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EXTRACT FROM AUTHOR’S PREFACE TO THE
FIRST EDITION

This book was written at the suggestion of the publisher, Dr. Enke.
It was originally intended to be an abridged form of my larger book
“Elektromagnetische Schwingungen und drahtlose Telegraphie” (Stutt-
gart, 1905). It has, however, developed into something quite different;
evidence of this lies in the fact that only 79 of the 332 illustrations of the
larger book have been reproduced here.

Since I began writing this book (winter 1905-1906) conditions in wire-
less telegraphy have changed greatly. The mere fact that new devices
and methods have appeared would be of relatively little importance;
but the points of view determining the consideration of many of the
problems of the art have changed entirely. This necessitated rewriting
many portions of the book, which would otherwise have been out of date
from its very publication. I need hardly dwell on what this has meant
for both the publisher and myself.

The mathematical premises are the same as in my larger book. In
the text, knowledge of only elementary mathematics—the use of differ-
ential and integral calculus would have offered no advantage,—in the
Notes, knowledge of the electromagnetic theory is assumed. The phys-
ical premises are somewhat higher than in the larger book; knowledge of
experimental electro-physics and of the phenomena of alternating cur-
rents, in short the ground covered by the first four chapters of my larger
book, is necessary for a thorough understanding of this volume.

I have been somewhat more sparing with the bibliography, for since
a year ago, Dr. G. Eichhorn, in the “Jahrbuch fiir drahtlose Telegraphie,”’
gives detailed references to the literature on the subject.

As regards the commercial form of the apparatus, most frequent refer-
ence has been made to the German manufacturers (Ges. f. drahtl. Tel.
and Amalgamated Radio-telegraph Co., 7.e., C. Lorenz, A. G.). In so
doing I had no desire to show these firms any preference. Description
of all the different makes of apparatus would have been prohibitive, and
I have simply chosen as examples the apparatus of those firms which
placed exact data and photographs at my disposal. Moreover other
makes of apparatus are fully described in other books; I might mention
the excellent works of J. A. Fleming and particularly of J. Erskine-
Murray in this connection.

J. ZENNECK.

BRAUNSCHWEIG, PHYSIKALISCHES INSTITUT
DER TECHNISCHEN HOCHSCHULE,
Dez., 1908.
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AUTHOR’S PREFACE TO THE SECOND EDITION

Only two and a half years after the appearance of the first edition,
a second one has become necessary, even though a French edition had
already appeared in the meantime. The book, therefore, has been ac-
corded a much more favorable reception than I had dared hope.

This served particularly to spur me on to do everything within my
power to make the second edition representative of the present status of
wireless telegraphy. Due to its rapid development, this meant an ex-
tensive revision of the entire book.

Unfortunately I found it impossible to carry out this revision without
extending the scope. In view of this wider scope, the book has been
renamed “ Textbook’’ (“‘ Lehrbuch’’) instead of * Elements’’ (* Leitfaden’’)
‘““of Wireless Telegraphy.”

" In choosing my subject matter, I was guided chiefly by the standpoint
of the physicist. I have frequently discussed arrangements or devices
involving a new physical idea, even though knowing that they had
either not been used to date or are no longer used in practice. To
confine ourselves to what is of practical importance will only be proper
when once it has been fixed what really is of “practical importance.”
On this point, however, the views of experts have changed very rapidly
during recent years; even to-day individual views diverge widely and
seem to be influenced less by scientific reasons than by patent rights.

Unquestionably, theoretical investigation, laboratory experiments and
experiences in practice have cleared much in recent years. Nevertheless,
there still remain a number of problems which find no answer in the re-
sults obtained to date. If then my presentation of these problems falls
short of the necessary clearness, the fault does not rest entirely with me.

In this edition, as in the first, I have received friendly cooperation
from many sources: from Dr. L. W. Austin (Washington, D. C.), H. Boas
(Berlin), Dr. L. Cohen (Brant Rock), F. Ducretet and E. Roger (Paris),
Dr. Erskine-Murray (London), the Gesellschaft fiir drahtlose Telegraphie
(Telefunken Co., Berlin), Dr. E. Huth (Berlin), the C. Lorenz Co.
(Berlin), the Marconi Wireless Telegraph Co. (London), Dr. E. Nesper
(Berlin), Dr. E. H. Riegger and Dr. Rukop (Danzig), Dr. G. Seibt
(Berlin), the Société francaise de radioélectrique (Paris), and Prof. C.
Tissot (Brest). To all these I herewith express my thanks.

vii



viii AUTHOR'S PREFACE TO THE SECOND EDITION

Particular thanks are due Dr. A. Meissner (Berlin), Prof. Vollmer
(Jena), and Prof. M. Wien (Jena). These have gone to the great trouble
of reading through the entire proof, and by their valuable advice have
guarded me against many errors and defects.

Lastly, I thank the publisher, Dr. A. Enke (Stuttgart) for the kind
interest he has evidenced in the preparation of the book in its final form.

J. ZENNECK.

DANz1G-LANGFUHR, PHYSIKALISCHES INSTITUT
DER TECHNISCHEN HOCHSCHULE,
Nov., 1912.



TRANSLATOR’S INTRODUCTORY NOTE

Few students of wireless telegraphy need to be introduced to *Zen-
neck.” To many, however, this splendid work has remained a ‘closed
book” due to lack of knowledge of the author’s language. Hence this
translation—in the hope that it will fill a real need.

Aside from the comprehensiveness of the work as a text-book, the
author, without failing to give full credit to the best that has been done
in America, naturally pays most attention to the work done in Europe,
especially in Germany, and thus gives us an insight into the excellent
results accomplished abroad by inventors and engineers in developing
the art based on Marconi’s fundamental invention.

Rather than take the risk of distorting the author’s precise meaning,
the translator has at times retained a very literal translation in preference
to adopting the customary English phraseology. Moreover, when
tempted to add something to or modify the original (as for instance in
connection with recent ‘“high frequency” apparatus), the translator
finally decided to let Zenneck be Zenneck.

A word of thanks is due to Dr. L. W. Austin for occasional friendly
assistance, as well as to the publishers for their cooperation in the
preparation of the book.

A. E. SEELIG.

WELLsvILLE, N. Y.,
August, 1915.
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SYMBOLS AND ABBREVIATIONS

The following explanations of symbols and abbreviations used in the text apply
throughout unless distinctly stated otherwise:
E = Electric field strength
M = Magnetic field strength
& = Electromotive force = e.m.f.
p Permeability
= Dielectric constant
= Dlelectrlc constant of air

k= ¢—o' usually referred to as the dielectric constant

= Microfarad
c.g.s. = Units of the absolute electromagnetic (centimeter-gram-second)
system
2 = Radiation
W = Energy

W. = Energy of the electrical field
Wa = Energy of the magnetic field
V = Voltage
V., = lgnition voltage
I = Current (frequently 1 is used in the illustrations)
= Resistance
L, = Coefficient of self-induction
C, = Capacity
R = Resistance
L = Coefi. of self-induction for oscillations
C = Capacity
Ls,2 or Ls;, = Coeff. of mutual induction with quasi stationary current

for stationary field

3

Ly, or Ly, = Coeff. of mutual induction with non-quasi stationary current
Re = Gap resistance
Rz = Radiation resistance
K = Coeff. of coupling
K’ = Degree or percentage of coupling
T = Period
N = Frequency = number of complete periods per second

w =2xT = 3—:,. = number of periods in 2x seconds = circuit frequency

A = Wave length
V1L = Velocity of propagation
¢ = Discharge frequency = number of discharges per second
d = (Logarithmic) decrement
= Joulean decrement
dr = Hysteresis decrement
dz = Radiation decrement
d, = Gap decrement
a = Lineal decrement

X1X



SYMBOLS AND ABBREVIATIONS

a = Form factor of an antenna
p = Sharpness of resonance
a, b = Constants of the spark or arc
e = Base of the natural (Naperian) logarithms
« = Proportional to; varies as
& = Much less than
> = Much greater than
EMS = Zenneck’s ‘‘Elektromagnetische Schwingungen u. drahtlose Tele-
graphie.” Stuttgart, 1905.
ETZ = Elektrotechnische Zeitschrift
Jahrb. = Jahrbuch fiir drahtlose Telegraphie. Leipzig. Joh. Amer. Barth.
El. = The Electrician. London.
C.R. = Comptes rendus de I’Academie des Sciences. Paris.
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CHAPTER I'
THE NATURAL OSCILLATIONS OF CONDENSER CIRCUITS

1. Oscillations Produced by Charging the Condenser.—The simplest
form of a condenser circuit is that shown in Fig. 1: a condenser, C, and
a conductor, AFB, joining the metallic coatings of the condenser.

a. Let this circuit be broken at some point, F, and each side connected
to one pole of an electric influence machine, an induction coil or an
alternating-current transformer (Fig. 2). If then the influence machine
or induction coil is put into operation, the condenser becomes charged,
one of its coatings, say A, receiving a certain quantity of positive elec-

c c
AllB AllB
7 I
F, F;
F
To Induction Coil
Fia. 1. Fia. 2.

tricity, the other, B, an equal amount of negative elcctricity. The
resultant electrical field and difference of potential are obtained not only
between the coatings A and B, but also between the poles F, and F,
of the gap in the circuit. If the condenser charge and thereby the tension
between F; and F, are gradually increased, a “‘spark” finally passes be-
tween F, and F; and the space F\F,, the “spark gap,” becomes conductive.

b. The difference in potential between the coatings A and B produces
an electric current in the direction of the arrow in Fig. 2, from the positive
to the negatively charged coating. This holds good only at the start,
however. For the current, assuming that the resistance of the conductors

1
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AF, and F.B is not extremely high, is an oscillating or alternating current
of the kind represented by the curve in Fig. 3, a photographic reproduction
made by the aid of Braun’s Kathode Ray Tube,* which is specially
adapted for such purposes. The absciss® of the curve are proportional
to the time, the ordinates to the current values at any instant.

This alternating eurrent is in one respect. distinetly different from the
alternating currents in ordinary commercial use as produced by A.C.
generators, viz., it has a constantly deereasing amplitude.  An alternating
current of this kind is said to be “damped” to distinguish it from an
“undamped” alternating current of constant amplitude.

c. As every current produces a magnetic field whose strength, at
least in the vieinity of the current-carrying conductor, is proportional to
the current, it may be concluded that the magnetic field varies similarly
to the current; it is » “‘damped alternating magnetic field.”

Fia. 3.

During the period in which the current has the direction shown in
Fig. 2, it must bring a positive charge from the coating A to B, and
when its direction is reversed, its action upon the condenser coatings is
also reversed. Hence the condenser charge also oscillates and the
electric ficld between its coatings is also a damped alternating field.

d. The entire phenomenon, 7.e., the alternating current with its
accompanying alternating electric and magnetic fields is called an
‘“electromagnetic oscillation.”

Oscillations, which, as in this case, may be produced in a condenser
circuit without the influence of other oscillations, are said to be the
“natural” or “free oscillations” of that circuit.

e. With the arrangement of Fig. 2, the natural oscillations are caused
by the spark. In general, however, the presence of a spark is not essential
for the production of natural oscillations, which may also be obtained in
a condenser circuit having no spark gap [Art. 109].
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1. FREQUENCY

2. Experimental Determination of the Frequency.—a. Even with
condenser circuits, whose natural oscillations are too rapid to allow of
photographic reproduction by the aid of a Braun tube (see Fig. 3) or an
oscillograph, the ‘“frequency” of the oscillation, i.e., the number of
complete cyeles per second, can be directly determined by means of a
rotating mirror—FEDDERSEN's method—if the condenser circuit contains
a spark gap. The gap, placed in a horizontal position and viewed in a
mirror which rotates about a horizontal axis—e.g., fixed on the shaft of
a small electric motor (Fig. 4)—appears during a discharge in the form
shown in Fig. 5. At those moments during which the current passing
over the gap is a maximum, the most light is produced in its path, which
is very dark when the current is at its minimum; so that the illumination

FiG. 4.

of the path of the discharge varies periodically with the current. Hence,
in the rotating mirror, in which the successive images of the spark appear
at different points, a row of alternately light and dark stripes is obtained.

The distance between two adjacent light stripes corresponds to the
time of a half period of the oscillation. If the image in the rotating mirror
is photographed and if, from the number of revolutions of the mirror and
the dimensions of the apparatus, the speed with which the image of the
spark moves over the photographic plate is determined, then the time of
one cycle and hence the frequency of the oscillations are easily obtained
from the distance between two or more light stripes.

This method is not only of great praetical value, but is of special
interest as having been used by W. FEDDERSEN? in the first experimental
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demonstration and study of the natural
osctllations of condenser circuitls, which
constitute the foundation of the science
of modern radio-telegraphy.

b. Gehrke's incandescent oscillo-
graph tube offers another method for
the direct determination of the fre-
quency of condenser circuits.*

It consists of a glass tube of the
form shown in Fig. 6a, with wire or
sheet metal electrodes (Fig. 6b) and
filled with pure nitrogen under slight
pressure. If current is sent through
this tube, the length of the incandes-
cent portion of the negative electrode
is approximately proportional to the
strength of the current. If the tubeis
connected through a sufficiently high
series resistance (tube of water, R, in
FFig. 7) to the condenser coatings, then
the current passing through it, and
hence also the length of the incandes-
cence, are proportional at any instant
‘to the voltage between the condenser
coatings. By photographing the image of the tube in
a mirror whose axis is parallel to the axis of the tube
(Fig. 8)*, a picture of the
form shown in Fig. 9 (H.
DiessELHORST)* is ob-
tained. The distance be-
tween the light stripes is
a measure of the duration
of a cycle (see a).

\

As this tube absorbs L 1o
considerable energy and as = } Coil
the length of the negative
incandescence is not al-
ways exactly proportional

to the amount of current Fic. 7.
Fig. 5. passing through it, it is
adapted for demonstration purposes rather than for accurate measurements,

Fi6. 6a. Fig. 6.

* Fig. 8 shows oscillograph made by the firm H. Boas: the tube is in a box at the
upper right and below this is the holder for the photographic plate upon which the
concave mirror, mounted on the shaft of the motor, reflects the image of the tube.
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c. Moreconvenient butindirect methods for determining the frequency
will be discussed later [Art. 71, 81].

Fia. 8.

3. Calculation of Frequency (THoMmsoN’s Equation).—a. The follow-
ing formula for the natural frequency, N, of condenser circuits has been
deduced by Lorp KEeLvIN (SIr
WiLLisam THOMSON®1):

1
N = éﬂ'— \—/L_Z’ [Tablc I]*

1
w=21rN=\/L6T

in which L is the coefficient of self-

induction of the circuit and C its

capacity, while w is the number of

oscillations in 27 seconds. Simi- FiG. 9.
larly the period, T, of the oscillation is given by

T=]t,~=21r\/17(:'

* This relation holds only if the damping is not extremely great (i.e., d < 2x) and,
therefore, applies to all practical cases. The exact formula is:
1 1

N 2xy/LC \/ T /d\?
1+ ('2;) :
where d = the decrement [Art. 8].
t The wave length [Art. 19] is given by
AN=2cV, VLC=6rVLcgg -Cogg - 107 cm.
=6rv10. VL gy . Cap meters

R, 2 e
= 59.61VLcg s - Car = 100 VEc@.s. - Com, Meters  (Table 11)
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It follows that for a condenser circuit of a given frequency, the product
of its capacity and self-induction is a fixed quantity.

b. If the frequency is to be obtained in cycles per second, L and C
must be expressed in units of the same absolute system. In the following,
unless otherwise stated, the customary absolute magnetic system, known
as the C.G.S. system (centimeter, gram, second-system) is used.

The unit of capacity customary in practice, the microfarad (MF), is
1{o"%of the C.G.S. unit.* A Leyden jar of average size usually has a
capacity of several thousandths of a MF.

The henry, which is the customary unit for the coefficient of self-
induction is equal to 10° C.G.S. units. In wireless telegraphy, however,
it is inore convenient to express the coefficient of self-induction in C.G.S.
units, instead of in henrys, as the circuits used for radio-telegraphy
usually have coefficients of self-induction of much less than 1 henry.

4. Condensers in Series and in Parallel.—The term “resultant
capacity” of s number of condensers in what follows will be understood

To Ind.Coil
Ci Cz
F
To Ind.Coil
Fic. 10. Fig. 11.

as that value of the capacity, which, when substituted for €’ in Thomson’s
equation, gives the correct value of the frequency.

a. Where large capacities are required, several condensers must
usually be joined in “parallel” (Fig. 10).

If ¢, and C» represent the respective capacities of the two condensers
in Fig. 10, then the resultant capacity of the condensers in parallel = the
sum of their individual capacities, i.e.,

C=0C4C,
If M number of condensers, each having a capacity (74, are connected in
parallel the resultant capacity € = M ().

b. Sometimes it may be necessary to connect a number of condensers

* Frequent use is also made in practice of the absolute electric system unit of

capacity, the em. Where formulas involving the cm. are given in this book, this is
done, however, only in consideration of current practice.
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in “series” (Fig. 11). In this case the resultant capacity C is obtained
from the relation
1

c=ata
so that if ', = C,, we have

If one of the condensers in series has a capacity C; which is very much
greater than that, C., of the other, the resultant capacity, C, is approxi-
mately equal to (s, i.e., it, as well as the frequency, is dependent mainly
upon the smaller capacity.

To lnf. Coil
3

D

To Ind. Coil
Fic. 12, Fig. 13

¢. Figs. 12 and 13 show combinations of series and parallel connec-
tions frequently occurring in practice. The resultant capacity in (,cu,h
case, as is casily obtained from the preceding, is,

1 1 1
Pie 1220 = o 4o, T o+ 0,
and
Fi 13~1 + 1 4 L
g2 <'+c2+c3 Cot Co+Cs T Cod Ca+Cy

If all the condensers are of equal capacity 'y, then
(/' = (/'1

s0 that the resultant capacity of the given combinations of four and nine
condensers is the same as that of any one of the condensers placed in the
circuit as shown in Fig. 1.

d. Hence, so far as the resultant capacity is concerned, the combina-
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tions of Figs. 12, 13 and 2, assuming all the individual condensers to be
of equal size, are exactly alike. The difference, this being one of the
advantages of the combined series and parallel connections as compared
to the single condenser, lies in the distribution of the charge among the
individual condensers. In Fig. 2 the potential across the condenser is
the same as that between the electrodes of the spark gap, while the
potential across each condenser in Fig. 12 is only one-half the total gap
potential and in Fig. 13 only one-third of the gap potential.

6. The Practical Importance of Thomson’s Equation.—THOMSON’s
equation offers a very simple means for rough calculations in determining
. an approximate value of the frequency or, on the other hand, the value
of the capacity required for a given frequency. Usually, however, it
is not possible to determine these values with the accuracy required in
practice. Not that the Thomson formula is inaccurate, but in con-
denser circuits having no spark gap, for which alone the Thomson rela-
tion holds good, the value of the capacity and coefficient of self-induc-
tion are mostly not known exactly; in condenser circuits with a spark
gap, the spark affects the frequency.

a. The values of C and L substituted in Thomson’s equation must, of
course, be those which correspond to that frequency which is to be
determined.

For air condensers the capacity C, under the conditions prevalent
in wireless telegraph work, is practically the same as the capacity C,
of the same condenser holding a static charge, and can therefore be easily
measured with sufficient accuracy.

For condensers, however, having a solid or liquid dielectric, the
capacity may vary widely with the frequency. The ratio between
capacity C of a condenser in an oscillating circuit to its capacity C,
for a static charge is termed the “frequency factor.” When mica or
micanite is used as the dielectric this factor may be as low as 0.7-0.8,
and for certain kinds of glass it may differ considerably from 1.0, while for
other varicties, as for example certain flint glasses, and particularly for
certain oils, such as petroleum or well-dried paraffin oil, the frequency
factor is practically unity.®

b. That care must be taken in choosing the proper value of L, the
coefficient of self-induction, for use in Thomson’s equation follows from
the fact that the value of L may be quite different for the same coil with
an alternating than with a direct current [Art. 35]. i

A further complication arises from the fact that L is the coefficient of
self-induction of the entire circuit. For example in the case of Fig. 10
this comprises not only the main conductor AFB, but also the con-
denser coatings and their leads (AC,, BC,, AC., BC3). However, if the
circuit contains a coil of several turns this neced not be considered, as the
rest of the circuit adds very little to the relatively large coefficient of
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self-induction of the coil and may be neglected without materially im-
pairing the accuracy. But in some cases it is desirable to keep the self-
induction of the circuit AFB (Fig. 10) as low as possible and it may
happen, especially when using a larger number of condensers with
their connections, that the resultant coefficient of self-induction is much
greater than the value calculated from the general dimensions of the
circuit AFB. ) ’

¢. The frequency of condenser circuits containing a spark gap may
vary as much as 10 per cent. from that indicated by Thomson’s equation
(M. WieN, H. Rieccer?). However, this variation is great only if the
electrodes of the spark gap are made of copper or silver and if the gap
itself is at the same time very short (say £ 2 mm.)* the variation be-
comes greater in proportion to the shortness of the gap and the small-
ness of the condenser, other things being equal.

If tin, zinc, cadmium and especially magnesium are used for the
electrodes and if the gap length is greater than 4 or 5 mm., the frequency
can be determined from THoMSON’S equation within a fraction of 1 per
cent. for condenser circuits including a spark gap, assuming of course
that the values of L and C are accurately known,®

2. THE DAMPING

6. The Transfer of Energy.—a. As long as the current, I, has the
direction of the arrow in Fig. 2, positive electricity is flowing away from
the condenser coating A4, so that the positive charge, + e, of this coating
is decreasing. When the current is reversed this charge is increasing.

The same applies to the potential difference, V', between the con-
denser coatings, as this and the charge hold the well-known relation:

e=CV

If curves be plotted showing the variation of V and I respectively
as ordinates with the time as abscisse, the results will be as in Fig.
14. Voltage and current have a phase displacement of practically 90°.

b. The energy W,, in the electric field of a condenser of capacity C,
charged to a potential V, is known to be

_1
W¢—2CP

Similarly the energy W,, in the magnetic field of a circuit whose coefficient
of self-induction is L ¥, is known to be

' __1 2
W,,.—ZLI

*Translators’ Note: Just these conditions prevail in the modern quenched
spark gap.—A. E. S.
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where I is the current flowing in the circuit. And the total energy of the
field of the condenser circuit at any moment is equal to the sum of the
energies of the electric and the magnetic fields, 7.e.,

W=W,+ W,
c. Fig. 15 shows W, (broken line), W, (thin full line) and W, the sum

of the other two (heavy full line). The current curve, I, from Fig. 14
has also been drawn in again for direct comparison.

.

=3
RN
N

[}
1
1
v
[
N
Iy,
|
1
i
!

At the start when the current is zero, we have
W =¥,

i.c., the total energy of the circuit consists of the clectric energy of the
charged condenser.

One-quarter of a period later the voltage is zero (Fig. 14) and the
current is just at its maximum. We then have

W =MW

or the total energy of the condenser circuit is equal to that of its magnetic
field.
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After another quarter period the current is zero again and
W = W, and so on.

In short, the oscillations are really interchanges of the energy between
the electric field of the condenser and the electromagnetic field produced
by the current.

7. The Various Causes of Damping.—a. If no energy were consumed
by this transfer, the total energy W and also the current and voltage
amplitudes, in view of the relations explained in Art. 6b, would remain
constant. Any consumption of energy, however, means a reduction in

[HVE! [T V2 VA&l

.“i \/ \J e

Fig. 15.

the total energy, i.c., a decreasing amplitude, resulting in a **damping”’
of the oscillations. The question of the various causes of damping is
therefore identical with the question of the various energy losses.

b. The energy lost in the oscillations of condenser circuits can be
divided as follows: that lost in
. Heat developed in the metallie circuit.
. The spark gap.
. The insulation of the condensers.*
. “Brush” leakage of the condensers.
. Eddy currents induced by the alternating magnetic field of the
current. t

8. Condenser Circuit without Spark Gap Damping Due to Heat
Loss.—a. The heat developed by a direct current I in a conductor of
resistance r during the time ¢ is

[S1 U R

rl

* And possibly also in the insulation of the coils [Art. 37¢).
t The energy lost by radiation is extremely small [Art. 25¢).
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while for an alternating current during the time of one cycle T the heat
developed is
RI%,,T

where R is the “effective” resistance and I%, is the mean value of I?,
I.4 being the “effective” current. For undamped oscillations, the wave

form being sinusoidal,

I’o] - %Izuuu

(where In.: is the maximum amplitude of the current for that cycle)
which relation, however, is also practically true of the damped oscillations
to be considered in wireless telegraphy. Under these conditions there-
fore the heat developed per cycle is

1
2 RI%,..T

From Art. 6b and 6¢ it follows that the total energy transferred in one
cycle (two alternations) is

2 X %LI’M, = LI%,.

Hence the energy lost in heat is proportional to the total energy of the
oscillations of a condenser circuit.

b. If theenergylost in heat is the only loss, then it can be demonstrated
that the curve showing the decrease in the amplitude with time—the
‘“amplitude curve”—is an exponential curve. Its characteristic property
is the fact that the ratio of the amplitude, A4, at the beginning of a cycle
to that, A, at the end of the same cycle remains constant during the entire
oscillation, z.e.,

;4'- = const. 1)
2

The greater this ratio is, the greater is the percentage decrease in
amplitude per cycle. Hence the value of this ratio is a measure of
the damping. Instead of the ratio itself, however, it is customary to use
the natural logarithm of its value:

d = log nat. ji 2)
d is called the “logarithmic decrement” or simply ‘“decrement” and
where the heat loss is the only cause of damping, as in the preceding, it is
distinguished as the ‘“Joulean decrement,” d;.
c. The value of the amplitude A at any time, (, is given by
d.t

_d —
A=A T = A " @)



NATURAL OSCILLATIONS OF CONDENSER CIRCUITS 13

in which N is the frequency, e is the base of the natural logarithms and
A, is the “initial amplitude” when ¢t = 0.*

Fig. 16 shows the decrease in amplitude per cycle for different decre-
ments, while in Table IV the oscillation curves have been drawn out for
various decrements.

d. It follows from a that the Joulean decrement can be determined
from the ratio of the energy lost in one cycle to that transferred in the
same cycle. Hence, substituting I, for Im.., we have

4o WRIST_R . R @
! L1 2L 2NL
1
r—t—l_ | d=o.01
D et
WA
o]k NI
Vi IS
\\\\\\\ §$~\£: % d‘qa‘.
"\ \ \\ \\\\\\:\‘:\‘~ I~
NN L =~
0.6 \ ‘\ N Pt e TN~
AN AN S ke
\[\ < 3
N AN I~
0.4 N M S
.3 2] \\ ~1 3
'g \ \\\ A SN
'a \\ N
NSNS
~ ~
Sos N~ St
N b e
%\\ \\ S e
-~ ~< '~~___-
i \\ ~~{__ .
e 1 S 9 10

] 3 4 [ [
Number of Cycles or Periods
Fia. 16.

or replacing T by 2xr+/LC (Art. 3a) we have

c
d: = (
f WR\/L

or from the foot-note in Art. 3a

9. Condenser Circuit with Spark Gap. Damping due to Spark.—
a. The curves A, and A, of Fig. 17 are the amplitude curves of condenser
circuits containing a spark gap (J. ZENNECK!®) obtained with the Braun
Tube, A, being for a circuit of very low, A, for one with higher ohmic
resistance. Comparison with Fig. 16 shows a marked difference from
the cases in which the damping is due to heat loss only. The amplitude

* In Fig. 14, V, in the upper, I, in the lower curve.

RoMm . C;"F Rohm C MF Rohnu Cem .
s = 2 ohme LME _ ohme D ME = e, C
td; = 600~ - 5920 Amar O = 150 Amacn approximately.
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curve is now no longer an exponential curve but approaches a straight
line more and more as the energy absorbed by the spark exceeds the
energy lost as heat.!® This condition is obtained when the spark-gap
clectrodes are of copper, brass, aluminium or silver,!! while with magnesium
electrodes the amplitude curve tends toward the exponential form
(D. RoSCHANSKY?).

If the amplitude curve is a straight line the amplitude 4 at any time ¢
can be obtained from

A= Ao(l . t )

T

in which A, is the initial amplitude and a is the “lineal decrement’’ which
determines the decrease in amplitude just as d, the logarithmic decrement,
does for the exponential curves.

0.20'.20
0.15} 15 |

0.10; 10

0.05)-5 .
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b. If the amplitude differs from the exponential form, this is evidence
of the fact that the conditions for the absorption of energy in the spark
are not the same as for absorption due to ohmic resistance, but are
similar to those in an electric arc (A. HEypwrIiLLER'?). For this con-
dition the energy A, absorbed per second in terms of the current is

Ay =al + b (1)

(a and b are constants for the particular spark gap [Table V]) which for
larger currents becomes

A, = al (2)
But since

A, =1V,

V. being the tension across the gap, it follows from (2) that the gap
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voltage remains practically constant during the entire series of os-
cillations,* 7.e.,
Ve=ua 3)

¢. The result is that the ratio of initial to final amplitude of the
. A

same cycle or period, Al’ and hence also [Art. 8b] the decrement, do not
2

remain constant for all ecycles.t The increase of the decrement is shown
by the curves B, and B: (Fig. 17) for the successive cycles as the ampli-
tudes A, and A, die out. In short no one definite characteristic decre-
ment exists for the entire series of oscillations.

Nor can a definite resistance be aseribed to the spark gap for those
cases in which the energy loss is not proportional to 12, If then in
practice, an equivalent gap resistance or simply a “gap resistance” R,
is referred to, this is intended to mean that resistance which, if sub-
stituted for the gap, would absorb the same amount of energy as is
actually absorbed by the spark gap during the entire oscillation series
following the same amplitude curve.}

If the condition 1", = a applies, and we have a straight-line amplitude
curve, then

6a . - .
R, = ol (Iy being the initial amplitude).
For the other extreme, when the energy loss in the circuit due to resist-
ance is by far the greater and the curve is exponential we have (H.
BARKHAUSEN!'?)
_Ba
¢ _1rlu

A constant gap resistance R, would have [Art. 8d] a corresponding

‘“‘gap decrement”

R

C
d, = =R, \/E 4)

so that the total decrement for a condenser circuit with spark gap would
be
d = (I,‘ + d,,

As this value of the decrement is constant for the entire series of oscilla-

* This, however, does not hold during a single half period, but is approximately
correct if V', be considered as the average value of the gap voltage for a half period.
Even this average value does not remain absolutely constant for the entire train or
series of oscillations, but gradually increases from cycle to cycle for copper andsilver
electrodes and gradually decreases with magnesium electrodes (D. RoscHANSKY?).

t For the extreme case, in which the energy lost in the gap is the determining factor
and the amplitude curve is a straight line, we have the difference of 4, and A., instead
- of their ratio, constant.

tie, R,I%; [Art. 44] is the average energy actually absorbed by the spark gap
during 1 second.!?

L
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tions, it does not properly characterize the decrease in amplitude from
cycle to cycle, but is the average value of the gradually increasing dec-
rement, its use in practice being very convenient for the qualitative con-
sideration of condenser circuits having a spark gap and corresponding
approximately to the single and definite decrement which is a precise
and sufficient characterization of the time-decrease of the amplitude
for condenser circuits having no gap.

d. Aside from the change in form of the amplitude curve caused by
the spark, it has been observed that in a condenser circuit with gap
the oscillations may abruptly cease as soon as the amplitude has fallen
to a more or less small fraction of the initial amplitude.

10. Methods for Determining the Spark Gap Damping.—Two
methods have in general been used for
measuring the gap damping and resistance.

Fy a. The first of these, the so-called reson-
f ance method, is based on a procedure for
determining the total decrement, which will
be considered in detail later [Art. 74, etec.].
AC/) F R The total decrement is first measured with
and then without the spark gap [Art. 78c¢];
the difference of the two values obtained
“ is then the gap decrement d,, from which
Cc the gap resistance, R, [see equation (4) Art.
II 9] can also be determined.

Fic. 18. b. The second'* is the substitution
method. In Fig. 18, F is the spark gap
whose resistance is to be measured, A is a hot-wire ammeter and R is
a very high ohmic resistance (or self-inductance) through which the
condenser, C, can be charged in spite of the gap, but sufficiently high
s0 as not to appreciably affect the oscillations passing through F. First
the indication of A is noted with F in circuit. Then a variable non-
inductive resistance is substituted for F and is adjusted until A has the
same indication as before. The spark-gap resistance is then the same as
the substituted resistance, if the coefficient of self-induction of the
condenser circuit, the discharge frequency and the spark gap F, have

been held constant in both cases [see Art. 11e, 2].

11. The Factors which Determine the Amount of Gap Damping.'*—
a. Relation to the Current Amplitude.

The gap resistance, other things being equal, and particularly for the
same gap length, varies inversely with the current amplitude. Within'
the limits encountered in wireless telegraph practice the relation

Ry« }(; (1)

between gap resistance and current amplitude is approximately accurate.
[ ]

To Induction Coil

\
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Assuming that the circuit contains only a single spark gap of constant
length, the voltage amplitude must remain constant. If then the
current amplitude is varied by changing the coefficient of self-induction
of the circuit, then it follows from (1) that

Ry« /I

If, on the other hand, the self-induction is kept constant and the current
varied by changing the capacity, we have

1 lel
Thus an increase in the self-induction of the circuit as in the first case
causes an increase in the gap resistance, while an increase in the capacity
reduces the gap resistance.

It follows that within the limits for which the relation (1) holds, the
spark-gap decrement is practically independent of the
capacity and self-induction of the circuit, being de-
termined only by the gap itself.

b. The gap resistance and decrement arc however
not independent of the resistance of the circuit, both
increasing for an increase of the circuit resistance.

c. The effect of the gap itself upon the gap resis-
tance depends upon:

1. The material of the electrodes.

2. The form of the gap, and if the electrodes are
spheres, upon the radius of these.

3. The gas or medium through which the spark passes, and

4. The length of the spark.

As to the material of which the electrodes are made, it has been
found that copper and silver cause a very high, magnesium, tin and zinc,
a very low resistance, while aluminium stands between these groups.

The radius of spherical electrodes, particularly for long sparks,
greatly affects the gap decrement; the latter is much smaller with balls
of large radius than for small spheres, the gap length being the same
throughout. For disc-shaped electrodes the decrement is practically
the same as for spheres of very large radius.

If the gap medium is hydrogen, a very high decrement is obtained, it
being less with illuminating gas, carbon dioxide, air, oxygen and par-
ticularly low for sulphur dioxide.

For the same electrodes, i.e., of a given material and radius and for
a given gas in the gap, the decrement becomes larger as the discharge
voltage becomes smaller for a gap of constant length; or, again, with
constant voltage the gap decrement becomes smaller as the gap is

shortened.
2

F1a. 19.
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d. For the relation between the gap decrement and the gap length
the substitution method [Art. 10b] gives curves similar to B* in Fig.
19, if the length F in Fig. 18 is varied without changing the rest of the
circuit; the increase in gap resistance with increasing length is at first
very gradual, then quite rapid. If the gap decrement is determined
directly by the resonance method [Art. 10a] for different gap lengths, a
curve of the form of A* in Fig. 19 is obtained. Here we have the gap
decrement first rapidly and then more slowly, falling off as the gap length
is increased. The curve determined by M. WiEN!? with spherical zinc
electrodes is shown in Fig. 20.}

The following explanation accounts for this difference in the results

0.06 X
oo
\
W EEN
N
0.08 <
b
:1>-\
0.02 —
0.01 R
o 1 |2 8 4|6 c|7 & 9 10| 11 12] 18 |14 x103 Volts
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0.5 15 8 25 3 4 6 Gap Length

in Cm.

Fia. 20.

obtained. In the resonance method giving curve A, the gap under in-
vestigation is the only gap in the circuit and its length determines the
voltage and current amplitudes. Hence as the gap length is varied the
current is correspondingly changed and the gap resistance is determined
for a different current amplitude with each observation. An increase in
the gap length alone would cause an increasc in gap resistance, but an

* Absciss® « gap length, ordinates o« gap resistance.
t The values given are for the following condenser circuits:

Radius of Electrodes C L

Circles O 220 mm. 4.25 X 107*MF. 40,900 C.G.S. Units
Crosses X 50 mm. 4.25 X 10~*MF. 40,900 C.G.S. Units
Dots . 50 mm. 6.3 X 107*MF. 40,500 C.G.S. Units
Circles with dots © 50 mm. 5.8 X 1073MF. 40,500 C.G.S. Units
Squares [OJ 50 mm. 5.8 X 1073MF. 7,300 C.G.S. Units
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increased gap length also means increased current amplitude, which latter
decreases the gap resistance. We therefore havetwo factors with opposite
tendencies; with short gaps the action of the current amplitudeisthe more
effective of the two, but as the gap becomes longer it is partly compen-
sated by the effect of the greatly increased gap length.

In the substitution method (Fig. 18), current and voltage are deter-
mined by the length of the gap F, and therefore practically independent
of the gap F, whose resistance is to be measured. Hence as the length
of F is varied the current amplitude remains practically constant.

In addition there is an essential difference in the nature of the two
methods. In the substitution method we find that resistance which,
when put in place of the spark gap, produces the same current effect
[Art. 43a). The resonance method gives that value of the resistance

]
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Fig. 21.

which, when replacing the spark gap produces the same degree or rather
sharpness of resonance in a loosely coupled secondary circuit [Art. 64¢.]
These two are not necessarily identical.

e. From a and b the following conclusions in regard to the substitution
method may be drawn:

1. The gap resistance of F (Fig. 18) is dependent not only upon its
dimensions, the capacity and the self-induction of the circuit, but also
upon the length of the gap F, (Fig. 18) upon which the current ampli-
tude depends. How great this effect is may be seen from Fig. 21, in
which the gap resistance of F is shown for several different lengths of F,.'8
Any statement of the resistance of F without an accompanying statement
of the dimensions of F, is therefore just as useless as stating that the
resistance of a metallic filament incandescent lamp is so and so without
mentioning the voltage or current at which the measurement was made.
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2. Results obtained by the substitution method must not be con-
sidered as conclusive in case there is only a single spark gap in the con-
denser circuit. For when F,, having a larger resistance, is in the circuit,
thishasaconsiderableeffect on the resistance of F. Furthermore the form
of the amplitude curve and the conditions in the gap F, must be some-
what influenced by placing an ohmic resistance as a substitute for the
gap F, so that it does not follow from the fact that the current effect
is the same in both cases, that the energy absorbed at F is also the
same.!?

12. Spark Gaps in Series (Multiple Gaps).—If a number of spark
gaps are connected in series in the same condenser circuit the interesting
question arises: Is the decrement for the several gaps in series greater
or less than that obtained for a single spark gap with the same initial
voltage? Investigations?® intended to answer this question have shown
that up to potentials of about 80,000 volts and down to capacities as
low as 0.6 X 1073 M.F. the series gap has a higher decrement than the
simple gap.

13. Energy Losses in the Dielectric of the Condensers.2>—The
alternating field produced in the insulating material (dielectric) between
the coatings of the condensers by the oscillations, involves an energy
loss for practically all insulators. It is due to the so-called *“dielectric
hysteresis’> which is the electrical analogue of magnetic hysteresis.

a. Such investigations as have been made so far with various materials
indicate that, independently of the frequency of the oscillations, the
energy absorbed per cycle in the condenser is proportional to the total
energy in the condenser during that period. Hence the “hysteresis
decrement,” d;, 7.e., that portion of the total decrement due to the di-
electric hysteresis losses, is independent of the frequency of the oscilla-
tions or the dimensions and capacity of the condenser, and is deter-
mined solely by the dielectric material, that is by:

1. Its chemical composition,

2. Its temperature.

As to the kind of material, it has been found that the hysteresis
decrement is not appreciable for air, very small for well dried paraffin
oil and transformer oil (d, = 0.001 — 0.002), also for good flint glass*
(d» = 0.006 — 0.01) and somewhat greater for certain grades of hard
rubber. It may run very high for certain kinds of glass, e.g., ordinary
window glass, other grades of hard rubber, mica and the otherwise very
convenient insulating material, micanite.

Increasing the temperature causes an increase in the hysteresns
decrement, at times in fact a very considerable increase.

* Can be obtained from Molineaux, Webb & Co., of Manchester (Ancoats, Kirby
Str.) and the glassworks at Ehrenfeld near Cologne.
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b. With certain materials the hysteresis decrement depends upon
the energy load, W., the relation being of the form

dh = a4 ﬁW.‘
for some materials, and for others
dy = aW?

where a and B are constants for the particular material. In some
cases this effect of the energy load is only an indirect one; due to the
increased amplitude of the oscillations and the consequent increase in
the energy absorbed, a higher temperature is produced, which in turn in-
creases the hysteresis decrement.

14. Energy Lost by Leakage Discharge.—a. For our purposes it is
necessary to distinguish between leakage of two kinds. The first of

Fig. 22.

these?? occurs whether the conductor is charged by oscillations or has a
static charge. It consists of the well-known phenomenon of fine brush
discharges emanating from conductors charged to a very high potential,
particularly from edges or points. This is due to the fact that under the
influence of the strong electric field the air becomes a conductor (ionized)
and hence a part of the charge is led off. This phenomenon is observed
very frequently on influence machines and occasionally in the air con-
densers used in wireless telegraphy, wherever the plates have uneven
surfaces or along their edges; especially also on antenn or coils charged
to a high potential.
* The “energy load,” W,, is the maximum energy contained per ce. of the

dielectric material. It is

ok 1

We = 8" Es . 9 X 10%
where k = ratio of the dielectric constant of the material to that of air and E =
strength of the electric field.

CG.S. = 0.443 . k. 10~ E,? (yolts) 2

cm.
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The second kind of leakage discharge occurs only with oscillations;
it appears at the moment when the oscillation commences, continuing
even if the conducting elements in question do not have their potential
increased during the remainder of the oscillation. A leakage discharge
of this nature is observed in Leyden jars (see photographic reproduction
in Fig. 22) or other condensers having a solid dielectric. It is char-
acterized by long, fine, branching rays which spread out over the surface
of the dielectric from the edge of the condenser coatings.

b. The essential requirement for a noticeable leakage discharge in
both cases is a sufficient ionization of the air, which in turn means a
sufficiently strong electric field. If sharp edges and points, at which
the field strength assumes especially great intensities, are avoided as
much as possible, these discharges need not be feared, as long as the
potential is kept within a few hundred volts.

¢. When, however, a discharge as just described, occurs, it means
an actual loss of energy in any case. How great this loss may become is
not known. But what has been definitely determined is that if Leyden
jars are properly constructed the increase in the decrement due to this
energy loss can be kept below 0.002 for a voltage amplitude of 30,000
volts, and below 0.007 for 40,000 volts [Art. 86].

In addition it has been found that a discharge of the second kind has a
tendency to produce a fluctuation in the frequency [Art. 79].

15. Energy Lost by Eddy Currents.—The alternating magnetic field
produced by the oscillations in a condenser circuit induces so-called
‘“‘eddy currents” in all conductors through which the lines of magnetic
flux pass. The energy which these currents dissipate in the form of heat,
other things being equal, is much greater for the high frequencies used
in wireless telegraphy than for the lower frequencies customary in com-
mercial power and lighting circuits. Being a direct loss to the total
energy of the condenser circuit, it causes a corresponding increase in the
damping. '

All conductors in the immediate vicinity of the condenser circuit,
particularly those conductors (such as terminals) which are inside of
coils where the magnetic field is concentrated, are subject to eddy
currents. Very dangerous in this respect are the coatings of condensers
which, in view of their extensive surface and thinness,* may cause con-
siderable eddy current losses. Leyden jars are very troublesome on this
account; with plate condensers it is much easier to place the coatings in
such a position as to minimize the magnetic flux cut by them.

Care should be taken in using such artificial insulating materials as
are frequently substituted for hard rubber or marble, if placed in a strong
high frequency magnetic field. The conductivity of such substances may
be great enough to cause considerable energy losses.?3

* Very thick masses of metal are less dangerous.
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16. Relative Importance of the Various Energy Losses.—a. Con-
denser Circuits with Spark Gap.—The important question here is: Which
encrgy losses come into consideration as compared to the energy dissi-
pated in the spark?

If the conductors of the circuit are copper wires or tubes of sufficient
diameter, it is safe to conclude that the Joulean (heat) decrement will be
entirely negligible as compared to the spark gap decrement.

Eddy current losses may become very considerable if provoked by
clumsy connections or arrangements, particularly with the condensers.
With proper care, however, these losses may also be so reduced as to have
no material effect on the total decrement.

In view of the high potentials for which condenser circuits with spark
gaps are usually designed, a dielectric of high insulating quality is
essential. If, then, compressed air condensers [Art. 39b] or condensers
filled with a good oil are used, the hysteresis decrement becomes negligible
as compared to the gap decrement. The hysteresis losses in good flint
glass are also much smaller than in the spark gap. As soon as other
dielectrics are tried, however, losses comparable to or even greater than
those occurring in the spark gap must be anticipated, especially if the
condensers are to be highly charged.

The energy lost by leakage discharge in condensers can, by careful
design, be reduced to a quantity negligible in comparison to the gap
losses. In any case this loss is, in general, far less important than that
caused by the frequency fluctuations [Art. 86].

b. Condenser circuits without a spark gap are usually designed for
comparatively low voltages. For that case, losses due to leakage dis-
charges usually disappear. Furthermore, as air condensers—even at
atmospheric pressure—can generally be used, losses due to dielectric
hysteresis can be entirely avoided. If, however, such potentials as may
be encountered do produce leakage discharges, the losses may be far
greater than thosc due to Joulean heat.

The latter may be greatly reduced by the use of sufficiently thick and
massive copper wires or, better yet, copper bands or strips, and especially
by properly wound braided wire consisting of individually insulated
conductors [Art. 36d]. This, however, tends to increase the eddy current
losses, and if these losses are not minimized by the greatest care, it is
not possible to bring the decrement below 0.01. In fact, decrements of
about 0.003 are the very lowest attained in practice.



CHAPTER II*
OPEN OSCILLATORS

In a condenser circuit, the condenser itself offers the only break in the
continuity of the circuit. It is therefore usually referred to as a “closed
oscillator” or ‘“closed oscillating circuit,” as distinct from systems in
which the metallic conductor is not even approximately continuous and
which are therefore “open oscillators.”

1. THE LINEAL OSCILLATOR

17. The Fundamental and Upper Harmonic Oscillations.—The
simplest form of open oscillator is the straight lineal oscillator, i.e., a
straight metal wire or rod. If its two halves are given a positive and
a negative charge respectively until a sufficiently high potential is
reached, so-that a spark discharge passes between the two halves (at

I
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F, Fig. 23), an electromagnetic oscillation takes place here just as in a
condenser circuit.*

In gencral this oscillation is not a simple one, but is made up of a
number of component oscillations of different frequencies, different
current and voltage distributions and different electric and magnetic
fields. It will therefore be necessary to consider separately the so-called
“fundamental oscillation”—that having the lowest frequency, as in
acoustics—and its ‘“upper harmonics” or “upper partial oscillations.”
This subdivision in the treatment is further justified by the fact that
each of these oscillations can be produced independently of the others.

18. Current and Potential Distribution in the Fundamental Oscilla-
tion.—a. In a condenser circuit, as used in practice, the quantity of

* The natural oscillation can be induced in open oscillators as well as in condenser

circuits without the existence of a spark gap in the oscillator [Art. 109].
24
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electricity passing through a cross-section of the circuit in a certain
length of time, just as in ordinary direct-current circuits, is practically
the same at all points,* 7.e., the current{ has the same phase and ampli-
tude throughout the entire circuit. We can therefore speak of a definite
phase and amplitude of the current just as for the alternating currents
used in power and lighting circuits.

In a lineal oscillator the currentt may also be considered as having
the same phase at all parts of the oscillator. But the current amplitude
18 entirely different at different parts of the oscillator. If a curve be plotted

Fia. 24.

giving the current amplitude at cach point of the oscillator as ordinates,
this “curve of current distribution’} is found to be an approximate
sine curve (dotted line in Fig. 23). The current amplitude is greatest
at the middle and zero at the ends of the oscillator. In other words,
there are “current nodes” at each end and a “current anti-node” at. the
middle.

b. Correspondingly, if we plot the elcctric charge or rather the
potential values along the length of the oscillator, we obtain the

Fia. 25.

‘““curve of potential distribution” as shown in Fig. 23 by the full line
(sinusoidal) V. It should be noted that * potential’’ or * voltage anti-
nodes” occur at each end of the oscillator, the * potential node” being
at the middle. -

* Hence called a “quasi-stationary current.” Compare footnote in Art. 24c.

t The current = quantity of electricity passing through a cross-section of the
circuit in 1 second.

t This should not be confused with the “current curve’” of Art. 1, which gives
the variation with time.
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c. Just as in a condenser circuit, and for the same reasons, the current
and voltage in an open oscillator have a 90° phase displacement. The
distribution curves of the current and the voltage are shown in Figs. 24
and 25 respectively for successive eighths of a cycle, curves bearing the
same number in the two figures being for the same instant.

19. Frequency of the Fundamental Oscillation.—The simplest way
to arrive at the fundamental frequency is by the following consideration:

a. The current and potential distribution curves of Fig. 23 are of the
same type as the so-called “stationary waves” encountered in other
physical phenomena (as in acoustics). Such stationary waves result
when two advancing waves of the same amplitude and frequency but of
opposite direction occur simultancously. The wave-length of the
stationary wave is then the same as that of the advancing waves, if by
wave-length of the stationary wave we understand twice the distance
between two consecutive nodes or anti-nodes.

As is well known, the “wave-length,” A\, of an advancing wave is
equal to the distance traveled by the wave in one complete cycle. The
propagation velocity, V;, is the distance traveled in 1 second. If
the duration of a cycle or period is T seconds, then 1/T or N complete
cycles occur per second. Hence we have the relation

, By
1/L=N)\=T (1)

b. As we are justified in considering the oscillations of a lineal oscillator,
as shown in Fig. 23, as stationary waves, we can apply equation (1), writ-
ing it in the form

N = -~ (2)

N being the frequency.
From a and as shown in Fig. 23, one-half the wave-length is equal to
the total length, 1, of the oscillator, i.e.,

A

o =1 , 3)

¢. The velocity of propagation of the electromagnetic waves occurring
in air along a conductor? is practically equal to the velocity of light in
air, hence:
Vp =3 X 10'° ¢m./sec.
whence: . _ 3 X 10"cm./sec. .
N = 20(em.) )

This simple relation if not quite accurate is approximately correct.*

* This and what follows is based on the assumption that the oscillator is in free
space, i.e., for practical consideration, its distance from conductors or high insulation
must be large in comparison to its own dimensions.
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20. The Electromagnetic Field of the Fundamental Oscillation.—
a. Direction of the Electromagnetic Field.—The magnetic field is com-
paratively simple, the lines of induction being circles whose axes coincide

Fia. 26.

with the axis of the oscillator. Fig. 26* shows the lines of induction in
the equatorial planet at a given instant.

The lines of force of the electric field are shown in Figs. 27 to 30, for
undamped oscillationsi at each eighth period during one-half a cycle

S

-

i

o

t=0
Fra. 27.

as calculated by M. ABrRaAHAM?® and drawn by ¥. Hack?8.

Fig. 27 repre-
sents the moment at which the charge of the oscillator is zero, while
* This and the following figures do not indicate the falling in amplitude with
distance [, d].
t That is, the plane perpendicular to the oscillator at its middle.

t For damped oscillations the nature of the phenomenon would not be notice-
ably different.?”
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the current is a maximum; the following figures show conditions at each
successive eighth period until after Fig. 30, Fig. 27 would again apply
but with opposite signs, and so on.

To better comprehend these figures consider first that at the moment
of zero charge, as in Fig. 27, no lines of force emanate from the oscillator.
Immediately thereafter, however, the oscillator becomes charged, for

!
|
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4

t=3T
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example as in Fig. 28, the upper half positively, the lower part negatively,
and lines of force emanating from the upper half reenter in the lower
half. This process continues cumulatively until the maximum charge
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