electrostatic field then produced between the plates
P, P deflects the cathode ray up and down. If this line of light is
examined in a revolving mirror, the usual form of discharge curve of
a condenser is seen in it. In carrying out this experiment, the
widened part of the cathode tube should be covered with tinfoil
and earthed. An interesting set of experiments was carried out in
1895 by Professor A. Hay, in which the discharge curve of a con-
denser was graphically delineated by a modification of the Joubert
point-by-point method so much used in connection with alternating
currents. For the details of these experiments, the reader is referred
to the original paper in The Electrician, 1895, vol. 35, p. 840. The
results confirmed experimentally the predictions of the theoretical
formula for the frequency and strength of the discharge at various
instants.

A very beautiful method of rendering the oscillations in an oscilla-

To Earth

To Negative Pole
of Voss Machine.

F1a. 28.—Method of employing the Braun Cathode Ray Tube with Electrostatic
Deflection plates for delineating Condenser Discharge Curves.

tory spark visible has been employed by Lehmann, Klingelfuss,!’
Zehnder,'"® and Hemsalech.!®* Hemsalech’s method has the great
advantage of rendering the oscillations visible to the eye, whilst at
the same time they can be photographed if necessary. The method
is as follows : —

Two plates of thick copper, A and B (see Fig. 29), about 8 mm.
in thickness, 8 or 10 cms. in length, and 4 or 5 cms. in width, have one
pair of edges bevelled off, and these edges are set at a slight angle
to one another. On the top of these plates are fixed two screws,
a and b, by means of which are clamped two short thick platinum
wires, the points of which project very slightly beyond the edges
of the copper. Above this is fixed a glass tube through which a
powerful blast of air can be forced, the diameter of the jet being
3 mm. and the interval between the platinum points 3 or 4 mm.
The jet of air should issue with the velocity of about 36 metres per
second. The two plates are connected through an inductance, S,
and a condenser, C (see Fig. 30), and with an induction coil which

17 Klingelfuss, Ann. der Physik, 1901, vol. v. p. 837.
18 L. Zehnder, Ann. der Physik, 1902, vol. ix. p. 899.
'* G. Hemsalech, Comptes Rendus, 1908, vol. 140, p. 1103.
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can make an oscillatory discharge across the platinum points con-
nected with the two copper plates A and B. If the air blast is set
in operation, then when the induction coil is set working it charges
the condenser, which is discharged across the spark gap intermit-
tently. This intermittent spark is an oscillatory discharge, but the

Ay 1l Induchion
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Fia. 29. Fia. 30.

Figs. 29, 30, 31, and 32 are, by kind permission of Dr. Hemsalech and M. Ch. Delagrave, taken from
“ La Sciénce au XXe Sidcle.”

oscillations are of course superimposed. When the air blast is
started, the successive oscillatory discharges are separated from one
another and move down between the edges of the cogper plates,
each successive discharge being represented by a bright band in the
shape of an arrow-head, and the whole series of oscillations con-
stitute one train, forming a band traversed with V-shaped bars of

Fia. 81. Fia. 82.
Photographs of Oscillatory Discharges taken by Dr.|Hemsalech.

light, one below the other (see Figs. 31 and 32). This spectrum can
be photographed and also observed by the eye. The method has
the great advantage that we can observe the effect of varying the
different factors in the discharge circuit. Thus, for instance, the
introduction of any source of energy absorption into the circuit, such
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as the insertion of iron wires into the inductance coil, causes a
diminution of the number of oscillations in a train, and therefore
shortens the spectrum ; and in the same way anything which causes
the absorption of energy in the condenser produces an immediate
effect upon the appearance of this drawn-out discharge. The method
is particularly applicable for lecture illustration.

Another most valuable method of obtaining an objective repre-

FiG. 33.-—Apparatus for using the Gehrcke Oscillograph Tube for Photographing
Electric Oscillations. (Hans Boas.)

sentation of electric oscillations is by the use of an oscillograph
vacuum tube invented by Dr. Gehrcke. This consists of a glass
tube having in it two polished aluminium strips or wires (see Fig. 33),
the strips being about 10 cms. long and 15 mm. wide, fixed to a
platinum wire sealed through the glass and nearly meeting in the
middle of the tube. The tube is exhausted of its air and then filled

with nitrogen under a pressure of 8 mm. Under these circumstances,
D
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if a sufficiently large difference of potential is made between the
electrodes, the glow light extends over both electrodes for certain
distances proportional to their difference of potential. When such
a tube is connected to the terminals of a condenser which is creating
an oscillatory discharge, the length of the glow light on the aluminium
strips or wires varies with every change of potential of the condenser
terminals. If, then, the tube is examined in a revolving mirror, the
successive images are separated out from one another into a number
of bars of light, decreasing successively in length if it is a damped
oscillation, or maintaining a uniform length if it is an undamped
oscillation. The diagrams in Fig. 34 are from photographs thus taken
by Herr Hans Boas of a damped electric oscillation.

A modification of the tube, in which there are two anodes and
one cathode, enables two photographs to be taken simultaneously.
To observe the oscillations it is, of course, necessary to employ a

F1a. 34.—Photograph of a Damped Electric Oscillation taken with Gehrche
Oscillograph Tube, (Hans Boas.)

mirror driven at a very high speed. A convenient arrangement is
that of Hans Boas (see Fig. 35), in which a small continuous current
motor driven at a very high speed has on its shaft a polished metal
mirror, concave or plane, according to whether it is for eye obser-
vation or for photographs. The mirror reflects an image of the
electrodes of the oscillograph tube on to the eys, or the photographic
plate, and then at intervals, when a discharge takes place at the
moment when the mirror is in the right position, the eye will per-
ceive an image as in the photograph in Fig. 34, which consist of
separated-out images of the discharges taking place with each
oscillation. When photographed on a plate, the frequency of these
oscillations can be determined if the number of revolutions of the
mirror per second is known, and also the distance of the mirror
from the plate.

ProbaE]y the most exact confirmation of the truth of the Kelvin
formula (20) for the natural time period of a low resistance oscillatory
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circuit has been furnished by the measurements made by Glaze-
brook and Lodge on the oscillatory discharge of an air condenser
employed as a means of determining the value of *“ #,” or the ratio of
the electromagnetic and electrostatic units.

In the formula for the time period T = 2x4/CL, let us sup-

(Hans Boas.)

F1G. 35.—Electric Motor driven Rotating Mirror for use with the Gehrche Oscillograph Tube.

pose that capacity C is measured in electrostatic units, and L
in electromagnetic units. Then, since an electromagnetic unit of
capacity is 22, or 9 X 10 times larger than an electrostatic unit, we
have to introduce a factor and write the formula in the form—
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= oL
where C is capacity measured in electrostatic units, and L is induc-
tance measured in centimeters or electromagnetic units. Glazebrook
and Lodge used this expression to determine the value of v from
measurements of T, C, and L (Ssee Cambridge Philosophical Trans-
artions, vol. 18, p. 136, 1900), and found that
v = 3009 x 10".

From numerous determinations of “»' by other methods, its
numerical value is known to be very near 8 x 10'*. Hence the fact
that the numerical values of T determined by this last formula, when
we are given the numerical values of C, L, and #, agree with the
periodic time found by the measurement of photographs taken of
the discharge spark of the circuit on a revolving photographic plate,
affords strong proof of the accuracy of the formula.

7. Apparatus for the Production of Damped Trains of
Intermittent Electric Oscillations.—The usual method employed

| (o]

]

O

T

C

L+ H

F16. 36.—Diagrammatic Representation of the Arrangement of Apparatus for the
Production of damped Electric Oscillations. B, battery; I, induction coil;
S, spark balls; C, C, condensers; L, inductance coil; H, hammer break; D,
coil condenser.

for the production of damped electric oscillations is the intermittent
discharge of a condenser of some kind, the charge and discharge
being repeated at regular and frequent intervals.

The arrangement consists of a condenser suitable for being
charged to a high potential, which is then discharged through an
inductance of low resistance, thus creating a train of oscillations, and
this process is repeated several times in a second.

One of the simplest and most convenient arrangements consists
in connecting to the secondary terminals of an induction coil a high
tension condenser, such as a Leyden jar or jars, joined in series
with an inductive resistance. The secondary terminals of the in-
duction coil are provided with spark balls, or else connected to &
separate ball-discharger, and the arrangement is as shown diagram-
matically in Fig. 36, and in perspective in Fig. 37. When the
induction coil is set in action, at each interruption of the primary
current an electromotive force is created in the secondary circuit.
This charges the condenser, and if the spark balls are placed ata
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suitable distance apart, easily found by trial, the electromotive force
breaks down the insulation of the air between the spark balls when
it reaches a certain value, and the charged condenser then discharges
across the spark gap and creates electric oscillations in the inductance
coil. This process is repeated at every interruption of the primary
circuit of the coil, and if the adjustments are properly made, it results
in the production of a continuous noisy spark between the spark balls,
which is in fact a continuous series of oscillatory discharges with
short intervals of time between them, corresponding to the groups of
electric oscillations produced in the inductive circuit.

In place of an induction coil, any other type of generator of high
electromotive force might be employed; such, for instance, as an
electrostatic machine, a voltaic battery of a large number of cells, a
continuous or alternating current dynamo, or an alternating current
transformer. If, however, a voltaic battery, continuous current high

F1G. 37.—Perspective View of the Arrangement of Apparatus for the Production
of damped Electric Oscillations, consisting of an Induction Coil, Condensers
(Leyden Jars), Spark Gap, and Inductance Spiral.

tension dynamo, or alternating current transformer, is employed, the
arrangement will not operate well unless some means are used to
continually destroy or prevent the electric arc discharge which tends
to be produced and maintained across the spark gap. The spark
which occurs at this gap must consist wholly, or nearly entirely, of
the discharge coming from the condenser, and not have superimposed
on it any true electric arc discharge, either continuous or alternating,
proceeding directly from the source of the electromotive force. We
shall discuss in a later section the various devices for controlling the
operation of the electric generator in this respect. In the majority
of cases, the most convenient source of electromotive force is found
to be either a large induction coil, the primary circuit of which is
traversed by an interrupted continuous current or alternating cur-
rent, or else the employment of some form of alternating current
transformer.

We proceed to consider in further detail the practical arrange-
ments which have to be employed. It is essential that the source of
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electromotive force, whatever its nature, shall not only be able to
create a large difference of potential between the surfaces of some
form of condenser, but shall also be able to supply a certain minimum
electric current. Hence, for many purposes, an electrostatic electrical
machine would be unsuitable, because although capable of producing
a large difference of potential, it acts like an electric generator of very
high internal resistance, and therefore the curgent which can be
obtained from it, that is, the rate of supply electricity, is very small.
The employment of voltaic cells, or secondary batteries, as a source
of electromotive force, presents many advantages, but the very large
number of cells required and the expense of maintaining them in
order renders this form of electromotor more suitable for special
research purposes than for general use.

Professor Trowbridge has employed a battery of 20,000 small
secondary cells, giving an electromotive force of 42,000 volts, in
special researches on electric oscillations. For this purpose high
potential continuous current dynamos have also been used, but
although the difficulties involved in the commutation of these high
potential continuous currents have been overcome, at least as far as
the construction of continuous current dynamos up to 10,000 volts is
concerned, yet the complications which are involved in the use of the
continuous current do not compensate for the other advantages.

Hence practically we are limited at the present moment to one of
two appliances as a source of high electromotive force for charging
the necessary capacity, viz. either an induction coil or an alternating
current transformer.

In the next place, we have to provide some form of condenser to
receive and store the energy. This must be one capable of being
charged to a potential of 20,000 volts, or more, as otherwise the
oscillations produced are very feeble. The condenser has to be placed
in series with an adjustable spark gap and with an inductance which
generally consists of the primary circuit of an air core tmnsfmmer
called an oscillation transformer.

In the next place, there must be means, such as certain choking
coils or inductances, for preventing the formation of an electric arc
between the spark balls, and, lastly, a key for controlling the opera-
tion of the arrangement at pleasure. Accordingly, there are seven
clements in the complete oscillation-producing appliance, which are
as follows :—

1. The induction coil transformer or source of electromotive
force (T).

. The condenser (C).
. The discharger or spark balls (D).
. The arc quenching inductances (Q).
. The oscillation transformer (PS).
. The adjustable inductance for varying the period (L).
. The controller or key in the primary circuit of the coil or
transformer (K).

These several elements have each to be considered separately
with reference to their best practical forms for various purposes. ‘

Diagrammatically, the complete appliance for producing trains of
damped electric oscillations is as shown in TFig. 38, where the letters |

N O Wk
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have reference to the parts or elements 1 to 7 as enumerated
above.

When the key K is closed, and the apparatus in operation, we
have trains of intermittent decadent electrical oscillations set up in
the circuit CPL, and if the terminals of the secondary ecircuit S of
the oscillation transformer are near together, we have high.potential
high frequency oscillatory sparks passing between them.

There are certain modifications of the above arrangement which
will be considered later, but the above-described apparatus in a
typical form is generally called a Tesla apparatus for the production
of high frequency electric currents.

8. Induction Coils for creating Electric Oscillations.—It is
not necessary to occupy space with any elementary explanation of the
construction of the induction coil. A coil very generally employed
for the production of electric oscillations is that known as a 10-inch
coil, that is, one which is capable of giving a 10-inch spark between
pointed conductors in air at the ordinary pressure (see Fig. 39). The

Fi1c. 38.—Arrangement of Apparatus for producing damped High Frequency
Electric Oscillations by means of an Alternating-Current Transformer.

construction of a large induction coil is a matter requiring very great
technical skill, and should not be attempted without considerable
previous experience in the manufacture of smaller coils.?” A coil of
the above size usually has a primary circuit consisting of a length of
300 or 400 feet of insulated copper wire, No. 12 or No. 14 S.W.G.
The secondary circuit would consist of a double silk-covered copper
wire, No. 34 or No. 36 S.W.G., a length of 10 to 17 miles of wire
being employed, according to the diameter of the wire selected. It
is necessary to wind the secondary circuit of such a coil in a large
number of flat sections, the sections being prepared separately, and
each carefully insulated with paraffin wax and discs of shellaced

aper, the coils being so wound in two layers that there are no joints

tween sections at the inside, but all soldered junctions are at the
outside ends. A number of such sections, varying from 100 to 500,
are employed in building up the secondary coil, and these are slipped
on to a thick ebonite tube, in the interior of which is placed a primary
circuit and the iron core.

2 Detailed instructions for the manufacture of large induction coils are given
in a ‘ Treatise on the Construction of Large Induction Coils,” by A. T. Hare
(Methuen & Co.). Particulars of many large coils are given in a treatise on * The
Alternate Current Transformer,” by J. A. Fleming, vol. ii. chap. 1 (the Electrician
Printing and Publishing Co., Ltd., 1, Salisbury Court, Fleet Street, E.C.).
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A special form of winding machine has been invented by Leslie
Miller (British Pat. Spec., No. 5811 of 1903) for winding the flat
sections of the secondary bobbin, so that no joints at all between
sections are necessary, the secondary wire being continuous from end
to end. (See Fig. 40.)

By this invention the secondaries of induction coils and trans-
formers can be wound in a manner not hitherto accomplished. The
secondary bobbins in induction coils, made to give from 10- to 18-inch
sparks, are built up in the Miller process of 700 to 1200 separate single
wire sections, with a disc of paper between each section, the wire
being continued from one section to the other without any joint.
The method of winding will be readily understood from the diagram
in Fig. 40. For the sake of clearness, this diagram shows the sections

F16. 39.—10-inch Spark Induction Coil.

widely separated from one another, whereas in reality they are closely
compacted together.

The construction of the secondary circuit must be such that no
parts of the secondary wire, which are at great differences of potential
when the coil is in action, are near together, and one very important
point is the construction of the secondary in a sufficient number of
flat sections. Another essential detail is the sufficient insulation
of the secondary bobbin from the primary coil. ~With this object
in all large induction coils, the primary circuit and its iron core are
entirely enclosed in a stout ebonite tube, the walls of which must be
at least half an inch in thickness, and it should preferably be over-
laid with a layer of paraffin wax an inch in thickness. On the com-
pound tube so formed the sections forming the secondary circuit of
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the coil are slipped. When the sections in the secondary circuit have
all been joined up and the connections well insulated, the whole of
the secondary circuit should be compressed and immersed in molten
paraffin wax. This is best done by enclosing the secondary circuit
in an iron box of the required size, which, after being closed, is heated
and the air exhausted from it. Molten paraffin wax is then allowed
to flow in under pressure and set solid. In this manner the entire
secondary circuit is penetrated with paraffin wax, and the production
of vacuous spaces as the wax cools is prevented. The silk-covered
copper wire employed in winding the secondary should also be heated
to a temperature above that of boiling water, previous to being
immersed in paraffin wax, during the winding of the secondary
sections. When completed, the secondary winding is enclosed in &
cylinder of ebonite, and thick ebonite cheeks are fitted to the ebonite
tube on which the secondary is wound. As the surface of ebonite
deteriorates in insulating quality by exposure to light, it is better to

F1G. 40.—Method of building up the Secondary Circuit of an Induction Coil in
Sections by Leslie Miller’s mode of winding.

enclose the completed induction coil in a wooden box, which is filled
in solid with paraffin wax, the ends of the secondary circuit being
brought out through thick ebonite tubes, which pass right down into
the wax. Instrument makers are too prone to study external appear-
ance in instrument making, and the ordinary type of induction coil,
though very suitable for the lecture table, is not at all well adapted
for practical use in connection with wireless telegraphy, when the
coil has to be used in damp exposed places, such as in a lighthouse
or on board ship.

The primary circuit of a 10-inch spark coil generally consists
of 360 turns of No. 12 S.W.G. copper wire wound round an iron
core consisting of a bundle of soft iron wires, 2 inches in diameter.
It bas resistance of about 046 ohm and an inductance of 0-02
henry. The secondary circuit of such a coil may consist of 17
miles of No. 34 S.W.G. copper wire, making about 50,000 turns.
This coil would have a resistance at ordinary temperatures of about
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6600 ohms, and when the iron core is in it an inductance of 460
henrys. The mutual induction between the primary and secondary
circuits would be about 2:75 henrys, and with a primary current of
10 amperes the coil should give a 10-inch spark. A smaller coil
giving a 6-inch spark would usually have a primary circuit with a
resistance of 0426 ohm and an inductance of 0:013 henry. The
secondary circuit would be wound with No. 36 S.W.G. wire, which
would have a resistance of 9750 ohms and an inductance of 234
henrys, the mutual inductance between the primary and secondary
circuit being 1'5 henrys.

An important matter in connection with an induction coil to be
used for creating electrical oscillations is to secure a sufficiently small
resistance in the secondary circuit. The purpose for which the coil
is employed is to charge a condenser of some kind.

If a constant electromotive force V is applied to the terminals
of a condenser having a capacity C, the condenser being placed in
series with a wire of resistance R, then the full difference of potential
V is not created between the terminals of the condenser instantly,
but the terminal potential difference rises up gradually and any time
t seconds after the contact is made, an expression for its value, v, at
that instant may be obtained, as follows :—

Let ¢ be current at the time ¢ in the inductionless resistance R in
series with the condenser, then Riis the fall of potential down this

resistance.  Also C:Z) is the current through the condenser and

resistance. Hence we must have—

CR¥iv=v. . ... @

The solution of this equation is—

;-
v=V(1-e“6R). N %))

In the ahove equation the letter € stands for the number 2-71828,
the base of the Napierian logarithms, and R for the resistance in
megohms of the wire in series with the condenser, of which the
capacity is C microfarads. This equation shows that the potential
difference » of the terminals of the condenser does not instantly attain
a value equal to that of the steady impressed electromotive force V,
but that it rises up gradually. Thus, for instance, suppose that a
condenser of 1 microfarad is being charged through a resistance
of 1 megohm, by an impressed constant voltage of 100 volts, the
equation shows that at the end of the first second after contact the
terminal potential difference of the condenser will be only 63 volts,
at the end of the second second 86 volts, and so on. The gradual
increase in » with time is shown by the curve in Fig. 41. The
equation indicates that only after an infinite time is the terminal
potential difference » of the condenser plates equal to the impressed
electromotive force V, viz. to 100 volts in this instance. Since,

however, € is an exceedingly small number, in ten seconds the
condenser would be practically charged with a voltage equal to 100
volts. The product CR in the above equation is called the time-constant
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of the condenser, and we may say that the condenser is practically
charged after an interval of time equal to ten times the time-constant,
counting from the moment of first contact between the condenser
and the source of constant voltage. The time-constant is to be
reckoned as the product of the capacity C in microfarads and the
resistance of the charging circuit R in megohms. To take another
illustration. Supposing we are charging a condenser having a
capacity of ;% of a microfarad through a resistance of 10,000 ohms.
Since 10,000 ohms is equal to ;i; of a megohm, the time-constant
would be equal to ;J;; second. Hence, in order fully to charge the
above capacity through the above resistance, it is necessary that the
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Fic. 41.—Curve showing the Gradual Rise in the Terminal Potential Difference
of a Condenser with Time, under a Constant Impressed Electromotive Force
of 100 volts, when a Condenser of 1 microfarad capacity is charged through a
resistance of 1 megohm.

PorENTIAL DirrenreNcE OF CONDENSER PLATHS.

contact between the source of voltage and the condenser should be
maintained for at least ;35 part of a second.

We may put the equation (23) in a form more convenient for
calculation.

¢
Wehave V-—p=Ve RC (24)

Hence ¢ = RC{log‘ V ~log, (V- v)} ... (29)
or t= 93026 RC{log, V — log, (V — 2)}. (26)

This last expression can be employed to calculate the value of either
of the four quantities v, R, C, or 7, when three of them are given.
When an induction coil has its secondary terminals connected to
a condenser, we may regard the electromotive force created in the
secondary circuit as acting through the resistance of the secondary
circuit to charge the condenser.
Hence, in order that the charging of the condenser may be
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achieved in the shortest possible time, it is desirable that the
secondary circuit of the coil should have as low a resistance as
possible, consistent with permissible cost of construction. This in-
volves winding the secondary circuit with a rather thick wire. If,
however, we employ a wire much larger in size than No. 34, or,
at the most, No. 32, the bulk and the cost of the induction coil
begin to rise very rapidly. Hence, as in all other departments
of electrical construction, the details of the design are more or
less a matter of compromise. Generally speaking, however, it
may be said that the larger the capacity which is to be charged,
the lower should be the resistance of the secondary circuit of the
induction coil.

It is this fact which gives the alternating current transformer, as
usually made, an advantage over the induction coil for the purposes
considered, because a transformer is merely an induction coil specially
constructed for a large power output, and having therefore a secondary
circuit of relatively low resistance.

In coils intended for the production of electrical oscillations, and
for wireless telegraphy, the preservation of high insulation in the
secondary circuit is of great importance. The insulation is then
subjected to strains far greater than when the coil is employed for
Rontgen ray work or other similar purposes.

A large induction coil is an expensive instrument, but it hardly
ever retains for long its pristine powers of spark production. This is
due to some degree of failure of internal insulation, or to surface
leakage over ebonite surfaces outside, which have deteriorated in
insulating power by exposure to light and air.

In those cases where portability is not a principal necessity, an
induction coil made with oil insulation may be used and preserves its
insulation better than one made in the usual way. If the coil is
intended to be used with interrupted continuous primary currents, the
iron core must be in the form of a straight bundle of iron, and not in
the form of a closed circuit. Hence a so-called open magnetic circuit
transformer or induction coil cannot be enclosed 1n an iron case. It
can, however, be placed in a stoneware jar or vessel, and the whole

" coil can be immersed in insulating oil. For this purpose vaseline oil
or heavy resin oil may be employed, provided it has been perfectly
freed from water by heat. It is desirable to employ an oil with
density greater than that of water, and to seal the jar as perfectly as
possible. The secondary winding must be in sections as usual, but
need not be impregnated with paraffin wax.

Induction coils intended for use on board ship for wireless telegraph
purposes require especially good insulation, and should be so perfectly
water-tight that the coil is not injured by even being put under water.
If ehonite covering is used to enclose the coil, it should then be over-
laid with a thick coating of paraffin wax and resin.

Preferably the coil should be contained in a teak box filled in
solid with paraffin wax and resin, in which case it can be screwed up
against a bulkhead. :

In the case of coils worked with an interrupted continuous primary
current, it is necessary to place a condenser (called the primary con-
denser) across the point of rupture of the primary circuit, where the



AND ELECTRIC OSCILLATIONS 45

break spark occurs to reduce the spark and annul the magnetism of
the core more suddenly.”

Instrument makers generally determine by trial for each particular
coil the proper size of condenser, and fix it in a box which supports
the coil.

A better plan is to provide in a separate box a condenser divided
into sections, the capacity of each section being marked on it, so that
the capacity used may be varied. The condenser generally consists
of sheets of well-baked and paraffined bank post paper, alternated with
tinfoil sheets an inch narrower than the paper but of the same length.

In the usual construction sheets of tinfoil are placed alternately
with double or treble sheets of paraffined paper between them, and
the sheets of tinfoil arranged to project out alternately on one side
and the other. The odd and even sheets are then respectively
clamped together.

The capacity of a condenser of this kind may be very roughly
reckoned as equal to 0-01 mfd. per square foot of effective tinfoil surface.

Considerable difference of opinion exists between coil builders as
to the capacity of the condenser suitable for use with a 10-inch coil.
Some makers would use a primary condenser of 1:25 mfd. capacity;
others one as small as 0-5 or even 0-32 mfd. for the above size of
coil. Provided the capacity of the condenser is not too small, it may
be varied within somewhat wide limits without objection, but if a
platinum hammer break is employed, it is better to err in the direction
of using too much rather than too little capacity. Even with a 6-inch
coil having a hammer break, some makers provide a primary condenser
of 1 mfd. capacity.

The question of the right primary capacity to employ with any
given coil and break has been investigated by Dr. J. E. Ives; he
observes that—

 The optimum capacity of an induction coil is defined to be that capacity which
if placed across the break will give the longest spark in the secondary circuit. 1t
has also been found by experiment to be the least capacity that causes the spark-
ing at the break to disappear—if not entirely to disappear, to become very small.”” **

Ives carried out experiments with a hand-worked mercury break
in which the primary current was interrupted by raising an amal-
gamated copper wire out of mercury covered with water. He calls
the copper wire the breaking pole, and found that the optimum

* For a theory of the action of the condenser, the reader may be referred to
the author’s * Treatise on the Alternate Current Transformer,” vol. ii. p. 51,
where it is suggested that the efficacy of the condenser may depend upon the
demagnetizing action on the core of the electric oscillations set up in the circuit
of the primary coil and condenser at the moment when the condenser is thrown
into the circuit.

For another view of the action of the condenser, the reader is referred to a
very interesting paper by Lord Rayleigh, in the Philosophical Magazine for
December, 1901, ser. vi. vol. 2, p. 581, “ On the Induction Coil,” in which the prin-
cipal, if not the only, function of the condenser is shown to be that of quenching
the spark or arc at the contact points when the primary circuit is opened.

22 See ‘‘ Contributions to the Study of the Induction Coil,” by J. E. Ives,
Physical Review, vol. xiv. No. 5, May-June, 1902; also vol. xv. No. 1, July, 1902.
Also J. E. Ives, “On the Law of the Condenser in the Induction Coil,” Phil.
Mayg., October, 1903, ser. vi. vol. 6, p. 411.
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capacity was much greater when the breaking pole is negative than
when it is positive for the same current broken.

His conclusions are that in general the optimum capacity is
proportional to a power of the primary current greater than the
square but less than the cube. It depends very much upon the
resistance of the connections leading to the break and condenser,
increasing with these connection resistances. It is also to some
extent affected by the inductance of the primary circuit.

The capacity required is, however, in a considerable degree deter-
mined by the nature of the break employed. It has been shown that
the more sudden the rupture of the primary circuit, the less the
capacity necessary, and if that break is very sudden, then the addition
of a condenser across the rupture point is not necessary.

Professor J. Trowbridge has described an effective form of quick
motor break for large coils, in which the interruption is caused by
withdrawing a stout platinum wire from a dilute solution of sulphuric
acid, and by this means he increased the length of spark given by a
coil originally provided with a hammer break and condenser from
15 to 30 inches by using the liquid break and no condenser.”

Lord Rayleigh has also shown that if the interruption of the
primary circuit is extremely sudden, as when it is severed by a bullet
from a gun, the primary condenser can be removed, and yet the
sparks obtained from the secondary circuit are actually longer than
those obtained with a condenser and the ordinary hammer break.*

In the use of the coil with any ordinary break, except the Wehnelt
{)see next section), a condenser of suitable capacity, joined across the

reak points, increases the secondary spark length. For additional
information on this subject the reader is referred to the following
papers :—
T. Mizuno, “ On the Function of the Condenser in an Induction Coil,” Phil.
Mayg., 1898, vol. 45, p. 447.
K. R. Johnson, ‘“ On the Theory of the Condenser in an Induction Coil,” Phil.
Mag, 1900, vol. 49, p. 216.

Beattie, *“ The Spark Length of an Induction Coil,”’ Phil. Mag., 1900,
vol. 50, p. 189.

On the whole it cannot be said that the information is yet very
precise on the subject of the size of condenser or capacity to he used.
It varies with many factors, and hence the necessity for providing the
coil with & primary condenser of variable capacity for use in different
experiments.

In induction coils by some makers, the primary circuit is wound
in sections and the ends of each brought out in such a manner that
the various sections can be joined in series or parallel, so as to vary
the resistance and inductance of the coil, as well as the effective
number of turns.

An ingenious arrangement of this kind is placed on coils by
K. Schall, in which the various primary circuits have their ends con-
nected to brass plates, and by sliding into a groove an ebonite piece

3 See Prof. J. Trowbridge, *“ On the Induction Coil,” Phil. Mag., April, 1902,
ser. vi. vol. 8, p. 898.

# See Lord Rayleigh, *“ On the Induction Coil,” Phil. Mag., December, 1901,
ser. vi. vol. 2, p. 681.
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with brass plates upon it these serve to effect the required arrange-
ments and connection. The diagram in Fig. 42 shows the end of the
ebonite tube, containing the primary coils, and also the connecting
plates which are slipped in to effect various combinations of the
different primary circuits, so as to put them (1) all in series, (2) all in
parallel, or (3) in series-parallel in various ways.

In making an estimate of the value of a coil for wireless telegraph
purposes, or for the production of electric oscillations, the experi-
mentalist should not be guided merely by external appearance or even
by the length of spark given between pointed terminals in air.

The resistance of the secondary circuit should be ascertained, and
inquiry made into the power of the coil to give a good oscillatory
spark of at least 1 cm. in length when the secondary terminals are
connected to a condenser having a capacity, say, of 5, mfd.

A very fair way to judge the value of a coil for this particular

purpose is to ascertain what length of secondary spark it will give
between brass balls 1 cm. in diameter when these balls are connected
to the two poles of a glass plate condenser having a capacity of 3 mfd.
The spark should be at least 5 mm. in length.

A coil of the ordinary type, giving a 10-inch spark in air between
pointed conductors, will not give much more than a 6- or 7-mm,
spark, even if as much, when the secondary terminals are joined to
the plates of glass condensers having a capacity of & mfd.

When it is desired to obtain the advantages of a very low secondary
resistance to charge large condensers, and thus obtain a longer oscil-
latory spark than can be obtained with one coil, two induction coils
may be used with their secondary circuits joined in parallel and their
primary coils joined in series. In this case only one hammer break
is employed, and the condensers of both coils are joined in parallel
across the break. This can always be done when the ends of the
primary coil are accessible.
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To aid the experimentalist in making these connections, we give
below a diagram (see Fig. 43) which shows the usual mode of con-
necting up the various parts of an ordinary induction coil of the
usual pattern with hammer break. This applies to the coils made by
English makers such as Apps, Newton, Marconi's Wireless Tele-
graph Company, Ltd., and others who follow the same pattern.
The diagram represents part of the base board of the coil, and the
dotted lines show the wire connections which are made in the base-
board box.

The board generally has on it two terminals at one side marked P
and N (see Fig. 43). To these the working battery is attached, a fuse
wire, F, being interposed ; also, as above stated, an ammeter and a
Morse key when the coil is used for wireless telegraphy. The end of
the iron core of the coil is represented by I, and the hammer break by
H. The platinum terminals between which the rupture of the primary
circuit takes place are represented by T. On the other side are seen
four terminals marked C,, C,, C,, C,. The two pairs C,, C,, and C,,
C, are generally connected by small brass pins, p, p, ending in ivory
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F16. 48.—Diagram showing the Usual Connections of an Induction Coil.

knobs. To one pair C,, C, are connected the plates of the primary
condenser C. If the pins p, p are withdrawn, then the condenser C
is isolated. Beyond are two other terminals marked coil. These are
‘the ends of the primary coil of the induction coil. The current
reverser is marked R. The connections under the base are denoted
by dotted lines. If it is desired to work the coil with the usual
hammer break, all that has to be done is to connect a working
battery of the right size and number of cells to the terminals P
and N, and then adjust the break and throw over the reverser handle
to one side or the other.

If, however, it is desired to use some other break, then the pins
p, p must be withdrawn and the required break connected in series
with the battery used and with the primary coil. The terminals T
must then be kept open by inserting a wooden wedge between them.

Separate wires must then be brought from the condenser terminals
to the opposite sides of the particular break used, so that when the
circuit is opened the condenser C is thrown across the break point.
If coils have to be used in series, then the mode of arranging the
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connections can easily be worked out from the diagram of connections
in Fig. 43.

The coils used for Rontgen ray work, and also for wireless tele-
graphy, are now often constructed without breaks and condensers
on the same base board, and are intended to be used with some form
of separate break (see section 10 of this chapter), and a separate
condenser of a capacity suitable for the voltage and primary coil
employed.

A practical precaution which it is advisable to adopt when work-
ing an ordinary pattern induction coil off secondary cells as a source
of primary electromotive force is to insert a fuse wire in between the
cells and the battery. If the hammer break sticks, as it often does,
then the secondary cells send a large current through the contact,
and this often welds the platinum contacts together. The use of a
fuse wire or other form of cut-out may prevent damage to the break.
It is always desirable to insert also an ammeter in the primary circuit,
and also a voltmeter across the terminals of the battery to show the
current and voltage acting on the primary circuit.

9 Alternators and Transformers for generating Electric
Oscillations.— When alternating current is available, an alternating
current transformer can be used advantageously for producing
electric oscillations in place of an induction coil operated by con-
tinuous currents. An ordinary induction coil can also be employed
as an alternating current transformer, if its condenser and break
is removed and the primary circuit supplied with an alternating
current. The frequency of the primary current employed should
not be less than 50 periods per second, and it is better, if possible, to
work with a much higher frequency, say 500 periods per second.

If continuous current is available which can be drawn from supply
mains, from a private electric lighting circuit, public town supply, or
from ship lighting circuits on board vessels, then we may employ it
to drive a motor generator, producing alternating current from a con-
tinuous current. The best plan for so doing is to use an ordinary
four-pole continuous-current motor with an armature of the Gramme
ring type and the usual commutator. From two points at the
opposite ends of a diameter of the armature, connections are brought
to two insulated slip rings, fixed on the shaft of the motor. When a
continuous current is passed into the motor on the commutator side
in the ordinary manner, it revolves, and we can draw from brushes
pressing against the slip rings, an alternating current, the effective
voltage of which is, however, less than that of the continuous current
supplying the motor. Thus, if the motor is driven by direct current
at a pressure of 100 volts and makes 1200 revolutions per minute,
we can, from the slip rings so connected, draw off an alternating
current with an effective voltage of 70 volts and a frequency of 20
periods per second. By the use of a four-pole motor, we can obtain
a frequency of 100 when the motor is driven at a speed of 3000
R.P.M.

The alternating current so generated can be led to an alternating
current transformer of the closed iron circuit type, and by means of
it raised in pressure to 20,000 or 30,000 volts. A suitable form of
transformer for this purpose is shown in Fig. 44, made by the British

E
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Electric Transformer Company. Thus if the transformer has a
transformation ratio of 400 to 1, we can by means of it produce an
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alternating current having an electromotive force 28,000 volts from
a continuous current supply at 100 volts. For laboratory purposes,
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a 3-kilowatt (kw.) continuous current motor, arranged as described,
associated with a 2-kw. step-up transformer, constitutes a very
convenient arrangement. In places where a continuous current
cannot be obtained to drive the motor, it may be driven as a dynamo
or alternator by means of a pulley and belt, by a small oil engine,
thus making an arrangement which is independent of outside aid.

It is essential that the high voltage transformer should be an oil
insulated transformer, if pressures are employed higher than 20,000
"ﬁlils; and particularly if the transformer is used in a place which is at
all damp.

When pressures higher than 30,000 volts have to be employed,
it is better to join a number of separate transformers in series. Thus,
for instance, to obtain alternating current at a pressure of 120,000
volts, four transformers of 30,000 volts or six of 20,000 volts can be
arranged with their secondary coils in series. In this case, all the
transformers must be exceedingly well insulated by being placed on
stands supported on strong porcelain oil insulators. In experimenting
with alternating currents of very high pressures, supplied by trans-
formers, and alternators, and used to charge large condensers, the
greatest precaution must be taken to avoid accidents or touching
a high-tension wire, as the result would in all probability be fatal.
The experimentalist should himself have control over the current
exciting the transformers or exciting the alternator supplying them,
and should disregard no precaution necessary to ensure safety.
Means should also be taken to ascertain the frequency of the current.
This can, of course, be done at once by counting the revolutions of the
alternator or motor, but if the supply of alternating current is obtained
from a distance, then, in addition to the voltmeters and ammeters,
necessary to show the current going into the transformers and the
pressure at which it is supplied, a frequency meter ought to be
provided.

One well-known form of frequency indicator is that due to
Mr. Campbell, which was developed from a principle first suggested
in 1889 by Professors Ayrton and Perry. This instrument depends
upon the fact that if a light steel elastic strip is fixed over an alter-
nating current electro-magnet, the strip will be set into strong
vibration if the frequency of the alternating current agrees with the
time period of vibration of the strip. In the Campbell Frequency
Teller a steel strip is pushed forward through a clamp by means of a
rack and pinion, thé pinion carrying an indicating needle which moves
over a scale. An alternating current electro-magnet is placed under
the strip, and the time period of vibration of the strip can be varied
within certain limits by altering the length of the strip which protrudes
beyond the clamp. As long as the time period of the spring is out of
agreement with that of the magnet current the spring hardly vibrates
at all, but if the pinion is turned until agreement is produced, the
strip vibrates vigorously, and, striking against a contact point, makes
a loud noise.

Many other forms of frequency teller have been developed for
practical use in connection with transformer working, but they nearly
all depend upon the principle above explained.

Another form of such resonance frequency teller, by Hartmann and
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Braun, of Frankfort-am-Main, is illustrated in Fig. 45. In this instru-
ment a number of musical reeds such as are used in organ-pipes or
harmoniums are fixed in a row. Each reed is tuned to a particular
frequency, and the whole number comprise a range of frequency
extending, say, from 80~ to 110~. These reeds are fixed in a frame,
and opposite to them slides an electro-magnet, the coils of which are

FI1G. 45.— Hartmann and Braun Resonance Frequency Meter.

traversed by the current the frequency of which is to be measured.
The reeds are made of steel spring, and hence the periodic magnetic
field of the magnet sets them in motion. Hence if the alternating
current magnet is moved along the row of reeds, when it comes
opposite to a reed the natural period of which agrees with the
frequency of the current in the magnet, this reed will be set in
vigorous vibration and emit a
sound, but other reeds will be
silent. Therefore from the mark-
ing above each reed the frequency
becomes at once known. On the
other hand, each vibrating reed
may have its own magnet, the
coils being joined in series and
the reeds tuned for different fre-
quencies over a certain range.
Then when a current of a certain
frequency within this range is
passed the corresponding reed is
set in vibration, and its movement
indicates the frequency. The
external appearance is shown in

Fi6. 46.—Hartmann-Kempf Resonance Fig. 46 (see Fig. 45).
Frequency Indicator. A very compact form of appa-
ratus for producing high-pressure
high frequency oscillations, employing a motor and transformer as
above described, was some years ago described by Professor Elihu
Thomson. The following is a description of this apparatus: ® A small

3 See The Electrician, 1889, vol. 48, p. 779; also The Electrician, vol. 44

p- 40. See Prof. Elihu Thomson on ‘‘ Apparatus for obtaining High Frequencies
and Pressures.”

. R .
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continuous current electric motor has in addition to its ordinary com-
mutator a pair of slip rings on the shaft and brushes pressing against
them. When the motor is run in the usual way by continuous current,
it produces an alternating current at the slip-ring brushes. A step-up
transformer is connected to these brushes and raises the pressure to
20,000 volts. The shaft of the motor drives also an insulating frame
with metal contact pieces on it, the function of which is to connect
together alternately, in series or parallel, a set of glass condenser
plates, covered with tinfoil (see Fig. 47). These plates are charged
once in each revolution with the secondary terminal voltage of the
transformer, but the contact only endures for a short time, during
which the potential has its maximum value. During the next part of
a revolution, the condenser plates are insulated and connected in

Fi1G. 47.—Apparatus for producing High Tension and High Frequency Discharges.
(Elihu Thomson.)

series and caused to discharge across a spark gap. By employing in
this way eleven condenser plates, each one charged at 20,000 volts, a
machine was constructed which gave 12-inch sparks in air baving all
the properties of sparks from an electrostatic machine. These dis-
charges, if the spark gap was small enough, would be oscillatory
discharges.

The most convenient arrangement when large power is not
required is to use a petrol engine direct coupled to a small rotary
converter or continuous current dynamo, having two insulated slip
rings on the shaft connected to opposite points on the winding of
the continuous current armature. From these slip rings alternating
currents can be drawn off and raised in voltage by a transformer.

For some years past the author has possessed in his laboratory
such a transformer plant for producing high frequency oscillations.
This consists of a four-pole continuous current motor driven at
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a speed of 1200 R.P.M. ; the miotor is provided, as described above,
with a Gramme ring armature, and slip rings connected to two oppo-
site points on it, hence the machine produces alternating current at
a frequency of 40. This is passed through two transformers arranged
in cascade, the first of which steps up the voltage from about 70 to
400, and the second from 400 to about 24,000 volts. The secondary
terminals in this last transformer are connected to a large glass plate
condenser, the capacity of which can be varied between J;and 325 mfd.
The alternating current motor is 5-kw. size, and the two transformers
2-kw. size. The arrangement is capable of producing very powerful
electric oscillations in suitably arranged circuits. A very compact

F16. 48.—Belt-coupled Oil Engine and Alternator for the Production of Electric
Oscillations and High Frequency Currents.

plant can also be formed by employing a small oil engine to drive an
alternator belt coupled to it and associating with the alternator, as
described, a step-up high-tension transformer. This forms a portable
arrangement for producing the necessary electric oscillations for
wireless telegraphy, when the power required is beyond that capable
of being given by an ordinary induction coil (see Fig. 48).

In Fig. 49 is shown in outline the disposition of apparatus
necessary for such a transmitter for generating trains of controlled
oscillations in an earthed antenna or aerial.

10. Interrupters for Induction Coils.—When a continuous
current is employed to actuate an induction coil, it is, of course,
necessary to interrupt the primary current periodically, in order to
create an electromotive force in the secondary circuit. An important
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adjunct, therefore, of the induction coil is the interrupter or break
for intermitting the primary current. We may divide interrupters
into five classes :—

1. Hammer interrupters.

2. Dipper interrupters.

3. Motor interrupters.

4. Turbine or jet interrupters.

5. Electrolytic interrupters.

We have first the well-known kammer interrupter, which Conti-
nental writers generally attribute to Neef or Wagner.2® In this
interrupter, the magnetization of the iron core of the coil is caused
to attract a soft iron block fixed at the top of a brass spring, and
by so doing to interrupt the primary circuit between two platinum
contacts. Mr. Apps added an arrangement for pressing back the
spring against the back contact, and the form of hammer break that

T
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F1G. 49.—Arrangement of Power-plant for the Production of Electric Oscillations
and Electric Waves. O, oil engine; A, alternator; T, transformer; S, spark
balls; C, condenser; L, inductance; p, s, oscillation transformer; a, antenna
or radiator; B, battery for exciting alternator fields; K, key.

is now generally employed is therefore called an Apps break (see
Fig. 50).

As the 10-inch coil takes a current of 10 amperes at 16 volts
when in operation, it requires very substantial platinum contacts to
stand this current continuously without damage. The small platinum
contacts that are generally put on these coils by most instrument
makers are very soon worn out in practical wireless telegraphy work.
If a hammer break is used at all, it is essential to make the contacts
of substantial pieces of platinum, at least 6 mms. in diameter, and
from time to time, as they get burnt away or roughened, they must
be smoothed up with a fine file. It does not require much skill to
keep the hammer contacts in good order and prevent them from
sticking together and becoming damaged by the break spark.

By regulating the pressure of the spring against the back contact,

2¢ Du Moncel states that MacGauley, of Dublin, independently invented the
form of hammer break as now used. See J. A. Fleming, ¢ The Alternate Current
Transformer,” vol. 2, chap. i.
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by means of the adjusting screw, the rate at which the break vibrates
can be adjusted to make from 10 to 50 or 60 interruptions a second.
The hammer break is usually operated by the magnetism of the iron
core of the coil, but for some reasons it is better to separate the break
from the coil altogether, and to work it by an independent electro-
magnet, which, however, may be excited by a current from the same
battery supplying the.induction coil. For coils up to the 10-inch size
the hammer break is sufficiently good when very rapid interruptions
are not required. It is not in general practicable to work coils larger
than the 10-inch size with a hammer break, as such a platinum
contact becomes overheated and sticks if more than 10 amperes i8
passed through it. In the case of larger coils, we must therefore
employ some form of interrupter in which mercury or a conducting
liquid forms one of the contact
surfaces. On account of its
simplicity and ease of manage-
- ment, however, the hammer
break is still much used in
induction coils employed in
wireless telegraphy.

The second .class of inter-
rupter is the self-acting or
hand-worked dipper break, in
which a platinum or steel pin
is made to plunge in and out
of mercury. This movement
may be effected by the attrac-
tion of an iron armature, by
an electro-magnet, by the vary-
ing magnetism of the core of
the coil, or it may be effected
slowly by hand or rapidly by
an electric motor.

The mercury surface must
be covered with water, alcohol,

F1G. 50.—Apps’' Hammer Break for the paraﬂin,‘ot (.’reosom oil, to pre-
Induction Coil. vent oxidation and to extin-

guish the break spark. The

interruption of the primary current obtained by the mercury dipper
break is more sudden than that obtained by the platinum contact
in air, at least when the mercury is covered with oil, in conse-
quence of the more rapid extinction of the spark; hence the sparks
.obtained from coils fitted with mercury dipper interrupters are generally
from 20 to 30 per cent. longer than those obtained from the same
coil under the same conditions with platinum contact interrupters.
The mercury must be cleaned at regular intervals by emptying off the
oil or alcohol and rinsing the metal well with clean water, and hence
they require rather more attention than platinum interrupters. The
mercury interrupter has, however, the advantage that the contact
time during which the circuit is kept closed may be made longer than
is the case with the hammer break. Also if fresh water is allowed
to flow continuously over the mercury surface, it can be kept clean,
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and the break will then operate for considerable periods of time
without attention.

The hammer or platinum contact interrupter will not work well
with an electromotive force of more than 12 or 16 volts, because at
higher electromotive forces the break spark prolongs the decadence of
the primary current. Hence, if coils are worked on a 100-volt circuit
or at higher voltage, some form of mercury break must be employed.

A third kind of interrupter is called a moter inferrupter, and of
these a large number have been invented in recent years. In this
interrupter some form of a continuously rotating electric motor is
employed to make and break a metal contact with mercury or other
liquid. In one simple form the motor shaft carries an eccentric which
intermittently dips a platinum point into mercury, or else a platinum
horseshoe into two mercury surfaces, making in this manuer an
interruption of the primary circuit at one or two places. As a small
motor can easily be run at 1200 revolutions per minute, or 20 per
second, it is possible easily to secure in this manner a uniform rate

Fig. 51.—Mackenzic Davidson Motor Interrupter.

of interruption of the primary current at the rate of about 20 per
second. If, however, much higher speeds are employed, then the
time of contact becomes abbreviated, and the power of the coil to
charge the capacity is diminished.

One form of motor interrupter invented by Dr. Mackenzie Davidson
is illustrated in Figs. 51 and 52. A box contains a vessel one-third
full of mercury and the rest of the space filled up with paraffin oil.
In this mercury an inclined steel shaft dips. The shaft is rotated by
means of an electro-motor belted to it. The speed of the motor can
be regulated by a variable resistance. The steel shaft carries at its
lower end a slate disc fixed transversely to it. The disc is of such a
size that it is only partly immersed in the mercury. The disc is
secured to the shaft by a metal pin passing transversely through it,
the outer end of the pin being flush with the edge of the disc. As
the shaft rotates the outer end of this pin is alternately immersed in
the mercury and raised out of it, and therefore puts the steel shaft into
electrical connection with the mercury at intervals, depending on the

|
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speed of rotation of the shaft. The inclined shaft is carried in metal
bearings, which act as an electrode.

The details of the disec and pin and manner in which contact is
made and interrupted by its rotation will be understood from Fig. 52.

When the motor is running slowly the interrupter can be used
with a low electromotive force, that is to say, something between
12 and 20 volts; but with a higher speed a larger electromotive
force can be employed without danger of passing too much current.
With an electromotive force of about 50 volts, the interruptions may
be made so rapid that an unbroken arc of flame, resembling an alter-
nating current arc, springs between the secondary terminals of the coil.

Mr. Tesla has also devised numerous forms of rotating mercury
break. In one a star-shaped metal disc revolves in a box so that its
points dip into mercury covered with oil and make and break contact.
In another form a jet of mercury plays against a form of toothed
rotating wheel.

For details of these interrupters the reader must consult the fuller

F16. 52.—Disc and Shaft of Mackenzie Davidson Interrupter. A, shaft;
S, slate disc; P, pulley; M, mercury; p, contact pin.

descriptions in the Electrical World, of New York, 1898, vol. 32,
p. 111 ; or Science Abstracts, 1898, vol. 2, pp. 46 and 457.

A fourth class of interrupter is called a furbine or mercury jet inter-
rupter. In this appliance a jet of mercury forced out of a small
aperture by means of a centrifugal pump is made to squirt against a
metal plate, and the jet is interrupted intermittently by means of a
toothed wheel made of insulating material, rotated by the motor which
drives the pump. Otherwise a revolving jet of mercury is made to
impinge intermittently upon a fixed metal plate. The current sup-
plying the coil passes through or along this jet of mercury, and is
therefore rendered intermittent when the jet or metal plate revolves.
The mercury is covered with paraffin oil or alcohol to preserve the
mercury jet from oxidation.

In the case of this interrupter, the duration of the contacts, as well
as a number of interruptions per second, is under control, and for this
reason, better results are probzbly obtained with it than with most
other forms of break.

A description of a turbine mercury break devised by M. Max Levy
was given in the Elektrotechnische Zetschrift, October 12, 1899, vol. 20,
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p. 717 (see also Science Abstracts, vol. 3, p. 63, Abstract No. 165), as
follows :—

A toothed wheel made of insulating material carries from 6 to 24
saw-shaped teeth, and can be made to rotate from 300 to 3000 times
per minute by & motor. The teeth of this wheel interrupt a jet
of mercury thrown by a centrifugal pump against a metal plate (see
Fig. 53). Moreover, by raising or lowering the position of the
interrupting wheel by a lever the duration of the contact can be varied,
so that it is possible to regulate this period without disturbing the
number of interruptions per second. The pump and wheel are
contained in a vessel partly full of mercury overlaid with paraffin oil.

The sparks obtained from a coil worked with a turbine interrupter
are much thicker and convey a greater electric quantity than the
sparks made by hammer breaks. Also by means of the turbine break
an induction coil can be worked with a higher voltage than is possible
when using a hammer break,
and the turbine break has also
the advantage of being nearly
noiseless in use. By properly
adjusting the break, the appear-
ance of the secondary sparks can
be varied from the thin snappy
sparks given by the hammer
break to the thick flame-like arc
sparks given by the electrolytic
break. The turbine break can
be adapted for any voltage from
12 to 250 volts, and the primary
circuit cannot be closed before
the interrupter is acting.

The chief drawback to its
use is that the mercury has to
be cleaned at intervals if the
interrupter is muchd used. If rf o
alcohol is employed to cover R :
the mercury ths m)t;ta.l need only Fro. 53'_Lfaf,,ai:ﬂlkgicury Turbine
to be rinsed under a water tap
and afterwards dried with blotting-paper. When paraffin oil is
used the cleaning is more troublesome, but is effected with the help
of a few ounces of sulphuric acid. The mercury by use gets gradually
resolved into a sort of black mud, consisting of globules of mercury
intermingled with oil. If the mud is well shaken up with a little
strong sulphuric acid this oily film is removed. The acid is then
washed away with fresh water, and clean metallic mercury remains
behind.

The motor driving the centrifugal pump can be wound for any
voltage, and it is best to have it so arranged that this motor is worked
by the same battery as that which supplies the primary circuit of the
coil, the two circuits working parallel together. A rheostat can be
added to the motor circuit to regulate the speed.

In Fig. 54 is shown a diagram of a good form of mercury jet break
by Schall.
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A centrifugal pump causes a revolving jet of mercury to impinge
against a copper plate. The mercury is contained in a glass vessel,
and is covered with paraffin oil, so that the jet of mercury takes place
in oil. The duration of the contact can be varied by an adjusting
lever which shifts the position of the copper plate.

The motor driving it can be wound for either high or low voltage,
and in selecting a break of this kind it is necessary to determine the
choice of voltage by the nature of the winding of the primary circuit
of the induction coil used with it. Generally speaking, the maker of
the coil specifies this to the purchaser.

The great trouble with all these mercury breaks when used with
paraffin oil or alcohol as a covering liquid is that the mercury is before
long worked up into a sort of black mud and ceases to conduct. M.
Béclére, of Paris, made an enormous improvement in substituting
coal gas for the insulating liquid. A break of the type shown in

Fig. 54.—Mercury Turbine Interrupter. (Schall.)

Fig. 54 is employed, but instead of filling the space above the mercury
with oil it is kept full of coal gas from a small gas-bag which just
supplies the loss by leakage. When so modified, the break will work
for hours and even months without the slightest attention, and a
mercury-coal gas interrupter of this type is now essential in all
careful experimental work with the induction coil used as a source
of oscillations. A good form of coal gas-mercury break, made by
Messrs. W. Watson & Sons, driven by a separate motor, is shown
in Fig. 55.

Lastly, we have the electrolytic interruplers, which were first intro-
duced by Dr. Wehnelt, of Charlottenburg, in the year 1899, and
modified by subsequent inventors. In its original form it consists
of a glass vessel filled with dilute sulphuric acid, consisting of one part
of strong acid to five or else ten parts of water. This vessel contains
two electrodes of very different sizes ; one is a large lead plate, formed
of a piece of sheet lead laid round the interior of the vessel, and the
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other is a short piece of platinum wire projecting from the end of a
glass or porcelain tube (see Fig. 56).
The smaller of these electrodes is made
the positive, and the large one the nega-
tive. 1f this electrolytic cell is con-
nected in series with the primary circuit
of the induction coil (the condenser
being cut out), and supplied with an
electromotive force from 40 to 80 volts,
an electrolytic action takes place which
interrupts the current periodically. An
enormous number of interruptions can,
by suitable adjustment, be produced per
second, and the appearance of the dis-
charge from the secondary terminals of
the coil, while using the Wehnelt break, , =~ .. . . Gas - Mercury
more resembles an alternate current arc ~ Turbine Motor driven Break
than the usual disruptive spark.” for Induction Coil Working.
At the time when the Wehnelt break (Watson & Sons.)
was first introduced, great interest was
excited in it, and the technical journals in 1899 were full of
discussions as to the theory of its
operation.®
The general facts concerning the
Wehnelt break are that the electro-
lyte must be dilute sulphuric acid in
the proportion of one of acid to five
or ten of water. The large lead
plate must be the cathode, or nega-
tive pole, and the anode, or positive
pole, must be a platinum wire about
a millimetre in diameter, and pro-
jecting 1 or 2 mms. from the pointed
end of a porcelain, glass, or other
acid-proof insulating tube. The aper-
ture through which the platinum wire
works must be so tight that acid
cannot enter, yet it is desirable that
the platinum wire should be capable
of being projected more or less from
the aperture by means of an adjust-
ing screw. The glass vessel which Fi. 56.—Wehnelt Electrolytic Break.
contains these two electrodes should
be of considerable size, holding, say, a iquart of fluid, and it is
better to include this vessel in a larger outer one in which water

?" See Dr. Wehnelt’s article in the Elektrotechnische Zeitschrift, January 20,
1899.
2 See The Electrician, 1899, vol. 42, pp. 721, 728, 731, 782, and 842 ; communica-
tion from Mr. Campbell Swinton, Prof. S. P. Thompson, Dr. Marchant, the author,
and others. Also p. 864 of same volume, for a leader on the subject. Also p. 870,
letters by M. Blondel and Prof. E. Thomson. See also The Electrician, 1899,
vol. 43, p. 5, extract from a paper by P. Barry, Comptes Rendus, April 10, 1899.
See als0.The Electrical Review, February 17, 1899, vol. 44, p. 235.
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can be placed to cool the electrolyte, as the latter gets very warm
when the break is used continuously. If such an electrolytic
cell has a continuous electromotive force applied to it tending
to force a current through the electrolyte from the platinum wire
to the lead plate, we can distinguish three stages in its operation,
which are determined by the electromotive force and the inductance
in the circuit. First, if the electromotive force is below 16 or 20
volts, then ordinary and silent electrolysis of the liquid proceeds,
bubbles of oxygen being liberated from the platinum wire and
hydrogen set free against the lead plate. If the electromotive force
is raised above 25 volts, then when there is no inductance in the
circuit the continuous flow of current proceeds, but if the circuit of
the electrolyte possesses a certain minimum inductance, the character
of the current flow changes, and it becomes intermittent, and the cell
acts as an interrupter, the current being interrupted from 100 to
2000 times per second, according to the electromotive force and the
inductance of the circuit. Under these conditions the cell produces
a rattling noise, and a luminous glow appears round the top of the

latinum wire. Thus, in a particular case, with an inductance of
0004 millihenry in the circuit of a Wehnelt break, no interruption
of the circuit took place, but with 1 millihenry of inductance in the
circuit and with an electromotive force of 48 volts, the current
became intermittent at the rate of 930 per second, and by increasing
the voltage to 120 volts the intermittency rose to 1850 a second.

The Wehnelt break acts best as an interrupter with an electro-
motive force from 40 to 80 volts. At higher voltages a third stage
sets in ; the luminous glow round the platinum wire disappears, and
it becomes surrounded with a layer of vapour, as observed by MM. .
Violle and Chassagny ; the interruptions of current cease, and the
platinum wire becomes red hot. If there is no inductance in the
circuit the interrupter stage never sets in at all, but the first stage
passes directly into the third stage. In the first stage bubbles of
oxygen rise steadily from the platinum wire, and in the interrupted
stage they rise at longer intervals, but regularly. The cell will
not, however, act as a break unless some inductance exists in the
circuit.

In applying the Wehnelt break to the usual form of induction
coil, the condenser and ordinary hammer break are cut out of
circuit, and the Wehnelt break is placed in series with the primary
coil. In some cases the inductance of the primary coil alone is
sufficient to start the break in operation, but with voltages above 50
or 60 it is generally necessary to supplement the inductance of the
primary coil by an additional external inductance coil. The best
form of Wehnelt break for operating induction coils is the one with
multiple anodes (see Fig. 57, also see remarks by Dr. Marchant, in
The Elecirician, 1899, vol. 42, p. 841), and when it has to be used for
long periods the cathode may advantageously be formed of a spiral of
lead pipe through which cold water is made to circulate.

Another form of electrolytic break was introduced by M. Simon
and by Mr. Caldwell. In this a vessel containing dilute sulphurie
acid is divided into two parts (see Fig. 58). In the partition is a
small hole, and in the two compartments are electrodes of shegt lead.
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The small hole causes an intermittency in the current which converts
the arrangement into a break. Mr. Campbell Swinton modified the
above arrangement by making the partition consist of a sort of
porcelain test tube with a hole in the bottom. This hole can be more
or less plugged up by a glass rod drawn out to a point. The porcelain
vessel contains dilute acid, and stands in a larger vessel of acid, and
lead electrodes are placed in both compartments. - The current and
intermittency can be regulated by more or less closing the aperture
between the two regions.

When the Wehnelt break is applied to an ordinary 10-inch induc-
tion coil, and the inductance of the primary circuit and the electro-
motive force varied until the break interrupts the current regularly,
with a frequency of some hundreds a second, the character of the

Fi6. 57.—Wehnelt Electrolytic Interrupter with Multiple Anodes.

secondary discharge is entirely different from its appearance with the
ordinary hammer break. The thin blue lightning-like sparks are then
replaced by a thicker mobile flaming discharge, which resembles an
alternating current arc, and when carefully examined or photographed
is found to consist of a number of separate discharges superimposed
upon one another in slightly different positions.

Several hypotheses have heen suggested to explain the action of
the break, but 1t is not necessary to consider these in detail. Professor
S. P. Thompson and Dr. Marchant have advocated a theory of
resonance.”® One difficulty in explaining the action of the break is
created by the fact that it will not work if the platinum wire is made
a cathode.

Although the Wehnelt break has some advantages in connection

* See The Electrician, 1899, vol. 42, pp. 731 and 841.
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with the use of the induction coil for Rontgen ray work, its utility as
far as regards the production of electric oscillations and its use in
electric wave telegraphy is not by any means so marked. It hasalready
been explained that in order to charge a condenser of a given capacity
at a constant voltage the electromotive force must be applied for a
certain minimum time, which is determined by the value of the
capacity of the condenser used and the resistance of the secondary
circuit of the induction coil.

If the coil is a 10-inch coil, and has a secondary resistance of, say,
6000 ohms, and if the capacity to be charged has a value, say,

F1G. 58.—Simon or Caldwell Interrupter.
¢

of J; mfd., then the time-constant of the circuit is ;37 second.
Therefore the electromotive force charging the condenser must be
maintained for at least zi; second, so that the condenser may
become charged to the voltage which the coil is then producing.

In the induction coil the electromotive force generated in the
secondary coil at the ‘break " of the primary current is higher than
that at the ‘“make,” and the magnitude and duration of this
electromotive force, other things being equal, depends upon tbe rate
at which the magnetism of the iron core dies away. Its duration is
shorter in proportion as the whole time occupied in the disappearance
of the magnetism is less. The Wehnelt break does not increase the
actual value or duration of the electromotive force in the secondary
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circuit, but it greatly increases the number of times per second this
electromotive force is created. Accordingly, it increases the secondary
discharge current, but not the secondary electromotive force. Hence,
when employing an induction coil to create electric oscillations in an
aerial wire, and therefore to send out trains of electric waves, the
nature of the receiver or wave detector used determines whether the
use of the Wehnelt break is an advantage or not. When using those
types of wave detector which are influenced chiefly by the maximum
value of the wave train, and not by the root-mean-square value, the
increase in the number of wave trains per second produces no addi-
tional advantage. Accordingly, the claims at one time made for the
Wehnelt break in connection with wireless telegraphy are not borne
out by practical experience.

It cannot be denied that the platinum-contact breakand all theforms
of mercury break with the exception of the Béclére coal gas mercury
break, as well as the Wehnelt break, are somewhat troublesome to
keep in order. Platinum contacts get rough and stick, and the ordi-
nary vibrating break, though simple in construction, is irregular in
action. Hence efforts have been made to abolish the break altogether
and yet retain the advantages derived from the use of continuous cur-
rents which can be supplied by batteries. One of the best of these
is the Grisson electrolytic condenser arrangement.® The essential
elements are—

An electrolytic condenser of large capacity occupying no very

t space. This is constructed of plates of aluminium placed in a
special electrolyte, like plates in a secondary cell. The alternate
plates are connected together and form the two opposed surfaces of
the condenser. If a current is passed in one direction through the
cell from one set of plates to the other, a current flows for a short
time, but is soon stopped if the E.M.F. does not much exceed 100 volts.
This is due to the formation on the anode plates of a film of imper-
vious or non-conducting aluminic hydroxide. If, however, the direction
of the current is reversed, the cell again becomes conductive for a
short time, and the impervious film is transferred to the other set of
plates. Hence the cell acts like a condenser of large capacity, and
one equivalent to 100 mfds. occupies a space of only 12 inches by
12 inches by 14 inches.

If a sufficiently large cell of this kind is connected in series with
the primary circuit of an induction coil, and a steady E.M.F. of 100
volts or so applied to the terminals, a current flows through the
primary for a short time. This current rises very quickly to a
maximum value and then dies more slowly away. Hence it creates
in the secondary circuit two electromotive forces of very unequal
value and in opposite directions. Suppose, then, that by a special
commutator the position of the plates of the electrolytic condenser
is reversed, another brief current would flow through the primary
coil in the same direction and another pair of secondary electromotive
impulses be created. This reversal of the position of the plates of
the condenser is effected by the use of a revolving motor-driven
commutator. At the moment when the condenser is fully charged

» This apparatus is supplied in England by Messrs. Isenthal and Co., of
85, Mortimer Street, London, W.

F



66 THE PRODUCTION OF HIGH FREQUENCY CURRENTS

and the current has ceased in the primary coil, the condenser con-
nection with the circuit can be broken without spark, and remade with
the plates in a reversed direction. Hence the arrangement sends
through the primary circuit of the induction coil a rapid series of
“puffs ” of electric current, and these create secondary electromotive
forces which predominate in one direction. This gives us exactly the
result we have in the coil as worked with the ordinary break, and
does it without spark. A diagram of the connections is shown in
Fig. 59, and the general appearance of the condenser and commutator
in Fig. 60.

Filg those researches, in which very regular groups of oscillations
must be produced, this apparatus offers a great advantage.
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Fia. 59.—Arrangement of Grisson Electrolytic Condenser and Induction Coil.
G, electrolytic condenser; C, commutator; V, induction coil.

In another arrangement, also devised by Grisson, an induction
coil with a special form of primary winding is employed. The
primary coil has three terminals, one at each end and one in the
centre of the winding. The centre terminal is connected to one pole
of the battery, and the other two terminals are alternately connected
to the other pole by means of a revolving commutator. The follow-
ing operations then take place :—

(i.) The primary current flows through one-half of the primary
coil and magnetizes the iron core.

(ii.) The current flows in opposite directions through the two
halves of the primary winding, and the core has no resultant mag-
netization.
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(ii.) The current flows through the other half of the primary

Grisson Electrolytic Condenser.

Grisson Commutator for use with Electrolytic Condenser.
Fia. 60.

winding, and the direction of the magnetization of the core is reversed.
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(iv.) The current again splits and flows equally through both
sections of the primary coil, and the core is not magnetized.

These operations are rapidly repeated in the same order. The
result is, a series of secondary currents are induced, which are alter-
nately in one direction and the other.

Condensers are placed across the break gaps to quench the spark
and exalt the secondary electromotive forces as usual.

These changes of current direction are effected by means of a
rotating commutator, consisting of metal segments let into the peri-
phery of a disc of insulating material. Brushes press against this
disc, and it is driven round by an electric motor actuated by the
source of current supply.

11. Condensers for the Production of Electric Oscillations.—
The next element to be considered is the condenser in which the
electric charge is placed, the release of which produces the high
frequency oscillations.

In this connection we need only consider the construction of
condensers suitable for very high pressures. The properties of
dielectrics will more particularly be discussed in the next chapter,