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PREFACE °

This volume comprises the non-mathematical portions of a
course of lectures, entitled ‘ Electric Waves and their Application
to Wireless Telegraphy,” which for several years have been given
by the author to classes at Harvard University. In giving the
lectures and in preparing this volume, the design has been:—
First, to present, in as elementary a form as possible, the course of
reasoning and experimentation that has led to the conception of
electric waves; second, to follow this with a discussion of the
properties of electric waves and electric oscillations; third, to give
a history of the application of electric waves to wireless telegraphy;
and fourth, to elaborate the general principles and methods of
electric-wave telegraphy in sufficient detail to be of possible use
to elementary students of electricity and to amateur and pro-
fessional electricians engaged in operating and constructing wire-
less telegraphic apparatus.

The author wishes to express his sincere thanks to Commander
S. S. Robison of the United States Navy, to Mr. Elliott Woods
of Washington, and to Chief Inspector D. M. Mahood of the New
York Navy Yard for their kindness in supplying photographs
for some of the illustrations. Also, the author is grateful to the
Editors of the Physical Review for the loan of Plates I and II, and
to Mr. Greenleaf Whittier Pickard for the privilege of consulting
his manuscript account of experiments on the effects of daylight
on transmission. Finally, the author takes great pleasure in
expressing his gratitude to his friend Mr. George Francis Arnold,

. who has kindly read the proofs and made many valuable sug-

gestions.
G. W. PIERCE.

HARvVARD UNIvERsITY, CAMBRIDGE, Mass.
July, 1910.
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WIRELESS TELEGRAPHY

CHAPTER 1
INTRODUCTION

ALMOST every one has seen and heard the noisy, brilliant spark
produced by the discharge of a Leyden jar. The experiment,
shown in elementary courses in physics, is usually performed as

" follows: The inner and outer coatings of the Leyden jar are
connected to the terminals of a static electric machine. The
machine is set in rotation and the jar is charged. After the jar
has been charged, the electric machine is disconnected, and one
end of a metallic rod, held by an insulated handle (see Fig. 1), is
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. F16. 1. Leyden jar and discharger. Fi16. 2. Leyden jar with coil in
discharge circuit.

NAVAVAVAYS

touched against the outer coating of the jar, while the other end
of the rod is made to approach a knob connected with the inner
coating. Before the conductor to the inner coating is actually
touched, a discharge occurs through the metallic rod, producing a
vivid spark at the gap intervening between the knob and the dis-
charge rod. As a variation of the experiment, in the place of the
straight or slightly curved metallic rod used in the discharge appa-
ratus of Fig. 1, a coil consisting of a few turns of heavy wire may
1



2 WIRELESS TELEGRAPHY

be employed to form a part of the circuit between the two coatings
of the jar, as is shown in Fig. 2.

The flow of electricity in a circuit of the form of Fig. 1 or Fig. 2
has been the subject of many
interesting theoretical and ex-
perimental investigations di-
rectly applicable to the subject
under consideration.

The Experiments of Joseph

Henry. — Some experiments

performed by Professor Joseph

Henry ' of Princeton Univer-

sity in the year 1842 gave

intimation that, under certain

conditions, the discharge of the

Leyden jar takes place in

an oscillatory fashion. Let

us give a brief description of

Henry’s experiment. A small

sewing needle was placed

within the coil of wire of the

discharge circuit, as is shown

at N, Fig. 2, so that the elec-

tricity from the Leyden jar

was made to flow in the coil

around the needle. At the

time of Henry’s experiment it

was already well known that

a current of electricity from

an ordinary galvanic battery,

when caused to flow in a coil

of wire encircling a steel

needle, magnetizes the needle.

Henry’s experiment showed

Fia. 3. Rotatingmirror photograph that the current of electricity
of oscillatory discharge. from the Leyden jar also
produced magnetization of the needle. It was partly in search
of this fact, showing the identity of static and galvanic elec-
tricity, that Henry’s experiment was undertaken. In the experi-
ment, however, Henry discovered the additional fact, that with

! See Scientific Writings of Jos. Henry, Vol. I, p. 201, Washington, 1886.
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the Leyden jar always charged in the same direction by the
electric machine used to charge the jar, the needle was some-
times found to be magnetized in one direction and sometimes
in the opposite direction, indicating that the current that pro-
duced the magnetization of the needle was flowing in the coil in
the one case from the outside of the jar towards the inner coat-
ing, while in the other case it was flowing from the inner coating
to the outer coating. This effect could be explained by supposing
that the current from the Leyden jar was oscillatory, having first
one direction and then the other, and that the magnetization of
" the needle was reversed at each reversal of the current, the direc-
tion of the magnetization at the end of the experiment being
fortuitously determined by the direction last taken by the current.
Professor Henry’s experiment, though not conclusive, gave strong
evidence of the oscillatory character of the discharge; and the
opinion that the discharge is oscillatory was repeatedly expressed
and defended by Professor Henry in a number of papers and
scientific addresses delivered betwetn 1842 and 1850.

Sir William Thomson’s Theoretical Proof of the Oscillatory
Nature of the Discharge of the Leyden Jar. — In 1853 Sir William
Thomson,! who was afterwards Lord Kelvin, proved by mathe-
matical reasoning that under certain conditions the discharge of a
Leyden jar occurs in an oscillatory manner. Under certain other
conditions the discharge is non-oscillatory. In the case of the
oscillatory discharge the electricity does not simply flow from one
coating to the other until the jar is in a condition of electric neu-
trality, but rushes back and forth between the two coatings a
great number of times, with a frequency depending on the dimen-
sions of the jar and the dimensions and form of the coil through
which the discharge occurs.

Feddersen’s Revolving-Mirror Experiment. — In 1859 Doctor
Feddersen of the University of Leipzig, by a very beautiful experi-
ment, proved the correctness of the surmise of Henry and the
mathematical predictions of Thomson. Feddersen’s experiment
consisted in photographing the spark produced by the discharge
of the Leyden jar. A photograph similar to that obtained by
Feddersen is shown in Fig. 3. A sketch of the apparatus used in
taking the picture is shown in Fig. 4. Instead of employing an
ordinary camera to take the picture, the light from the spark S,
produced by the discharge of the jar, was allowed to fall upon

! Wm. Thomson: Philosophical Magazine [4], 5, p. 393, 1853.
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" a rapidly revolving concave mirror M of Fig. 4, and was received
upon a photographic plate P after reflection from the mirror. Just
as the light of a sunbeam entering a room may be reflected upon
the wall or ceiling of the room by a mirror held in the hand, and
may be made to move rapidly up the wall or across the ceiling by a
rotation of the mirror, so in Feddersen’s experiment the motion
of the mirror caused the image of the spark to trail rapidly across
the photographic plate. If the spark had been steady and unidi-
rectional, the image on the plate would have been simply a band of
light with a length depending on the speed of the mirror and the
duration of the spark. The picture (compare Fig. 3) shows, on
the contrary, that the conditions at the spark reversed several
times during the discharge, so that first one terminal of the spark

Fic. 4. Rotating mirror apparatus.

was bright and then the other, — the bright terminal being evi-
denced by the bright spots on the photograph of Fig. 3. The suc-
cessive alterations of the bright spots from one side to the other .
of the photograph showed the successive reversals of the current
across the spark gap during the discharge.

Feddersen’s photographs proved beyond doubt the correctness
of Thomson’s prediction of the oscillatory nature of the discharge,
and gave, as we shall see later, a very beautiful method of measur-
ing the periodic time of oscillation of the discharge, — a time which
may be only a small fraction of a millionth of a second, and which
is yet subject to accurate physical measurement.

It is by means of electric oscillations similar to those produced
by the Leyden-jar discharge that wireless telegraph signals are
produced.
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Electric Waves. Maxwell’s Theory. — In a letter to C. H. Cay,
Esq., dated 5th of January, 1865, James Clerk Maxwell, then Pro-
fessor of Physics in the University of Edinburgh, wrote:

“T have also a paper afloat with an electromagnetic theory of
light, which till I am convinced to the contrary, I hold to be great
g1ms.”

This paper to which Maxwell referred contained a prediction,
based on careful mathematical reasoning, that electric oscillations
in a circuit produce electric waves in surrounding space, that these
waves travel away with the velocity of light, and that light itself
is simply a train of electric waves of extremely short wave length.
This prediction of Maxwell, correlating the phenomena of light
and electricity, is one of the most beautiful philosophic specula-
tions in the history of science, and long remained without direct
experimental confirmation; but now, thanks to the brilliant experi-
ments of Heinrich Hertz, the existence of electric waves with
properties intimately related to those of light waves is a well-
established fact of experience capable of verification in .even
very elementary physical laboratories.

It is by means of these electric waves that the signals of wireless
telegraphy and telephony are propagated through space. _

In the succeeding chapters, we shall take up more in detail the
course of reasoning that led to Thomson’s and Maxwell’s pre-
dictions, the course of experimenting that led to the proofs of the
existence of their electric oscillations and electric waves, and the
development of the very striking methods that have been employed
in utilizing these electric oscillations and electric waves in the
transmission of signals. The discussion will introduce some details
apparently remote from commercial usefulness; but it should be
borne in mind that it has been by means of persistent and labo-
rious study of these details that the practical result has been
attained. ’



CHAPTER 1II
ON THEORIES AS TO THE NATURE OF ELECTRICITY

IN the preceding chapter mention has been made of the oscil-
latory flow of electricity back and forth between the two coatings
of a Leyden jar, when the jar is allowed to discharge through a
conductor. The description there given of the ‘“ flow of elec-
tricity ”’ will probably call to the mind of the reader a picture of
a motion back and forth of some kind of material substance from
one reservoir to another. At the same time, it may be difficult to
imagine the flow of any kind of substance through the solid metal
of which the conductor is composed. What then is this electricity
that can flow through solid conductors ?

This is a question that we cannot hope to answer to our complete
satisfaction, but we have recently come to have so much light
thrown upon the question that it is proposed to devote a few pages
to the discussion of theories as to the nature of electricity.

In the works of the early writers on electricity two prominent
hypotheses have been made as to the nature of electricity. These

. have been called the two-flutd theory and the one-fluid theory. The
chief facts that these theories were at first called upon to explain
were:

(1) The phenomenon of electrostatic attraction and repulsion;
for example, the attraction or repulsion between two charged pith
balls, and

(2) The fact that when electrification was produced in any way
two opposite charges were always obtained; for example, when a
glass rod is rubbed with silk, a certain quantity of positive elec-
tricity appears on the glass rod and an equal quantity of negative
electricity appears on the silk.

THE TWO-FLUID THEORY

According to the two-fluid theory all bodies in their unelectrified
condition were supposed to contain equal quantitics of two subtle
fluids, one of which was called positive electricity, and the other
negative electricity. On this theory the process of positively elec-

6



THEORIES AS TO THE NATURE OF ELECTRICITY 7

trifying a body consists in adding to it a quantity of the positive
fluid or taking from it a quantity of the negative fluid. The state
of electrification of a body is hence determined by the ezcess in
amount of one of the fluids over the other. In order to account
for the fact that the appearance of electrification of one sign is
always accbmpanied by the appearance of an equal amount of
electrification of the opposite sign, the two fluids were supposed
to be uncreatable and indestructible, so that the accumulation of
positive electricity in one body is always accompanied by the loss
of positive electricity in some other body. This is the principal
property that the electrical fluids were supposed to have in com-
mon with ordinary material fluids; namely, the property of conserva-
tism tn amount according to which the total amount of electricity
in a given system can only be changed by the transfer of electricity
through the boundary of the system.

The electrical fluids, on the other hand, must possess properties
that do not belong to the material fluids; for example, portions of
the positive fluid must be supposed to repel each other, as do also
portions of the negative fluid, while the two unlike fluids attract
each other. Another property of the electrical fluids still more at
variance with the known properties of material fluids is found in
the fact that if we add equal quantities of the two electrical fluids
to the same body, the condition of the body will be unchanged, so
that according to this theory we must suppose that ¢ the mixture
of the two fluids in equal proportions is something so devoid of
physical properties that its existence has never been detected.” *

THE ONE-FLUID THEORY

Benjamin Franklin attempted to describe the phenomena of
electricity in terms of a single fluid.” According to his theory,
one of the fluids, the positive, was retained and called the electric
Sfluid, while the other, the negative fluid of the two-fluid theory,
was replaced by ordinary matter. Quantities of the electric fluid
were supposed to repel other quantities of the fluid according to
the law of the inverse square of the distance and to attract matter
according to the same law. Quantities of matter were supposed
to repel each other and attract the electric fluid. According to
Franklin’s theory an excess of the electric fluid rendered the body
positive, while a deficiency rendered it negative.

1J. J. Thomson, Electricity and Matter, Charles Scribner’s Sons, 1904.
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THE ATOMIC STRUCTURE OF ELECTRICITY

Both of the theories sketched above are useful in supplying a
terminology for electricity and in affording a simple mode of presen-
tation of some of the phenomena, but both theories are charac-
terized by indefiniteness as to the physical properties of electricity.

Recently, however, a number of phenomena have been studied
that have led to a somewhat bolder statement as to the nature of
electricity. In accordance with data obtained chiefly from the
study of the conduction of electricity by liquids and gases, elec-
tricity is now generally supposed to have a structure that may be
called atomic.

The first evidence pointing in this direction was obtained by
Faraday in the course of a research on the conduction of electricity
by decomposable liquids. When an electric current is passed
through water, the water is decomposed into hydrogen, given off
at one electrode, and oxygen, given off at the other. A great
many other liquids — for example, the aqueous solutions of vari-
ous salts — are similarly decomposed by the action of the current.
An electrically decomposable liquid is called by Faraday an Elec-
trolyte. Faraday discovered the following laws of electrolytic
decomposition.

I. In a given electrolyte, the amount of substance decomposed
by various electric currents is proportional to the quantity of
electricity sent tnrough the electrolytes.

II. If the same amount of electricity is sent through various
electrolytes, the amount of the several decomposition products
obtained from the various electrolytes is proportional to the com-
bining weights of the products obtained. For example, if hydro-
gen (2 H) and Oxygen (O) are obtained in one electrolytic cell,
and silver (Ag) and chlorine (Cl) in another cell, the amounts of
these various substances obtained, when a given electric current
is sent. through both cells, are in the ratio of their chemical
combining weights.

According to the atomic theory of matter, these two laws may
be interpreted by supposing that each of the decomposition prod-
ucts carries a charge that is an integral multiple of the charge
carried by the hydrogen atom; so that, if the hydrogen atom, in
the process of carrying a current electrolytically, is supposed to
have associated with it a definite small quantity of electricity,
any combination of atoms, when carrying a curreat, have asso-
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ciated with them an equal small quantity of electricity or an inte-
gral multiple thereof. That is, the charges we meet with are never
fractional parts of the charge carried by the hydrogen atom;
whence we may suppose that the latter charge is an elemental
quantity of electricity. In discussing the evidence afforded by
Faraday’s experiments Helmholtz * says that *if we accept the
hypothesis that the elementary substances are composed of atoms,
we cannot avoid the conclusion that electricity, positive as well
as negative, is divided into definite elementary portions which
behave like atoms of electricity.”

The study of the conduction of electricity through gases gives
still stronger evideace of the atomic character of electricity. Gases
under the action of certain agencies — Roentgen rays, ultra-violet
light, radium, high electromotive forces, electric spark, etc. —
become conductive and retain their conductivity long enough to
permit a study of the mechanism by which the electricity is con-
ducted. As in the case of the study of conduction in liquids, we
are again ‘“led to the conception of a natural unit or atom of
electricity of which all charges are integral multiples, just as the
mass of a quantity of hydrogen is an integral multiple of the mass
of a hydrogen atom.” ?

By the study of conduction in gases definite information is
obtained in regard to the magnitude of this charge. In a series
of experiments performed chiefly at the Cavendish Laboratory of
Cambridge University the quantity of electricity in one electrical
atom is found to be 3.4 X 107" electrostatic c. g. . units.® This
quantity obtained from experiments on conduction in gases is the
same as the quantity of electricity carried by one hydrogen atom
in the electrolysis of liquids.

Mass of the Carriers of Electricity. — Also at the Cavendish
Laboratory evidence as to the mass of the carriers of electricity
has been obtained by an experimental determination of the ratio
of e¢/m, in which e is the elemental charge and m is the mass of
matter carrying the charge. The result obtained is that the mass
of the carrier, when the electricity is negative, is about 1/1700 of the
mass of the hydrogen atom. This mass is apparently the same

t J. J. Thomson, Electricity and Matter, p. 73, Charles Scribner’s Sons,
1904. '

* J. J. Thomson, Electricity and Matter, p. 83, Charles Scribner’s Sons,
1904.

¥ The electrical units are defined in Appendix I.
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whatever the nature of the gas in which the particle happens to
be found. While the mass of the carrier of pesitive electricity is
approximately the mass of the atom of ordinary matter, and
apparently differs from one gas to another in the same way as the
atoms of the gas differ. J. J. Thomson proposes the name * cor-
puscle ”’ for the unit of negative electricity, and sums up the
corpuscular theory of electricity as follows:

“These results lead to a view of electrification which has a
striking resemblance to that of Franklin’s One-Fluid Theory of
Electricity. Instead of taking, as Franklin did, the electric fluid
to be positive we take it to be negative. The Electric Fluid of
Franklin corresponds t6 an assemblage of corpuscles, negative
electrification being a collection of these corpuscles. The trans-
ference of electrification from one place to another is effected by
the motion of corpuscles from the place where there is a gain of
positive electrification to the place where there is a gain of nega-
tive. A positively electrified body is one that has lost some of its
corpuscles. We have seen that the mass and the charge of the
corpuscles have been determined directly by experiment. We in
fact know more about the electric fluid than we know about such
fluids as air and water.” * :

In applying Thomson’s Theory to the flow of electricity in con-
ductors we must suppose that these small charged bodies, with a
mass equal to about 1/1700 of the mass of the hydrogen atom,
are able under the action of electric forces to move through the
substance of even such solid conductors as the metals, and that a
stream of these small charged bodies constitutes or carries the
electric current. 'We must, however, bear in mind that the stream
of negative particles is in the opposite direction to the direction
conventionally ascribed to the electric current.

If we wish now to picture to ourselves the flow of electricity in
the Leyden-jar discharge, we may think of a stream of these small
negatively charged corpuscles passing from the outer coating of
the jar through the discharge rod and across the spark gap and
accumulating on the inner coating. This charges the inner coating
negatively and leaves the outer coating deficient in corpuscles and
therefore charged positively. The stream of corpuscles then re-
verses, flows from the inner coating to the outer, and reverses the
charge on the jar. This process continues, each time with a loss

' J. J. Thomson, Electricity and Matter, p. 88, Charles Scribner’s Sons,
1904,
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of electromotive force, until the electric tension finally becomes
too small to force the corpuscles across the spark gap.

This description is given merely so that the reader may picture
an electric current to his mind. The question as to how and why
the discharge of the Leyden jar oscillates will be discussed later,
after some more of the elementary facts about electric currents
have been presented.



CHAPTER III

ON THE RELATION BETWEEN ELECTRICITY AND
MAGNETISM

IN the preceding chapter I have given some of the newest specu-
lations in regard to the nature of electricity. The particular views
there expressed are not essential to the development of the con-
ception of electric oscillations and electric waves, so that the reader
may be skeptical about the atomic structure of electricity and still
be able to follow the arguments for Maxwell’s Theory. In the
present chapter I wish to return to surer ground, and give some
of the older experiments on electricity and magnetism and on the
relation of electricity to magnetism.

- Prior to 1820 the phenomena of electricity and magnetism were

not known to be related to each other. The familiar facts about
magnetism were: that there is a mineral called loadstone that
has the power of attracting pieces of iron; that a piece of soft iron
brought near the loadstone becomes also a magnet with the power
to attract iron, but only temporarily, for the piece of soft iron loses
most of its magnetism when it is removed to a distance from the
loadstone; while a piece of hardened steel brought near the load-
stone or another magnet becomes a so-called permanent magnet,
and retains a considerable part of its magnetism even when
at a great distance from the loadstone. It was also known
that a steel needle, magnetized by rubbing it on a loadstone
or another magnet, and pivoted so as to be free to rotate in a
horizontal plane, points in approximately a north and south
direction.

About electricity it was known that amber, glass and sealing
wax were capable of being electrified by rubbing them with silk,
flannel, fur, etc.; that the electrifications so produced were of two
kinds, positive and negative; that unlike charges attract each
other and like charges repel; that these positive and negative
charges could be stored in an apparatus of the form of a Leyden
jar; that certain bodies, such as metals, carbon, water and so forth,
were conductors cf electricity, so that the electricity would flow
freely through such bodies. Also the galvanic cell was known, and

12



RELATION BETWEEN ELECTRICITY AND MAGNETISM 13

was employed to produce a continuous flow of electricity in wires.
This continuous flow of electricity in a wire or other conductor
is an electric current, and was known to produce heating of the
conductor through which it flows.

In 1820 a new impetus was given to a study of electricity and
magnetism by the discovery by Hans Christian Oersted of Copen-
hagen that magnetism and electricity are interrelated. This dis-
covery and some of its consequences is described in the succeeding
paragraphs.

On the Production of a Magnetic Field by a Current of Elec-
tricity. — Oersted’s discovery was nothing less than the important
fact that when a pivoted magnetic needle is placed near a wire
carrying a current of electricity, the magnetic needle tends to set
itself at right angles to the wire which carries the electric current.
If the current is reversed, the direction of the deflection of the mag-
netic needle is reversed. If the wire carrying the current is moved
from a position below the needle to a position above the needle,
the deflection of the needle is again reversed.

Oersted’s discovery has been utilized in the construction of the
galvanometer, which is a very delicate instrument for detecting
and measuring small electric currents. The principle of the gal-
vanometer is as follows: A magnetic needle pivoted as in the
ordinary compass, so as to be free to move
in a horizontal plane, will, if undisturbed,
take up a position in the magnetic me-
ridian of the earth; that is, the needle
will point approximately north and south,
(M, Fig. 5). Suppose, now, that a wire
is passed alternately above and below the
needle several times so as to form a coil
(C, Fig. 5), with its windings in the plane R ) SN
of the magnetic meridian. Let a current g, 5 Coil and needle
be passed through the coil, so as to flow of galvanometer. ,
north above the needle and south below it; the north current
above the needle and the south current below it both tend to
deflect the north-seeking end of the magnetic needle to the west, so
that the effect of the current on the needle is multiplied by the
combined action of the several turns of the conductor around
the needle. For a highly sensitive galvanometer, the magnetic
needle instead of being pivoted is delicately suspended by a fine
fiber of spun quartz.
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In addition to its application to the construction of the galva-
nometer, Oersted’s principle is utilized in the construction of
almost every kind of electromagnetic device.

Interpretation of Oersted’s Experiment. — The results of Oer-
sted’s experiment are now usually expressed by saying that a
current of electricity in a conductor produces a field of magnetic force

in the neighborhood of the con-

ductor. In explanation of this
statement the reader is asked
to recall the familiar experi-
ment in which a sheet of paper
laid upon a bar magnet is cov-
ered with iron filings. The
filings become magnetized and
arrange themselves in curved
lines stretching from one pole
of the magnet to the other, as
shown in Fig. 6. The direc-
tion of these lines traced by
the filings is approximately
Fia. 6. Magnetic field about a bar  tpe direction of the magnetic
magnet, as depicted by iron filings.

Jorce about the magnet. These
lines, delineated by the filings, are the lines along which a small
suspended magnetic needle would orient itself if brought near the
bar magnet.

The region in which such a magnetic force exists is called a
Jield of magnetic force. A piece of unmagnetized steel when placed
in such a field becomes magnetized, and retains some of its
magnetism even after it is removed from the field of magnetic
force.

To show the form of the field of magnetic force about a wire
carrying a current, as in Oersted’s experiment, iron filings may also
be used with the results given in Figs. 7, 8, and 9. Figure 7 is
obtained with a straight conductor running perpendicular to the
plane of the paper on which the filings are disposed. The picture
shows that when a current of electricity is sent through the straight
conductor the lines of magnetic force are circles about the con-
ductor. The magnetic force is stronger near the conductor and
weaker at a distance from the conductor. Figure 8 is obhtained
with a coil of a few turns of wire. TFigure 9 shows the magnetic
field produced by a long helical coil called a solenoid. With the
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solenoid the field of magnetic force is seen to be remar kably like
that obtained with the har magnet.
It may be observed that in the case of each of the coils the lines

F16. 7. Magnetic field about
a straight conductor carry-
ing an electric current.

of magnetic force depicted

by the filings interlink with

the electric current.

This conception of a field
of magnetic force about a
conducter carrying an elec-
tric current is of funda-
mental importance in the
study of electric waves, in
which the action in the
medium rather than the ac-
tion in the wires is the chief
factor to be reckoned with.

So long as the electric
current in the conductor
remains steady, the mag-
netic field remains steady.
With changes in the elec-
tric current, the magnetic

Fic. 8. Magnetic field linking with a coil of
two turns carrying a current.

Fia. 9. Magnetic field produced by a
solenoid.

field changes. This changing magnetic field about a conductor
carrying an oscillatory current will later he shown to be one of
the components of the electric waves produced at the sending
station_of a wireless telegraph system.
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On the Production of an Electric Current by a Variation of the
Magnetic Field. — Bearing in mind that an electric current pro-
duces a field of magnetic force about it, let us turn now to the
question whether an electric current can be produced by the action of
a magnetic field.

For a period of ten years succeeding Oersted’s discovery, experi-
ments directed to this question gave the answer in the negative.
Finally, in 1831, Faraday in England and Joseph Henry in America
succeeded, almost simultaneously, in obtaining electric currents by
the action of a magnetic field, and in explaining the cause of pre-
vious failures. Faraday and Henry showed that an electric cur-
rent in a conductor in a magnetic field is obtained as the result of
a change in the magnetic field, whercas the previous experiments
had sought to produce the effect by the magnetic field in a steady
state.

One way of producing the required change of magnetic field in
the neighborhood of the electric circuit is by the motion of a per-
manent magnet, with its accompanying field, toward or away from
the circuit. This was done
in some of Faraday’s and
Henry’s experiments and is
here described with the aid
of . Fig. 10. A coil of wire
C is connected to a galva-
10 etion oF ' transiont eleeti rurbeny nometer G. When the north

by the motion of a permanent magnét. pole of the magnet NS is

A made to approach and enter

the coil C, the needle of the galvanometer is deflected, showing that
an electric current is produced. The current is, however, only tran-
sient, and after the magnet NS has arrived at its final position and
ceased to move, the needle of the galvanometer comes back to its
zero position, showing that,the current hassubsided. Now, however
long the magnet NS is left stationary within the coil C, no current
is produced. But if the magnet is quickly withdrawn, the galva-
nometer registers a current in the direction opposite to the current
obtained by the introduction of the magnet. This current is also
transient, and subsides when the magnet NS becomes stationary.
If the south pole of the magnet is now introduced into the coil, the
galvanometer shows a transient current opposite to that produced
by the introduction of the north pole. The withdrawal of the
south pole gives a transient current opposite to that caused by
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its own introduction, and in the same direction as that given by
the introduction of the north pole.

Another way of obtaining a similar result is to employ two coils
of wire placed near each other but not electrically connected, as

F1a. 11. Apparatus for showing electromagnetic induction.

shown in Fig. 11. One of these coils, S, which we will call the
secondary, is connected with the galvanometer G, while the
other, called the primary, P, may be connected with the ter-
minals of a galvanic battery B. No current is shown in the gal-
vanometer when a constant current is sent through the primary;
but when the current in the primary is made, broken or reversed,
transient currents are obtained in the galvanometer. That is to
say, the current in the primary sets up a magnetic field linking
with the secondary circuit. While the primary current is steady,
this field is steady and no effect is obtained in the secondary.
But variations of the current in the primary cause variations of
the magnetic field and consequently currents in the secondary.

The variable currents in the secondary are said to be induced
by the variable currents in the primary, and the phenomenon is
referred to as electromagnetic induction. 1t is in part by action of
this kind that currents at the receiving station of a wireless tele-
graph system are produced by the action of variable currents at
the sending station. The extension of the effects of electromag-
netic induction to the case of two circuits widely separated from
each other we shall see to be the result of the use of extremely
rapid electric oscillations at the sending station.

On Mutual Induction. — Let us examine a little more specifi-
cally the case of electromagnetic induction described in the gal-
vanometer experiment cited above.

This experiment shows that when the current in the primary
coil is increasing, the current induced in the secondary coil is in
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the opposite direction to the primary current; while, if the current
in the primary is decreasing, the current in the secondary is in
the same direction as the primary current. Perhaps it would be
better to speak of the electromotive force! in the secondary rather
than the current, because the electromotive force in the secondary
bears a simple relation to the current in the primary. The simple
relation is, that the electromotive force in the secondary is pro-
portional to the time rate of change of the current in the primary.
If E, is the electromotive force induced in the secondary, I, the
current in the primary, 7, the time rate of increase of the current I 1
then theory and experiment show that

E.= — MI,, 1)

in which M is a constant depending on the form and position of
the two circuits.

M is called the coefficient of mutual induction, or, more briefly,
the mutual inductance of the two circuits. M is found to have
the same value if the variable current is sent through the second-
ary and the electromotive force examined in the primary.

Consistent with the above equation, the Mutual Inductance of
two circuits is defined as the electromotive force induced in one of the
circuits when the current in the other is changing at the rate of one
unit current per second.

The mutual inductance between two circuits is increased by
increasing the number of turns on either or both of the circuits
or by bringing the circuits nearer together, or by introducing iron
or other magnetizable metals within the circuits. Methods of
calculating the mutual inductance of circuits of various forms are
given in Appendix II.

By a reference to equation (1) given above it is seen that the
electromotive force induced in the secondary is increased by in-
creasing the rate of change of current in the primary. That is,
in order to get a large induced electromotive force at our receiving
station we should have as large a current as possible at our send-
ing station and change it as rapidly- as possible. This result is
best attained by the use of currents of high frequency at the
sending station, such as are obtained by the discharge of a
Leyden jar.

Self-Induction. — In the case of the two coils placed near
together in the preceding discussion, it was found that the elec-

1 This term is defined in Appendix I.
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tromotive force in the secondary is produced by a variable
magnetic field from the primary interlinking with the secondary.
Now, if instead of two coils we have one coil alone carrying a vari-
able current, the variable current produces a variable magnetic
field linking with the circuit itself, and in consequence a back
electromotive force is produced in this coil tending to oppose the
variation of the current in it. This action of the current on
itself is called self-induction. The back electromotive force due
to self-induction in the circuit is connected with the current in the
circuit by the formula

E1= b Llil, (2)

in which L, is called the coefficient of self-induction, or, more
briefly, the self-inductance of the circuit. I, is an abbrevia-
tion for the time rate of change of the current. The subscripts 1
show that all the quantities refer to the same circuit.

Consistent with equation (2), the self-inductance of a circuit may
be defined as the back electromotive force of induction in the circuit
when the current in the circuit ts changing at the rate of one unit
current per second.

The numerical value of the self-inductance depends on the geo-
metrical form of the circuit. In Appendix II formulas are given
for calculating the self-inductance of some simple forms of circuit.

This discussion of self-inductance is here introduced in quanti-
tative terms, because this quantity is of fundamental importance
in the study of oscillatory currents. I am aware that the semi-
mathematical form in which the idea is presented may fail to give
a clear conception of the phenomenon, so I propose to attempt
in the next chapter to describe self-induction by the aid of cer-
tain familiar analogies.



CHAPTER IV

ON THE RESEMBLANCE OF SELF-INDUCTION TO
MECHANICAL INERTIA

IN the previous chapter it has been pointed out that self-induc-
tion is the action of a variable current on itself due to the produc-
" tion of a variable magnetic field by the current. When a current
of electricity flows in a circuit of any form, a field of magnetic
force is set up and links with the circuit. The manner in which
the flow of current in the wire produces magnetic effects in the
surrounding medium is not completely understood, but that such
effects exist is made evident by bringing a magnetic compass
needle up near the circuit; the compass needle tends to set itself
in certain intangible lines called lines of magnetic force. The
.lines of magnetic force produced by a current are closed curves
- linking with the wire carryiag the current, as is shown by the
compass needle or by the distribution of the iron filings depicted
in Figs. 7, 8 and 9.

Experiments similar to those cited in the previous chapter
show that when a change is made in the electric current in the
wire, the magnetic field surrounding the wire is changed, and that
these changes in the magnetic field impress back upon the circuit
an electromotive force opposing the change of current. The self-
induction of an electric circuit may thus be described as a property
that tends to prevent a change of the electric current in the circuit.

In this respect self-induction resembles the properly of inertia
in matter. The inertia of a body is that property by virtue
of which a body tends to persist in its state of rest or motion.
If a body is at rest or is moving with a given velocity, the inertia
of the body opposes a change of its state of rest or motion. In a
similar manner, the self-induction in an electric circuit opposes a
change of the electric current in the circuit.

From this it need not be inferred that electricity itself is a form
of matter possessing inertia, because in the case of the electric
current we may believe that the inertia resides primarily not in the
electricity but in the magnetic field set up by the current.

20
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The correctness of this belief is evidenced by the fact that with
a fixed current flowing in a wire the self-induction may be greatly
increased by bending the wire into the form of a coil. Now mak-
ing the wire into a coil does not change the amount of electricity
flowing in the wire, but it does change the strength of the mag-
netic field about the wire. The inertia of the current, therefore,
has its existence not primarily in the conductor but in the medium
surrounding the conductor.

The Contrast of Self-Induction with Resistance and its
Resemblance to Inertia. — The self-induction of a circuit acts
upon the current in a 'manner entirely different from the manner
in which resistance acts. The resistance of a circuit always op-
posed the flow of the current, and when a current is sent through
a conductor, some of the energy of the current is used up in over-
coming the resistance of the conductor; or, more properly speaking,
some of the electric energy is converted into heat. This is true
whether the current is increasing or diminishing or is steady; and
the heat developed is not again completely available for producing
electric current, so that a continuous supply of energy is needed
at the source of the electric current to keep up the current
against the resistance of the circuit.

Self-induction, on the other hand, does not change the electrical
energy into heat. When the current is steady, self-induction has
no effect. If, however, the current is increasing, some of the
energy supplied to the system is employed in establishing the
magnetic field. If now the current is allowed to decrease by an
equal amount, the energy stored up in the magnetic field is re-
stored to the conductor and helps to maintain the current. Thus,
during a-cyclic' change of the current as much energy may be
obtained from the magnetic field as was given to it.

Hence, if we have an oscillatory current in a circuit, none of the
energy of the current is eonsumed by the action of the self-induc=
tion, and the supply of energy at the source is wasted only in
overcoming the resistance of the circuit.?

It is apparent that in respect to the consumption of energy self-
induction resembles inertia in matter. Energy is required in order

! A ey . change is a change from any value A to any other value B, and
from B back to A again.

? Later we shall see that for some forms of circuit this statement is not
strictly true, because some of the energy may be radiated as electric waves.
Also in the case of some media, as iron, in the ficld of magnetic force, some
of the energy is converted into heat by hysteresis.
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to set a heavy body in motion, but this energy is recovered when
the body is stopped, and the only loss of availability of energy in
a cyclic process in which a body is started in motion and stopped
again is that lost in overcoming friction in the machmery used
for starting and stopping the body.

When a body is set in motion, the energy supplied in producing
the motion is stored up in the body as kinetic energy, so that analo-
gously many writers refer to the energy of the magnetic field as
kinetic in character. Without necessarily committing ourselves to
this specific proposition as to the kinetic character of the magnetic
field, it will still be useful to keep in mind that self-inductance
opposes changes in the electric current in the same general manner
as inertia opposes changes in the motion of bodies.

Keeping this analogy-in mind, we can easily foresee many of the
facts about the flow of electricity; for example, suppose that a
rapidly alternating electromotive force is applied to a circuit con-
taining a large self-inductance; usually only a small current will
flow, just as only a small motion will generally be communicated
to a heavy body by a rapidly varying material force. There are,
however, special cases in which the periodic force will set up a
large motion of the material body. This happens when the
period of the force is the same as the natural period of the body.
But in order for the body to have a natural period something
besides inertia is required; namely, the body must be elastic or
must be elastically attached to something. So in the case of
the electric circuit it is also possible to get a large current with
a rapidly varying electromotive force, provided the circuit con-
tains besides its self-inductance a suitable amount of electrostatic
capacit y, which will be shown to supply the factor required to
give periodicity to the electric circuit.

Before developing further our notions in regard to self-induc-
tance, it is proposed to introduce this other phenomenon that
enters prominently into the discussion of electric waves; namely,
the phenomenon of electrostatic capacity.



CHAPTER V
. ON ELECTROSTATIC CAPACITY

THE last two chapters have been devoted to a discussion of
electric currents and the magnetic field accompanying such cur-
rents. In order to arrive at a conception of the nature of electric
waves it is necessary also to give some attention to the action of
electric charges at rest. This is the subject of electrostatics. Here
again we must look to Faraday for the fundamental discoveries.
In the beginning paragraph of his most important research on this
subject Faraday says:!

“To those philosophers who pursue the inquiry zealously yet
cautiously, combining experiment with analogy, suspicious of their
preconceived notions, paying more respect to fact than to theory,
not too hasty to generalize, and above all things, willing at every
step to cross-examine their own opinions, both by reasoning and
by experiment, no branch of knowledge can afford so fine and ready
a field for discovery as this.”

Influence of Intervening Medium on Electric Attraction. — The
result obtained by Faraday in the research referred to is that the
electrostatic repulsion or attraction between two charged bodies
is influenced by the medium intervening between the charged
bodies. If, for example, we have two flat metallic plates placed
parallel to each other, and we charge one of the plates positively
and the other negatively, the electrostatic attraction between the
two charges on the plates will be less when the plates are separated
by glass than when they are separated by air, provided the plates
are charged with the same quantity of electricity in the two cases.
The attraction between the charges on the plates with glass inter-
vening will be about one-sixth as much as that with the same thick-
ness of air intervening; so that in order to get the same force
between the charges on the plates in the two cases we must put
upon the plates with glass between them six times as much elec-
tricity as is required with air between. :

' Faraday: Experimental Researches in Electricity and Magnetism, Vol. I,
Eleventh Series, Nov., 1837.
23
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We thus come to the result that the insulating medium between
the oppositely charged metallic plates serves not merely to separate
the plates and prevent them from losing their charge, but serves
also to determine the charge the plates will receive for a given
electromotive force; for example, a given battery connected
between the plates. And since the insulating medium between
the plates has other functions than merely to insulate, Faraday
proposes to designate the insulating medium by the name dielec-
tric, when reference is made to the force acting through it. He
says, ‘I use the word dielectric to express that substance through
or across which the forces are acting.”

On Condensers. — The apparatus consisting of two conducting
bodies separated by a dielectric is called a condenser. An ordinary
Leyden jar, consisting of two metallic coatings separated by glass,
is a familiar case of an electric condenser. Any two conducting
bodies with a dielectric between constitute a condenser. As an
extreme case, a single conducting body isolated in space is con-
sidered a condenser, with empty space as dielectric, and with the
other conductor removed to an infinite distance. As another
example, a charged body in the neighborhood of the earth is a
condenser, with the earth for the other conductor and with air as
dielectric. .

Capacity of Condenser. — Different condensers are said to have
different capacities, which term does not refer to the total amount
of electricity that the condensers can contain,but to the quantity of
electricity they will take under the action of a given electromotive
force; namely, a unit electromotive force. In the practical system
of units (see Appendix I), the unit of electromotive force is the
volt, the unit of quantity of electricity is the coulomb, and the
unit of capacity the farad. A farad is the capacity of a condenser
that can be given a charge of one coulomb under the action of
electromotive force of one volt. The farad is a very large unit
of capacity; for example, the electrostatic capacity of the whole
earth is only about .000708 farad. That is to say, it would take
only about seven ten-thousandths of a coulomb to raise the poten-
tial of the earth one volt. Since the farad as a unit is very large,
the capacity of a condenser is often designated in millionths of a
farad, or microfarads.

The quantity of electricity, @, on each plate of a condenser of
capacity C is @ = CV, where V is the difference of potential
between the plates.
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Dielectric Constant. — Returning, now, to the function of the
dielectric in determining the capacity of a condenser, the term
dielectric constant of a substance is used to designate the capacity
of a condenser with the substance as dielectric relative to the
capacity of the same condeunser with empty space as dielectric.
The dielectric constant of air and all the gases at ordinary pressure
is approximately unity; this means that the capacity of a con-
denser with a gas as dielectric is not much changed when the gas
is pumped away. Iu the example cited above the dielectric con-
stant of a particular glass is given as six; that is, the quantity of
electricity that a coudenser will contain under a given electro-
motive force with this glass as dielectric is six times the quantity
the condeaser will contain under the same electromotive force
when air is substituted for the glass. A table of dielectric con-
stants, together with some numerical formulas for calculating the
capacity of some simple forms of condenser and rules for combina-
tions of condensers in series and parallel, is given in Appendix II.

General Facts about Energy and Electromotive Force of
Charged Condenser. — In order to send a charge of electricity into
a condenser, energy is required, but the energy is not converted
into heat, as it is in the case of a current of electricity flowing
through a resistance; for the energy of the charge may be recovered
as electric energy when the condenser is allowed to discharge. In
a cyclic process in which a condenser is charged and discharged
again, there is no loss of availability of energy in the processes that
occur in the condenser. And when a condenser charges and dis-
charges several times in an oscillatory manner, it is necessary to
supply energy from without only in so far as the electric energy
is radiated or is converted into heat in flowing through some resist-
ance in the circuit.!

It has undoubtedly been observed by the reader that in respect
to the reception of energy from the circuit and the return of the
same amount of energy to the circuit again the medium of the

.condenser behaves somewhat like the medium of the magnetic

field. There is, however, one marked difference. In the case of
the magnetic field, the opposing electromotive force called into play
by self-induction s proportional to the rate at which the current i3
changing; while, in the case of the condenser, the electromotive force
V opposing the flow of electricity into the condenser is proportional

1 This statement is not always strictly true, because in some forms of con-
denser a small part of the encrgy is consumed by hysteresis in the diclectric.
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to the quantity Q of electricity in the condenser. Numerically V ~ @,
. . Q . .
and in proper units V= 5, where C is the capacity of the con-

denser.

Mechanical Systems Analogous to an Electrical Condenser. —
I. We have a condition of things analogous to the charging of a
condenser in the act of supplying water to a tall cylindrical reser-
voir. The force P required to send water into the reservoir against
the hydrostatic pressure of the water already in the reservoir is
proportional to the height h of water in the reservoir, which is
proportional to the amount of water A in the reservoir. Numeri-

. . . M . .
cally, in suitable units P = L where S is the area of cross section

of the reservoir. S may be looked upon as analogous to C.

II. Another analogue to the action of a condenser is found in
the forces called into play in the act of compressing an elastic
spring. The restoring force F of the spring is proportional to the
amount z by which the spring is compressed. Numerically,
F = ex, where e is the stiffness of the spring.

In the case of the condenser it should be borne in mind that the
greater the capacity of the condenser the less the electromotive
force required in order to charge it with a given amount of elec-
tricity. In this respect capacity of the condenser resembles the
reciprocal of the stiffness of the spring, for the greater the stiffness
e of the spring the greater the force F required to compress it by a
given amount.

Flow of Current in a Circuit Containing a Condenser. — The
reader will note the following fundamental facts in regard to the
action of a condenser. If a battery having a constant electromo-
tive force K has its positive pole connected to one plate of a
condenser and its negative pole connected to the other plate,
clectricity will flow into the condeanser and charge it. As the con-
denser charges it gives rise to a back electromotive force opposing
the flow, so that the current is diminished more and more by the
opposing e.m.f. of the condenser, as the condenser is charging.
The c.m.f. at each instant is proportional to the quantity g of
electricity in the condenser and is inversely proportional to the
capacity C of the condenser. When this opposing e.m.f. becomes
equal to the e.m.f. of the battery, E, the flow of electricity ceases.

Then E =% where @ is the final charge attained by the con-
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denser. After this condition is reached, no further current flows.
This process of charging the condenser is described as gradual
- because time is required for the final condition to be established,
but this time is usually very short.

Work Done in Charging Condenser. — During this process of
charging the condenser, the average e.m.f. of the condenser was
3 E; the work ! done, which is the charge introduced multiplied by
the e.m.f. of the condenser, is Q X } E; or, substituting for Q its
value EC, the work W dohe in charging the condenser is

W =} E°C.
1 See definitions of electrical work, in Appendix I.



CHAPTER VI

ON THE DISCHARGE OF A CONDENSER THROUGH AN
: INDUCTANCE AND RESISTANCE

The Oscillatory Discharge. — We are now ready to undertake
a more critical examination of the proposition set down in the
first chapter that, under certain conditions, the discharge of a
Leyden jar is oscillatory. As a mechanical analogy, let us con-
sider the motion of a heavy bob attached to an elastic spring. Let
the position of rest of the bob be the position a,
Fig. 12. If now the bob is pulled down to a posi-
tion b and released, the spring draws it back again
toa. During this process the bob acquires a ve-
locity determined by the stiffness of the spring
and the mass of the bob. When the bob reaches a,
the spring ceases to pull, but the bob by reason of
its inertia moves on up to a position ¢, during
which process the spring is compressed. When
the bob has reached ¢, it has lost its velocity and
is now driven back by the compressed spring. In
this way the vibratory
motion is kept up for
some time, and would be
kept up indefinitely but
for the fact that the re-
Fig. 12. Spring gigtance of the air and

and bob for . . .
ilustrating the imperfect elasticity Fio, 13, Vater cofomd
;);(::tli!)lgtory of the spring convert motion.

some of the energy into
heat during each excursion, so that the amplitude of the motion
is diminished more and more until the body finally comes to
rest at a. )

As another illustration, suppose a body of water to be contained
in a bent tube of the form of Fig. 13: Let the surface of the water
in its position of rest be at a and a’ in the two arms of the tube.
Suppose now that the water is moved into the position bb’ and

28 .
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released. The column of water will vibrate back and forth in the
tube so that its level in the left-hand arm of the tube comes suc-
cessively above and below the position a. During each excursion
the amplitude of the motion is diminished till the water finally
comes to rest in its initial position.

Both of these forms of mechanical vibratory motion are easily
realized in practice, and both bear a-marked resemblance to the
flow of electricity in the discharge of a condenser through an
inductance and resistance.

In order now to understand how a condenser discharge may be
oscillatory in character, suppose a Leyden jar, or other form of
electrical condenser, of capacity C to be initially charged, say
from an electric machine, with a quantity of electricity +Qo on
one plate and —Qo on the other.
And suppose that the condenser has
in series with it a self-inductance L,
and a spark gap S. (Fig. 14.) At
first let the spark gap be too wide
for the spark to pass. Positive l‘ "'w
electricity will be distributed over "llll“l“””

the one coating and one knob of

the spark gap, and negative elec- |

tricity will be distributed over the ‘ M“"I”\

other coating, the coil L and the

other knob of the spark gap. L.

Let Vo be the difference of po- ' “;Dﬂ”“ﬁg?;);ﬁ' ;gfmmce
tential between the plates of the
condenser. Before the current starts there will be the same dif-
ference of potential between the knobs of the spark gap, because
all parts of a conductor in which no current is flowing are at the
same potential.

Let us suppose, now, that the knobs of the spark gap are made
to approach each other until the gap is short enough for the poten-
tial to start a spark (i.e., about 39,000 volts to the centimeter, if
the terminals of the gap are balls 1 cm. in diameter). When the
spark starts, the resistance of the gap suddenly drops to a very
small value, in some cases to a small fraction of an ohm,! and the
electric current begins to flow across the gap under the action of
the high difference of potential between the plates.

! We have seen in Chapter II that a spark is one of those agencies that
render gases conductive,
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The current flowing through the circuit has a small value when
the spark first begins to pass. If it were not for the self-induction
of the circuit, the current would spring to a large value, because
the electromotive force of the circuit is high and its resistance low.
We have seen, however, that the self-induction acts in such a man-
ner as to oppose rapid changes in the current. As a result the
current requires time to attain its maximum. When the current
reaches its maximum, the condenser is completely discharged,
but there is a large current flowing. This current cannot stop
at once, for the self-induction now acts in the reverse direction
and opposes the decrease of the current, so that the current con-
tinues to flow after the electromotive force of the condenser has
become zero. This process charges the condenser oppositely to
its original charge, and when the current in this direction ceases,
the back electromotive force of the condenser starts the current
in the reverse direction. The condenser is again charged in its
original direction, the current again reverses and the process con-
tinues for a number of oscillations depending on the resistance,
self-inductance and capacity of the circuit.

The essential factors entering into the production of the oscilla-
tory discharge are the self-inductance and the capacity of the cir-
cuit, characterized in their actions by the fact that they are out
of phase with each other, so that when the effect of the capacity
is a maximum that of the induction is a minimum, and vice
versa. ’

On account of the resistance of the circuit some of the electrical
energy is converted into heat during each flow of the current, so
that the maximum attained by the current at each oscillation falls
lower and lower until the spark ceases. The decrease of the ampli-
tude of the oscillation under the action of the resistance is referred
to as damping of the oscillation by the resistance. It will be seen
later that the radiation of energy as electric waves acts also in a
manner to damp the oscillations.

Criterion. — In his mathematical investigation of this problem
Sir William Thomson showed that the discharge occurs in the
oscillatory manner here described only when the resistance of the
circuit does not exceed a certain value relative to the ratio of the
self-inductance to the capacity of the circuit. The exact expres-
sion of this condition under which the discharge is oscillatory is,

R < 4L/C.
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Non-oscillatory Discharge. — If, on the other hand, R? is
greater than 4 L/C, Thomson showed that the discharge is unidi-
rectional; that is, no reversal of the sign of the charge takes place.
We should have an analogous condition of affairs with the elastic
spring used as an illustration if the bob B (Fig. 12) should be
submerged in a liquid, provided the liquid should offer sufficient
resistance to the passage of the bob through it. Evidently the
amount of resistance required to preveut the oscillation of the bob
will increase with increase of the inertia of the bob and with
increase of the stiffness of the spring. The former of these cor-
responds to L, and the latter to the reciprocal of C, so that the
fact that L/C will occur in the condition for the oscillation or non-
oscillation of the electrical system might have been anticipated.

In the case of the water column, if the connectiag tube EF
between the two vertical cylinders in Fig. 13 is made sufficiently
small to offer enough friction, the motion of the water will also
be non-oscillatory. This is analogous to the case of the non-
oscillatory discharge of the condenser.

Mathematical Formulas for the Discharge of the Condenser.—
Thomson derived the following equations for the current ¢ at any
time ¢, where ¢ is measured in seconds from the time when the dis-
charge begins:

Case I. If R°<4L/C,

7 R A LO—RC?
) =io— e L sinlwt], (3)
\/4 L 2 LC
c
in which Vo= the initial difference of potential,
R = the resistance,
L = the self-inductance,
C = the capacity, and
e = 2.718281 . . . (base of natural logarithms).
This is the case of the oscillatory discharge.
Case II. If R? >4 L/C,
s
| @

. 4L
2 _
Ve’
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2 LC
————— and
RC— VR C*—4 LC
_ 2LC
RC +VRC*— 4 LC
This is the general case of non-oscillatory discharge.
Case III. IfR*=4L/C,

in which T, =

Vot ¥
i= o2l 5
T (5
This is the critical case, in which the discharge is just non-

oscillatory.

Graphical Representation of Results. — By the aid of the equa-
tions (3), (4) and (5) the current in the condenser circuit at any
time can be calculated in any case in which the constants of the
circuit and the initial difference of potential of the plates of the
condenser are known; of the calculated values so obtained we can
construct a table, in the first column of which we may place the
time in convenient fractions of a second, and in the second column
we may write the different values of the current correspondmg to
these differeat values of the time.

There is, however, another method of representing the results,
which affords an easier comprehension. This is the graphical
method, and consists in constructing a curve on a sheet of squared
paper with a scale of time and a scale of current at right angles
to each other. As an example of this method of showing results,
let us refer to Fig. 15, which is a graphical representation of the
flow of current in a condenser circuit in which the resistance is
supposed to be zero. The horizontal scale through the center of
the figure gives the time in millionths of a second; the vertical
scale at the left of the figure gives the current. Such a diagram
gives the current at any time; for example, when the time is zero,
the current is zero. To get the current at one one-millionth of a
second, one goes out on the horizontal line to one one-millionth
second (which is halfway between 0 and 2), and at this point
one erects a vertical line which will be seen to cut the curve at a
point the same height as 150 amperes on the margin. This 150
amperes is, then, the current at rgsdsoss sec. In like manner, at
toodooo sec., the current is seen to be about minus 130 amperes.

From this description of the method of interpreting the curves
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it will be evident how the curves are drawn; namely, a table is
made of current for different values of time, by the aid of formula
(3), and then for each value of time plotted horizontally the cor-
responding value of current is erected vertically, and through the
points so obtained a smooth curve is drawn. This process resem-
bles the method employed by navigators to show the route of a
ship. Each day, or oftener, an observation of latitude and longi-
tude is made, and a point is put on the map at the intersection of
the given latitude and longitude; and through the points thus
obtained at successive observatiouns a smooth curve is drawn, which
represents the course of the ship, and from which the position of

]
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F1a. 15. Current from a condenser of capacity .01 microfarad discharging
through an inductance of .0001 henry. Initial potential 20,000 volts.
Resistance zero.

Cujrent In Amperes
8

the ship at points intermediate between the observations may also
be approximately obtained.

Curves Showing Condenser Discharge. — The manner in which
the discharge of a condenser occurs under different conditions is
represented graphically in the curves of Figs. 15, 16, 17 and 18.
In these curves the time in millionths of a second is plotted hori-
zontally, and the current in amperes is plotted vertically. These
curves are calculated from the formulas given on page 31. In all
four cases the capacity, self-inductance and initial potential
are the same; namely, C = 10 =% farads, L = 10 ™4 henrys,
Vo = 20,000 volts. The only difference between the conditions
of the discharge in the four cases is the difference in resistance of
the circuit through which the discharge occurs.

In Fig. 15 the resistance is supposed to be zero, and we have
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as a result what is called an undamped oscillation. The current
oscillates back and forth between a positive maximum of 200
amperes and a negative maximum of 200 amperes.

In Fig. 16 the resistance of the circuit is 10 ohms, and in Fig. 17

g

Current-in Amperes
g

-200
Fic. 16. Same as Fig. 15, except that the resistance is 10 ohms.

this resistance is 20 ohms. These two curves show how the current
is damped by the resistance of the circuit. The curves of Figs.
15, 16 and 17 all come under the conditions of Case I.

If, however, the resistance be 200 ohms, we have the condition

“:\
\\

180,

100 9100
: :
i :

| n
f; s 4 6
14 © Millionths Second
[
& Fig. 18. Same as Fig. 15,
=100 except that the resist-
ance is 200 ohms.
~150
-900 e

F16. 17. Same as Fig. 15, except that the
resistance is 20 ohms.

" for the current to be just non-oscillatory, R’= 4 L/C, and the
equation of the curve is then the equation given under Case III.
This kind of discharge is shown in the curve of Fig. 18. This



DISCHARGE OF CONDENSER 35

case has also the same capacity, self-inductance and initial voltage
as the preceding cases, but the current is seen to rise only to about
75 amperes and then gradually to approach zero.

If the resistance be made greater than 200 ohms, we have
Case II, in which the discharge is also non-oscillatory. A curve
representing this case is not given; the form of such a curve is
somewhat like that of Fig. 18, with the exception that the curve
does not rise to so great a value and does not approach zero so
rapidly as does the curve in Fig. 18.

The Period of Oscillation. — From equation (3), p. 31, it can
be shown that the period of a complete oscillation of the current,
in case the discharge is oscillatory, is

T=2r —_L , (6)
V4 LC — R*C?
in which T is the time of a complete oscillation in seconds; L, C
and R are measured in the same set of units; e.g., henrys, farads
and ohms respectively; = is 3.1416 . . ., the ratio of the circum-
ference to the diameter of a circle.

Equation (6) is the exact expression for the period, but in most
practical cases that occur in the use of electric waves it is found
that the effect of the resistance is inappreciable in its effect on
the period; that is, in equation (6), R’C? is small in comparison
with 4 LC, so that the expression for the time of a complete oscil-
lation simplifies to

T =2z VLC. )

This formula is usually sufficiently accurate. For example, in the
case plotted in Fig. 16, the period of oscillation calculated by equa-
tion (7) differs from the exact value, obtained from equation (6),
by one-fourth of one per cent

The various formulas given in this chapter were first obtained
mathematically by Sir William Thomson in 1855. In 1859 Fed-
dersen demonstrated the oscillatory character of the discharge by a
revolving mirror photograph of the spark, similar to the photo-
graph shown in Fig. 3 of Chapter I. Since then all of Thomson’s
equations have beensubmitted to careful tests and have been found
to be accurate.



CHAPTER VII

MAXWELL'S THEORY. ELECTRIC WAVES. THE ELECTRO-
MAGNETIC THEORY OF LIGHT

IN the preceding chapter we have seen that when a condenser,
in series with a self-inductance and resistance, is charged and
allowed to discharge, the current obtained, if the resistance is not
too large, will be oscillatory in character. In this arrangement
of apparatus we have a mechanism that serves as the source of
electric waves.

In 1865 Maxwell predicted, by mathematical reasoning based
on some experiments of Faraday, that variable currents in a con-
ductor produce electric waves in space, that these electric waves
travel with the velocity of light, and that light itself consists of
electric waves of extremely short wave lengths. While direct
experimental verification of this theory — by the actual discovery
of electric waves — did not come during Maxwell’s lifetime, Max-
well yet showed that his predictions were strongly supported by
many of the known facts about electricity and light.

Without the aid of mathematics it is difficult to follow the steps
of Maxwell’s reasoning, so that the discussion here given will
undoubtedly appear to the reader to be inconclusive. In the next
chapter we hope to remedy this defect of the theoretical discus-
sion by a description of the actual experimental demonstration of
the chief propositions of Maxwell’s theory.

In the derivation of his theory Maxwell makes use of the wwo
facts about the relation of electricity to magnetism that we have
given in Chapter III; namely,

I. An electric current in a conductor produces a magnetic field
in the neighborhood of the conductor, and

II. A variable magnetic field in the neighborhood of a con-
ductor produces an electromotive force in the conductor.

To these two well-known experimental facts Maxwell adds a
third proposition in the form of an assumption, which has been
called the displacement assumption.

The Displacement Assumotion. — This assumption is an attempt
on the part of Maxwell to give expression to the idea of Faraday,

36
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that when a condenser is charged, the condition of things is not
completely described by saying that a positive charge is given to
one plate and a negative charge to the other plate of the condenser.
Faraday showed that something takes place in the medium between
the plates, and Maxwell makes the assumption that the action in
the medium partakes somewhat of the nature of an electric current,
although the medium is an insulating substance.

It is difficult to determine just how Maxwell imagined this
action to take place, and different writers have employed different
mechanisms in the description of the current that Maxwell sup-
posed to exist in the insulators. One way of representing his idea
is to suppose that the insulating medium, whether a solid, liquid,
or gaseous dielectric, or even empty space, is made up of small
parts, and to suppose that the electricity in these small parts of
the insulator may flow freely
in the small parts but can- |
not flow from one part to |
the next. If we call these |
small parts molecules, we
may describe the current in ﬂ -
the insulating medium as
the act of polarizing the
molecules. That is, for ex- +
ample, when the left-hand
plateof the condenser in Fig.
19 is charged positively, the \_/
positive electricity added to gyg 19, Illustrating displacement current.
this plate attracts the nega-
tive electricity and repels the positive electricity of the neigh-
boring molecules, so that the part of each molecule near the plate
becomes negative and the distant part becomes positive. Mole-
cules in this condition are said to be polarized. The layer of
molecules so polarized acts on the next layer and produces a similar
polarization, so that in turn the molecules throughout the medium
between the plates become polarized.

It is seen that this general transfer of positive electricity to the
right and negative electricity to the left in the molecules would have
an effect similar to an electric current flowing from the positive plate
to the negative through the insulator. Maxwell called this general
transfer of electricity in the dielectric a displacement current. During

the charging of the condenser, the displacement current is in the
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same direction as the current in the conducting parts of the circuit,
so that the displacement current may be said to complete the con-
duction current. During the discharge of the condenser the dielec-
tric loses its polarity, and according to Maxwell’s view, gives rise to a
displacement, current in the diclectric. In this case, also, the dis-
placement current completes the conduction current, which is now
flowing away from the positive plate of the condenser.

It has been stated above that the displacement current partakes
of the nature of an electric current. The displacement current differs
from the ordinary current in that there is within the moleculesnothing
corresponding to ordinary resistance, so that none of the energy of
the displacement current is converted into heat. The displacement
current also differs from the conduction current in that the displace-
ment current, under a given applied electromotive force, sets up a
restoring force in the dielectric which, like the reaction of a com-
pressed spring, soon becomes large enough to equalize the electro-
motive force and stop the current; whereas the conduction ‘current
in a circuit that is wholly conductive continues to flow as long as the
clectromotive force is applied to the circuit.

These are the differences between the displacement current and
the ordinary current. On the other hand, according to Maxwell’s
theory, the displacement current is exactly like an ordinary electrie
current in respect to its relation to the magnetic field. We may
thus add to the two propositions stated on p. 36, the proposition

III. In the case of a circuit not entirely closed by conducting
parts, the current in the conducting parts is completed by a dis-
placement current through the dielectric. This displacement cur-
rent produces a magnetic field in its neighborhood; and a variable
magnetic field in a dielectric produces displacement currents in
the dielectric.

Electric Waves. — In Maxwell’s treatise the propositions I, II
and III are discussed quantitatively, with the result that he obtains
a number of quantitative relations about light and electricity. How-
ever, without such a mathematical discussion we may be able to see
how the facts assumed to be correct in proposition III lead to the
idea of electric waves in the dielectric.

For this purpose let us suppose that we have two conducting
bodies of the form shown in Fig. 20. A and B are two metallic
rods with a small spark gap between. Suppose now that A is charged
with electricity of one sign, and B with electricity of the other sign,
and suppose the charges are gradually increased until a spark

.
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passes between them. If the resistance is not too large, the current
that flows will be oscillatory, because the rods have electrostatic
capacity and self-inductance. The two metallic rods here pictured
constitute an electric ¢ oscillator.”

According to Maxwell’s theory, the oscillatory currents in the
oscillator will be completed by displacement currents in surrounding
space. A part of this displacement current takes place along the
black loops in the direction of the arrows from one end of the oscil-
lator around to the other. The displacetent loops are really sec-
tions of a sheet such as would be obtained if we rotated the figure

FiG. 20. Displacement current and magnetic force.

about the oscillator as an axis. These displacement currents in the
sheet will reverse their direction when the current in the oscillator
reverses, and are accompanied by a magnetic field of which a single
line is shown encircling the displacement sheet. The magnetic field
produced by the displacement current in the shaded region, being
oscillatory in character, will induce displacement currents in a portion
of the medium farther out from the oscillator, and the latter current
will lag somewhat behind the former. Thus. a sheet corresponding
to the shaded region will sustain a displacement current o:cillating
with the period of the oscillator. The unshaded region farther out
will sustain similar oscillations a little later, so that we have the
condition of things that exists in a wave motion traveling with a
finite velocity; namely, a series of disturbances first in one direction,
then in the opposite direction, taking place all over a closed surface,
and traveling outward from the source.
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Properties of the Electric Waves. — A masterly mathematical

treatment by Maxwell of this idea of an electric displacement in

dielectric media led not only to great prog-

\ _11. ress in the knowledge of electromagnetism,

but also to a complete revision of theories

as to the nature of light, so that now all

the phenomena of optics are describable in

terms of Maxwell’s electric waves. From

oA his theory Maxwell deduced the following
’ facts in regard to electric waves:

1. The electric wave in the dielectric
consists of a displacement current in one
direction with a magnetic force at right
angles to it, both of these quantities being
in the wave front; that is to say, at right
Fic. 21. Electric force E angles to the dlrectlon of propagation of

;;fgp:; sf;i {g';fﬁ,ézl the wave (see Fig. 21). Thus electric waves,
tion of propagatlon T. Uike light waves, are transverse waves.
2. The velocity of propagation of the

E

a
electric waves (in a non-magnetic insulating medium) is— ) where
Vk

a is the ratio of the c. g. s. electromagnetic unit of quantity to the.
¢. . s. electrostatic unit of quantity,' and & the dielectric constant of

the medium. Inempty space, by definition, & is unity, and the ratio

a was known from older experiments to be the velocity of light

(3 X 10" cm. per second); whence the velocily of the electric waves in

Jree space 1s tdentical with the velocity of light, which s 3 X 10" cm.,

or about 186,000 miles (seven times around the earth) in one second.

3. In an insulating medium other than free space (for example, in
glass or paraffin) it is seen from the preceding section that the velocity
of the electric waves is

a Vo
v Vio Vi ®
in which v, is the velocity of waves in free space, and » the velocity
of the waves in a dielectric of dielectric constant k; whence,
vo/v = Vi (9)
That. is to say, the index of refraction® of a medium for electric waves
18 equal to the square root of the dielectric constant of the medium.

! For definitions of these units see Appendix I.
* The index of refraction is the ratio vy/v.
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.

4. All good conductors are opaque to electric waves, all good insu-
lators are transparent to electric waves, and semiconductors like
wood and stone are semitransparent. Metallic surfaces are prac-
tically perfect reflectors of electric waves.

The Electromagnetic Theory of Light.— Among these several
properties of electric waves the properties stated in 1 and 2 are
identically true of electric waves and light; while the properties enu-
merated in 3 and 4 have also met with very useful application to
light as well as to longer electric waves. Thus Maxwell came to
the conclusion that light waves are electric waves of short wave
length. This theory is now generally accepted.

It is interesting to note,on this theory, how light can be produced.
We have seen how electric waves may be produced by oscillating
electric currents in a circuit of the form shown in Fig. 20. Now if
we suppose the oscillator of Fig. 20 to be made smaller and smaller,
the capacity and inductance will both be decreased, and the time of
oscillation is thereby decreased. If then we think of the oscillator
as possessing atomic dimensions, the period of oscillation approaches
that of light. It is, however, not necessary to think of an actual
electric discharge taking place between the atoms of our atomic
oscillator, because the rapid vibratory motion of a single charged
particle, or electron, back and forth would have the same effect as
an electric discharge between particles, and would produce electric
waves of which the period, for a particular size and velocity of the
vibrating particle, would be the period of light of some particular
color.

Let us turn next to the experimental demonstration of the exist-
ence of the electrical waves predicted by Maxwell. This did not
come during Maxwell’s lifetime; in fact, twenty-two years elapsed
between Maxwell’s remarkably clear presentation of the theory and
Hertz’s brilliant confirmation of it.



CHAPTER VIII
THE EXPERIMENTS OF HERTZ

THE first direct experimental confirmation of Maxwell’s theory of
clectric waves was made by Professor Heinrich Hertz ' of Karlsruhe
in 1888. At Karlsruhe, and later at Bonn, Hertz performed a great
number of experiments, in which he produced and detected electric
waves; measured the wave length; showed that the electric waves
were transverse, polarized waves; that they were capable of reflec-
tion from metallic surfaces and were freely transmitted through
insulators; that they could be refracted by prisms of ritch and other
dielectrics; and that as the wave length of the electric waves was
shortened, the electric waves showed properties more and more
analogous to the propertics of light.

Lodge's Resonance Experiment. — Prior to the work of Hertz,
Sir Oliver Lodge  in England had made some experiments on the
inductive action between Leyden-jar circuits which were a close
approach to the discovery of electric waves. A description of these
experiments will aid us to understand Hertz's apparatus. Lodge
employed two circuits of the form shown in Fig. 22. The Leyden
jar A had its two coatings connected with an electric machine, so that
when the machine was operated, the jar was charged. and when the
tension of the charge reached a certain value, a discharge occurred
through the loop BCD and across the spark gap S. This discharge
was oscillatory and acted inductively upon a second circuit A’B’C’'D’
placed parallel to the first. The second circuit was provided also
with a spark gap at S', which was formed by a strip of metal folded
over the jar so as to touch the inner coating and come near the outer
coating as S’.  This circuit, which we shall call the receiving circuit,
had its period of oscillation variable in that the inductance of the
circuit could be changed by the movable slider at C’D’. When
sparks were passing in the discharge circuit, Lodge found that there
was a certain position of the slider C’D’ that gave a maximum effect
at the receiving circuit, as was shown by the lively passage of sparks

! Electric Waves, translated by D. E. Jones, Macmillan & Co., 1893.
* Lodge: Report British Association, Vol. 50, p. 567, 1888,
42
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across the spark gap at §’. The two circuits were then in resonance;
that is to say, they had the same period of oscillation as determined

Fig. 22. Sir Oliver Lodge’s resonant Leyden jars.

by the formula 7 = 22\ LC. The oscillatory current in the dis-
charge circuit induced an electromotive force in the receiving circuit,
and when the circuits were in resonance, this induced electromotive
force was capable of forcing sparks across the gap at S, even when
the two circuits were several meters apart.

According to Maxwell’s theory, the inductive action between the
two circuits consisted of electric waves sent out from the discharge
circuit and striking the receiving circuit; but Lodge was not able to
demonstrate the existence of these waves. To do this it was neces-
sary to make the wave length shorter and the radiation freer than
that produced by Lodge’s discharge circuit.

Hertz's Experiments with Electric Waves in Air. — In order to
produce shorter waves than those employed by Lodge. Hertz made
use of a discharge system with smaller capacity and self-inductance.
Onme form of Hertz’s “ oscillator ” is shown in Fig. 23. It consists
of two flat metallic plates, 40 em. square, each attached to a rod 30
cm. long. The two rods were placed in the same line, and were
provided at their nearer ends with balls separated by a spark gap
about 7 mm. long. The oscillator was charged from the secondary
of a Ruhmkorff coil J attached to the rods near the spark gap. The
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primary of the coil was fed by a battery, and contained a vibrator
for interrupting the primary current so as to produce a high poten-
tial in the secondary. At each interruption by the vibrator in the
primary, the two halves of the oscillator became charged, and dis-

- —60-cm- I'“____' ~4oomz

= -—§0-cm=- >
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FiG. 23. Hertz oscillator.

charged in an oscillatory manner across the spark gap of the oscil-
lator. At each spark, according to Maxwell’s theory, there was sent
out a train of waves from the oscillator.

In order to detect these waves, Hertz employed a receiving circuit,

\,

Fic. 24. Hertz’s circular Fi. 25, Hertz's apparatus for showing the
resonator. existence of electric waves in air.

now generally called a “ resonator,” of the form shown in Fig. 24,
which is scen to consist of a circular loop of wire broken by a diminu-
tive air gap at X. The radius of the loop was 35 cm., which was
found by experiment to be the proper size to be in resonance with the
oscillator.
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To demonstrate the existence of the electric waves Hertz made use
of the phenomenon of interference. The arrangement of apparatus
is shown in Fig. 25. M is a metallic reflector, consisting of a sheet
of zinc, 2 meters wide by 4 meters high, from which the waves sent
out by the oscillator are reflected. The reflected waves superimpose
upon the direct waves, producing in the region between the oscillator
and the metallic reflector certain positions where the direct and the
reflected waves neutralize each other and certain other positions in
which their effects add. In demonstrating these effects Hertz per-
formed a number of beautiful experiments.

In one experiment the plane of the resonator was kept parallel to
the reflector, with the spark gap at the side, as shown in Fig. 25.
Then wherever the resonator may be placed along the line SN, the
electric force F and F’ is the same at the two sides of the resonator.
But the force F’, being applied to a completely metallic part of, the
loop, acts to a greater advantage ! than the force F, so that sparks
are produced unless both F and F’ are very small. With this orien-
tation of the resonator, Hertz started with the resonator at N, clcse
to the reflector and moved it gradually away toward the oscillator.

In the position N, there were no sparks in the resonator, showing
that there is a node of electric force at the reflector. This result is
consistent with the fact that a large difference of potential cannot
be set up in the surface of a good conductor. As the resonator is
moved away from the reflector, sparking begins in the resonator,
becomes more and more lively, until a maximum is reached at L,.
This position L,, is called a loop of electric force. On proceed-
ing further in the same direction, a second minimum of sparking
is found at N, and so forth.

Discussion of this Experiment. — The occurrence of maxima
and minima in the region between the reflector and the cscillator
is evidence of the undulatory nature of the disturbance, and the
distance N; N3 or L,L,, is the half wave length. To make this
proposition clear, reference is made to Fig. 26, which shows several
drawings of the direct and the reflected wave and the resultant
obtained by their superposition. The reflecting mirror is repre-
sented by the heavy vertical line at the right. The undulating
line, made up of dashes, represents the direct wave, which is
moving toward the reflector; and the dotted wavy line is the
reflected wave, moving from the reflector. The heavy line in the

' In the same way that plucking a violin string at the middle will produce
a greater motion than plucking it near the end.
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diagram is the resultant effect obtained by adding the two waves.
The distance from one crest to the next similar crest (C3 to C,) is
called the wave length, and the time for the wave to move one
wave length is called the period T. The different diagrams. (a),
®), (c), (@), (e),(N, (), (h), (z), show the conditions that exist in the
region between the oscillator and the mirror at different times. At
a time that we have called ¢ = 0, as represented in diagram (a),
the direct and the reflected waves are exactly opposed to each
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Fia. 26. Showing superposition of direct and reflected waves.

other throughout the space betweea the oscillator and the reflector,
so that the resultant electric force is everywhere zero. In (b),
t = T/8, the direct wave has moved nearer to the mirror by a dis-
tance equal to 4 N1Li(= § wave length), while the reflected wave,
which moves with the same velocity, has moved from the mirror by
an equal amount. It is seen that now the direct and the reflected
waves do not oppose each other everywhere im the region. In
some parts of the region, e.g., at N, N3, N3, they do oppose and
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neutralize each other, while at other points their intensities add.
At L,, L; and L; the added intensities give a resultant about
14 times the maximum of either wave alone.

In (¢), t = 2 T/8, the direct wave has approached the mirror by
another eighth of a wave length, the reflected wave has receded
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Fic. 26 (Continued).

from the mirror by an equal amount, and the two waves exactly
superpose. The resultant intensity of electric force is still zero at
N,, N3, N;and Ny, while at L, L, and L; the intensity is double
that of either wave separately. '

In asimilar manner th2 remaining drawings (d), (e), (), (¢), (h),
(?) represent the progress of the direct wave toward the mirror and
the recession of the reflected wave from the mirror by successive
eighths of a wave length. The resultant intensity is always zero
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at Ny, N3, N; and N,, while, on the other hand, if we pass down
the figure from the diagram (a) to (k), we see that the intensity at
L,, Ly and L; begins at zero (a), rises to double the intensity of the
single wave (c), falls to zero (¢), then to minus the double intensity
(9), and finally, at the expiration of a time equal to 7', rises again to
zero (). To show this more clearly, all the resultants are collected
in the last diagram (r) of the figure.

The positions N, N2, N3and N, are the positions in which the
resonator of Hertz gave no sparks at the detecting spark gap,
because the electric force at these positions is constantly zero.
The positions L,, L; and L; are places where the sparking at the
resonator was a maximum, because at these places' the electric
force fluctuates up and down during each period of the wave. The
distance from N, to N:or from L; to L; is half the distance from
C; to C1, diagram (a), and is therefore equal to half the wave length.
With the dimensions of apparatus used by Hertz in the experiment
represented in Fig. 25, this half wave length was 4.8 meters.

The set of drawings given in Fig. 26 represents the conditions
that exist in a “ stationary wave system,” in which the direct and
the reflected wave are both moving, while the interference between
these two waves gives a set of maxima and minima fixed in space.
The minima are positions where there is never any resultant force,
while at the maxima the force fluctuates between positive and
negative maxima, with a period equal to T, the period of the waves.

The conditions assumed in the drawings given in Fig. 26 are
somewhat simpler than the conditions actually occurring in Hertz's
experiment, because the direct and the reflected waves in the case
represented in the drawings are supposed to have the same ampli-
tude, whereas in the actual experiments the reflected wave is
weaker than the direct wave, so that N,, N;, N; and N, are not
positions of zero intensity, but yet have intensity small enough to
enable them to be located by the experiment.

Nature of the Wave. — The experiment by Hertz, just described,
shows that the disturbance sent out from the oscillator and detected
by the resonator travels as a train of waves. To give the reader
an idea of the nature of this wave motion reference is made to the
diagram of Fig. 27, which shows in part the electric field about the
oscillator at a particular moment. This figure is a simplification
of a diagram theoretically obtained by Hertz from Maxwell’s
equations.

The oscillator is shown in the center of the diagram, and on
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either side of the oscillator are shown the lines along which Max-
well’s displacement currents occur. These lines are called lines
of electric induction. We have seen in Chapter VII how we can
imagine the displacement current in the dielectric to complete the
conduction current in the oscillator. In that case the lines of elec-
tric induction terminate on a positive and a negative charge at
their two ends. At the instant represented in the diagram, the
two halves of the oscillator have opposite charges, and some of
the lines of electric induction near the oscillator terminate upon the
charges on the oscillator. But a little farther out from the oscil-
lator the lines in the diagram are represented as closed upon them-
selves. This closing of a loop on itself occurs when the positive
and the negative charges on the oscillator come together as the
current in the oscillator
reverses. The closed loops
represented in the diagram
have been produced by
successive oscillations of
the current on the oscilla-
tor, and have been liber-
ated from the oscillator
and are moving freely
away. The condition of
things in the space around
the oscillator .in action
may be pictured to the
mind by supposing that
these closed loops of electric induction move away from the
oscillator, and as they move they elongate and grow less intense.
Their width, however, remains constant, so that if a receiver be
placed in any fixed position, say in the equatorial plane, PP,
the inductive action of the loops, as they successively pass,
changes continuously from one direction to the other with a
period equal to that of the oscillator. This train of continuously
reversing electrostatic induction is one aspect of the electric-wave
train.

Another aspect of the electric wave train may be discovered by
examining the magnetic field about the oscillator. The lines of
magnetic force about the oscillator are circles in a plane perpen-
dicular to the oscillator, and these lines in a non-magnetic medium
are everywhere perpendicular to the lines of electric induction, so

Fic. 27. Simplified diagram of electric
force about an oscillator.
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that the receiving circuit, placed, for example, in the equatorial
plane, experiences also a series of continuously varying magnetic
forces which tend to induce an electromotive force in the receiving
circuit in the same direction as that induced by the electric induc-
tion, so that both the electric and the magnetic effects act together
and are called the components of the electric wave. One compo-
nent is electric tnduction, which is in the plane of the oscillator.
The other component is magnetic force, which is perpendicular to
the electric induction. Both of these components are perpendicu-
lar to the direction of propagation of the wave; that is to say,
the wave is transverse.

Attempt to Determine the Velocity of the Wave in Air. — Hertz
attempted to determine the velocity of the wave. We have seen
that he found the wave length, \, to be 9.6 meters. This is the dis-
tance traveled by the wave during the period of one oscillation of the
current in the oscillator, so that, if we knew the period, T'. we could
calculate the velocity by the equation v = A\/7T. Hertz attempted
to obtain the period, T, of the oscillator by calculation from such
formulas as could be had for oscillators of this shape, and he ob-
tained the period of complete oscillation to be 2.8 hundred-millionths
of a second. This gave for the velocity of the waves the value
340,000 kilometers per second. In this calculation, as Professor
H. Poincaré pointed out, Hertz made an error, and overestimated
the period in the ratio of A2 : 1, so that, with this correction, he
would have obtained the velocity of the waves to be 480,000
kilometers, while the velocity of light is 300,000 kilometers per
second. This apparent discrepancy between the experiment and
Maxwell’s theoretical conclusion, that the velocity of the waves is
equal to the velocity of light, was due, as Hertz suggested, to the
inapplicability of the formula used in the calculation of the period
of oscillation. Experiments which we shall soon come to discuss
show that the velocity of the electric waves is the same as the velocity
of light, and thus confirm Maxwell’s predictions.



CHAPTER IX

EXPERIMENTS ON THE IDENTITY OF ELECTRIC WAVES
AND LIGHT

Hertz’'s Apparatus for Shorter Electric Waves. — After Hertz had
succeeded in proving that the action of an electric oscillation spreads
out as a wave into space, he planned experiments with the object
of concentrating this action and making it perceptible to greater
distances, by putting the oscillator in the focal line of a large con-
cave cylindrical mirror. In order to avoid the disproportion between
the length of the waves and the dimensions he was able to give to the
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Fi1G. 28. Hertz's rec- F1c. 29. Hertz's cylindrical mirrors. Oscillator
tilinear oscillator. is at left; resonator, at right.

mirror, Hertz made the oscillator smaller, so that the length of the

waves was less than one-tenth of those first discovered.

The form of oscillator used in these experiments is shown in
Fig. 28. The two halves of the oscillator were cylindrical bodies
3 cm. in diameter, terminating in spheres 4 cm. in diameter. The
total length of the oscillator was 26 cm., and the spark gap was
usually about 3 mm.

For a receiving circuit, the circle of wire uscd in the previous
experiments was replaced by a linear resonator, consisting of two
straight pieces of wire, each 50 cm. long and 5 mm. in diameter,
adjusted in a straight line so that their near ends were 5 cm. apart.

51

2 Meters

O
O

ot

—



52 WIRELESS TELEGRAPHY

From these ends two wires, 15 em. long and 1 mm. in diameter, were
carried away parallel to each other to a micrometer spark gap simi-
lar to that used for indicating the waves in the previous experiments.

The method of mounting the oscillator and resonator in the focal
line of the cylindrical mirrors is shown in Fig. 29. The reflecting
surface of the cylindrical mirrors was of thin sheet metal. The
dimensions of the reflectors are shown in the diagram. With these
reflectors about the oscillator and the resonator Hertz was able to get
indications of waves up to a distance of 20 meters. The length of
the wave, measured by themethod of the last experiment, was 66 cm.,
and the period of oscillation, assuming that the waves travel with
the velocity of light, was 2.2 thousandths of a millionth of a second.
With this wave length Hertz succeeded in carrying out many of

the elementary experiments that are commonly performed with light.
~ Rays and Shadows. — With the electric waves, as with light and
radiant heat, shadows may be cast by objects opaque to the waves.

00 R,

Fic. 30. Plan of oscillator, receiver and metallic screens,

Hertz found that a metallic screen interposed between the oscillator
and the receiver, in the position A, Fig. 30, stopped the sparking of
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the resonator completely, while the two screens in the position B and
B’ did not materially diminish the sparks at the resonator. If, how-
ever, the opening between B and B’ ‘was made narrower, the sparks
became weaker, and disappeared when the opening was reduced below
a half meter. In experiments of this kind, although the dimensions
of the screens are measured in meters, these screens are yet not large
in comparison with the wave length of the waves, and the phenomena
of diffraction are very marked, so that there is no sharp geometrical
limit either to the rays or to the shadows.

Polarization. — Hertz showed that the electric waves produced
by his linear oscillator are polarized waves. One way employed by
him for showing this was to start with the focal lines of the two reflec-
tors parallel, as in Fig. 29, so that there is lively sparking at the

N

F1a. 31. Showing polarization by the absence of effects when the
oscillator and the resonator are at right angles to each other.

resonator, and turn the receiving mirror about the line joining oscil-
lator and resonator. During this operation the resonator sparks
become more and more feeble, and when the two focal lines are
at right angles, as in Fig. 31, no sparks whatever are obtained at
the resonator, even when the two mirrors are moved up close to
each other.

In another method of showing that the electric waves are polarized,
Hertz made use of a grating of wires. The wires of the grating
were 1 mm. in diameter and 3 cm. apart, and were mounted in an
octagonal wood frame 2 meters high and 2 meters long. When
the grating was interposed between the oscillator and the resonator
so that the direction of the wires of the grating was perpendicular to
the oscillator and the resonator, as shown in Position 1, Fig. 32, the
screen practically did not interfere at all with the sparks at the
resonator. But if the screen was set up in such a way that its wires
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were parallel to the oscillator and the resonator (Position 2, Fig. 32)
it stopped the rays completely. With regard, then, to the transmis-
sion of energy the screen behaves toward the electric waves as a
tourmaline plate behaves toward a plane polarized ray of light.
Another way of showing polarization of the electric waves was
also devised by Hertz. The receiver was again placed so that its

LZ‘]";J/\

| L

\

[ =]

Position 2 Opaque
Fic. 32. Polarization proved by the interposition of a grating of wires.

focal line was perpendicular to that of the oscillator, as in Fig. 31.
Under these circumstances, as already mentioned, no sparks appeared.
Nor were any sparks produced when the screen was interposed in the -
path of the waves, so long as the wires of the screen were either
horizontal or vertical. But if the frame was set up in such a position
that the wires were inclined at 45° to the horizontal on either side
(see Fig. 33), then the interposition of the screen immediately pro-
duced sparks at the resonator spark gap. Clearly the screen resolves
the electric force of the advancing wave into two components, and
transmits only that component which is perpendicular to the direc-
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tion of its wires. This component is inclined at 45° to the axis of
the receiver, and so has a component along the direction of the
resonator.

From these experiments it is evident that the interposition of the
screen stops the waves when the wires of the screen are parallel to

Fia. 33. Rotation of plane of polarization by a wire grating at 45°.

the electric component of the waves. It is in this position that the
electric force would produce currents in the wires. The changing
magnetic force at right angles to the wires would also produce cur-
rents in the wires, so that both the components, that is to say, the
whole electric wave, would be absorbed or reflected. Hertz showed
that the action was one of reflection rather than of absorption; in this
the wire screen differs from the action of the tourmaline crystal on
light, for the extinguished component in that case is absorbed rather
than reflected.

Refraction. — Hertz also performed some experiments on the
refraction of electric waves, employing for the purpose a large prism

T16. 31. Showing refraction of electric waves by prism.

of pitch cast in a wooden box.  The base of the prism was an isos-
celes triangle 1.2 meters on the side, and with a refracting angle of
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nearly 30°. The height of the prism was 1.5 meters, and its weight
was 1200 pounds. With the arrangement of apparatus as shown in
Fig. 34 the rays were refracted by the prism through an angle of
22°. From this value Hertz calculated the index of refraction of
the pitch to be 1.69, while the refractive index of pitch-like materials
for light is given as being between 1.5 and 1.6.

In concluding this series of experiments Hertz says: “ We have
applied the term rays of electric force to the phenomena which we
have investigated. We may perhaps further designate them as
rays of light of very great wave length. The experiments described
appear to me, at any rate, eminently adapted to remove any doubt
as to the identity of light, radiant heat, and electromagnetic wave
motion. I believe that from now on we shall have greater confidence
in making use of the advantages which this identity enables us to
derive both in the study of optics and of electricity.”

Experiments of Righi. — Immediately following the discovery of
electric waves by Hertz, a great number of experiments were made

Fia. 35. Professor Righi's Fia. 36. Righi's  Fia. 37. Mounting of
oscillator for short electric resonator. Righi’s resonator.
waves.

by various investigators in repetition of Hertz’s expermients and in

the effort to extend his results, particularly in the direction of the

study of the properties of short electric waves, so as to obtain a

further comparison of their properties with the properties of light.

In order to obtain electric waves shorter than those of Hertz, Pro-

fessor Righi! of the University of Bologna devised an oscillator

consisting of two spheres (B, C, Fig. 35) separated by a small spark
gapinoil. 4 and D are the terminals of an induction coil or electric
! Augusto Righi: L’ ottica delle Oscillazioni Elettriche, Bologna, 1897,
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machine used to charge the oscillator. These terminals are provided
with the spheres A and D, which are separated from the spheres B
and C of the oscillator by spark gaps in air, so that the oscillator BC
is without metallic connection with the other parts of the circuit.
The spheres B and C were fastened with shellac into the truncated
cones of glass EF and GH, which were supported in an ebonite frame.
The lower funnel-shaped glass vessel served to contain the oil. The
spark length in oil between B and C could be regulated by the screw
V. The advantage of having the spark between the spheres take
place in oil instead of in air, as had already been pointed out by MM.
Sarasin and De la Rive, arises from the fact that it takes a greater
difference of potential to start a given length of spark and therefore
gives a more energetic discharge. When the spark is once started,
the oil is carbonized and becomes conducting, so that the succeed-
ing oscillations pass with comparatively little damping. Also the oil
obviates the necessity of repeatedly polishing the terminals, as Hertz
found he had to do when he attempted to get short waves with the
spark in air. Righi found that vaseline oil is especially well adapted
for use with his oscillator.

For a receiving apparatus Righi made use of a resonator consisting
of a strip of silver AB deposited on glass and interrupted by a
diamond scratch C across the middle of the strip. This provided an
extremely short spark gap between the two parts of the resonator, as
shown in Fig. 36. Also the spark across this small gap will occur
more easily than a spark of equal length in free air.! Righi’s reso-
nator is thus seen to be an extremely sensitive modification of the
rectilinear resonator used by Hertz.

In most of Righi’s experiments the oscillator and theresonator were
mounted in cylindrical reflectors. The mounting of the resonator is
shown in section in Fig. 37. The resonator is at A, and is fastened
upon a strip of ebonite BC. The observer looks through the con-
verging lens at H, which serves to magnify the minute sparks between
the two halves of the resonator. The apparatus could be used quan-
titatively by observing the angle through which it was necessary to
turn the resonator and its reflector in the support LM in order to
extinguish the sparks. The angle of turning was indicated by the
pointer N moving over a graduated circle OP.

1 The author has shown that the potential required to start a spark along
a surface of glass is about .44 of the potential to start a spark of equal length
in free air. (Pierce: Physical Review, Vol. 2, p. 99, 1894.)
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The following table gives the dimensions of Righi’s apparatus and
the corresponding wave lengths obtained:

A Oscillators, Resonators.
Denomination ; Wave length
of the appa- Diameter of .. incm.
ratus. X Length in em. Width in cm.
the spheres.
' . _ —
I. .8 0.9 .1 2.6
1. 3.75 3.6 .2 10.6
III. 8.0 10. .2 20.
3.6 .6 11.8
10. .6 21.4

In a test of the sensitiveness of various combinations of this appa-
ratus, Righi found that with the resonator III and the oscillator II
both armed with their respective cylindrical reflectors, sparks
appeared across the minute diamond scratch of the resonator when
it was at a distance of 25 meters from the oscillator. This is a
distance of 125 times the wave length for this apparatus. With the
oscillator ITI, the sparks were evident at a greater distance. With
resonator II and oscillator II, the greatest distance to which indica-
tions of the waves could be obtained was 20 meters, which is 190
times the wave length. While with the minute apparatus, resonator
I and oscillator I, the maximum distance was about 80 centimeters,
which is 31 wave lengths.  With this smaller apparatus, in spite of
the comparative feebleness of the waves, many experiments that are
commonly performed with light waves could be successfully carried
out with the electric waves. For example, a small coin (10 centes-
imi) can be used to reflect the waves. The coin does not need to be
polished as with experiments on the reflection of light, because irregu-
larities of the surface of the coin are too small to have any effect on
the reflection of the clectric waves. Refraction and total internal
reflection of these short waves could be shown with prisms of sulphur
or paraffin that were very little larger than the glass prisms used in
opties.

Righi also succeeded in demonstrating the double refraction and
clliptic polarization of the waves by slabs of the wood of the fir tree.

The Use of a Thermal Junction for Measuring Electric Waves. —
In the experiments of Hertz and Righi the presence of the electric
waves was manifested by the production of sparks across a minute
spark gap between two parts of the receiving conductor. In 1892
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Ignaz Klement¢ic¢ ! showed that a thermal junction could be employed
to detect and measure the waves. Klemencic’s device, Fig. 38, con-
sists of two thin sheets of brass MM, 10 cm. broad and 30 cm. long,
placed 3 cm. apart, and having soldered to them respectively a very
fine platinum and a very fine platinum-nickel wire, which were
crossed at & and were thence conveyed off at right angles and soldered
at their other ends to the leads [, I of a sensitive galvanometer. This
resonating system was fixed at the focal line of a suitable cylindrical
metallic reflector.  'When electric waves, with
the electric force parallel to MM, fall on this
receiver, electrie oscillations between M and M
produce heating of the knot k, which is the
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n
M
Fic. 38. TResonator employing Fra. 39. Oscillator for very
thermal junction. short electric waves,

point of contact of two dissimilar metals, and in consequence the
heat developed gives rise to a thermoelectromotive force at the knot
and consequently to a current in the galvanometer. By the uve of
this instrument and a Righi oscillator, Klemencic¢ has studied the
reflection of electric waves from metals and insulators.

Various investigators have made use of the Klemencic thermal
junction in quantitative experiments on electric waves. By reducing
the size of the metal vanes MM, Professor A. D. Cole * has applied
the apparatus to measurements with waves with a wave length of
4 cm. Professor Lebedew,” employing a slightly different form of

! Ignaz Klementi¢: Wied. Ann., 45, p. 62, 1892,

2 A. D. Cole: Wied. Ann., 57, p. 290, 1896, and Phys. Review, 7, Nov., 1898,

3 Peter Lebedew: Wied. Ann., 56, p. 1, 1895,
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thermal junction, worked with waves of wave length of only 6 mm.,
and succeeded in showing the double refraction of electric waves by
crystals. A form of oscillator similar to that used by Cole and by
Lebedew for producing their short electric waves is shown at o, o,
Fig. 39.

Professor Lampa and Professor Bose have also succeeded in mak-
ing measurements with electric waves of only 6 mm. wave length.

Wave Length of Electric Waves and Light. — The following table
contains in round numbers the value of wave length and number
of vibrations per second of some electric waves and waves of radiant
heat and light:

. Wave length | Number of vibrations
Electric waves produced by in cm. per second.
Commercial Alternating Current . . ... 200,000,000 150
Leyden Jar Discharge, Feddersen . ... 300,000 100,000
Hertz’s First ObCl”ﬂ.tOl‘ e . 1,000 30,000,000
Hertz s Rectilinear Oscillator . e 60 500,000,000
hi’s Oscillator. . 2.6 11,000,000,000
%edev. Lampa, and Bose’s El. Waves .6 50,000,000,000
Longest Radmnt Heat .............. .01 3,000,000,000,000
Orange-colored Light ............... .00006 | 500,000,000,000,000
Shortest Ultra-vnolet Schumann,
Lyman.. . e .00001 {3,000,000,000,000,000

Physicists have long been accustomed to recognize that the dif-
ference between radiant heat, visible light, and the actinic ultra-violet
radiation is merely difference in wave length, and that our greater
familiarity with the visible portion of the spectrum arises merely
from the fact that we have a particular set of nerves sensitive to
these rays.

The visible part of the spectrum lies between wave lengths .000040
and .000076 centimeter. By the aid of the thermopile and the
photographic plate the spectrum has been extended to include all
the radiation with wave length between .00001 (extreme ultra-violet)
and .01 centimeter (extreme infra-red). This upper limit is about
1000 times the lower limit. It is interesting to note that the Hertzian
waves measured by Lebedew, Lampa, and Bose have a wave length
only about 60 times the wave length of the limit attained in the
infra-red. That is to say, the shortest Hertzian waves that have
been measured are nearer in wave length to the longest measured
heat waves than these are to the shortest measured ultra-violet.
Also in properties the Hertzian waves are nearer to the long heat
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radiations than these are to the ultra-violet or even to the visible.
For example, some of the long heat waves, like the Hertzian waves,
pass readily through vulcanite and other insulators opaque to visible
light.

Space is lacking to consider further the experimental evidence in
favor of Maxwell’s proposition that electric waves are of the same
~ nature as light waves, and that the light waves are in fact simply
electric waves of those particular wave lengths that possess the prop-
erty of being capable of affecting the retina of the eye.



CHAPTER X
ON THE PROPAGATION OF ELECTRIC WAVES ON WIRES

Wheatstone’s Experiments. — Early in the history of the electric
telegraph the question arose as to the velocity of propagation of elec-
tric disturbances along wires. The first attempt to measure this velo-
city was made by Wheatstone !in 1834, Wheatstone attempted to
measure the velocity of electricity in a circuit consisting of a copper
wire about half a mile long, and extended back and forward so as to
form twenty parallel lines, 15 em. apart. Three spark gaps were
inserted in this line, one at each end and one at the center. These
were arranged horizontally, side by side, in front of a mirror mounted
on a horizontal axis and capable of being revolved at the rate of 800
revolutions per second.

Upon discharging a condenser through the two end spark gaps
into the circuit, the image of all three of the sparks could be seen
in the revolving mirror, and the image of the central spark was found
to be displaced with reference to the other two, showing that the
central spark occurred later than the two end sparks. The amount
of the displacement of the central spark, together with the speed of
the mirror, furnished the data for computing the speed of propagation
of the electric current. Wheatstone had difficulty in determining
the amount of the displacement, which he could obtain only by
eye observations. Computations from Wheatstone’s observations
seemed to show that an electric discharge traversed the copper wire
at a speed of 288,000 miles (463,000 kilometers) per second, which
is greater than the velocity of light; and this was long accepted as
the true “ velocity of clectricity.”

While the numerical result obtained by Wheatstone is now known
to be incorrect, the experiment is yet interesting in that it showed
that time was required for the electrical disturbance to traverse the
wire. The revolving mirror employed in this experiment has now
become a classical apparatus in physical investigation.

Other Early Experiments. — In 1850 Fizeau and Gounelle like-
wise made a serics of experiments on the veloeity of the electric

! Wheatstone: Phil. Trans., Part II, p. 583, 1834; Pogg. Ann., 34, p. 464.
62



THE PROPAGATION OF ELECTRIC WAVES ON WIRES 63

current, and for this purpose availed themselves of the telegraph
lines between Paris and Amiens (314 kilometers) and between Paris
and Rouen (288 km.). Their measurements gave a velocity of
101,700 km. per second for iron wires, and 172,000 km. per second
for copper wires.

In other similar measurements of the apparent velocity of the
electric current various results have been obtained in practice which
are much lower than those of Wheatstone, and Fizeau and Gounclle,
being in some cases 2240 kilometers per second, and in others 4800,
28,000, 96,000 and so on. - What, then, is the explanation of this
great variability in the experimental results ? :

Theoretical Discussion. — In 1855, in discussing the feasibility of
an Atlantic cable, Sir William Thomson gave a mathematical treat-
ment of a case of the propagation of electric disturbances in con-
ductors. In 1857 Kirchhoff, and in 1876, Heaviside, developed
extended theoretical trcatments of the problem. The results ob-
tained by these mathematical physicists show that the velocity of
propagation of electrical disturbances in conductors depends on the
nature of the disturbance andthe
relative values of the capacity,
self-inductance and resistance of
the conductor.

If we have two long parallel
wires (Fig. 40) as in the case of
land telegraph and telephone lines, or one wire in an insulating
sheath submerged in a conducting body, as in the submarine cable,
three important cases arise in practice.

Case 1. Telegraphy. — If the self-induction of the line is negli-
gible in comparison with its resistance and we have an electromotive
force impressed on one end of the line, the current in the conductor
grows in a manner described as “diffusion.”  Fig. 41 gives a set of
curves ! showing the difference of potential between the two conduc-
tors at various positions along the line, at different times after the
application of the electromotive force. In this case there is no proper
velocity of the electricity; for at the instant the battery is applied
some electricity appears all along the line, and the charge at a short
distance from the origin grows faster than the charge at a greater
distance. This is approximately the case that occurs in submarine

InG. 40. Two parallel wires with
applied electromotive force.

1 Redrawn from Professor A. G. Webster's Electricity and Magnetism;
Macmillan, 1897.
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cabling, and Sir William Thomson showed that in the case of the
proposed Atlantic cable, the time required for each signal would be
sixteen times as long as the time for a cable of the same cross section

Potential

S
Distance

Diffusion of electric current in parallel wires with negligible
inductance.

Fia. 41.

with one-quarter of the length, such as then existed in the French
submarine telegraph to Sardinia and Africa.

The condition assumed by Sir William Thomson is only approxi-
mately realized in practice, for in no line is the action of self-induction

Potential
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Fic. 42. Modified diffusion.

completely negligible. Especially is the action of the self-induction
not negligible at the instant of applying the battery at A, Fig. 40,
because this application of the battery is sudden, and for a sudden
charging of the conductor the effect of the self-induction is greater
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than for a slow application of the charge. For this reason the prop-
agation of the disturbance is more accurately represented by the set
of curves given in Fig. 42. In this diagram it is seen that the
disturbance has a nearly square wave front, which, according to the
theory, travels with the velocity of light, while succeeding parts of
the impulse lag more and more behind the wave front. The square
wave front itself becomes also more and more attenuated as the
disturbance progresses along the wires.

This same condition of things exists to some extent in the case of
land telegraph lines, and accounts for the indefiniteness of the results
that have been obtained in the attempt to measure the velocity of
propagation. If for a particular length of line the apparatus used
by the experimenter for detecting the wave is sufficiently sensitive
to respond on the arrival of the wave front, the value obtained for
the velocity is the velocity of light; while with a greater length of
line the wave front is too feeble to affect the instrument, which then
responds to a more intense part of the wave arriving later, and hence
gives a smaller value for the velocity.

Case II. Telephoning.— Suppose, now, that instead of simply ap-
plying a battery to the line, as in telegraphing, we apply a telephonic
electromotive force to the parallel wires of Fig. 40 or to the
submarine cable. This telephonic electromotive force is an alter-
nating electromotive force. Although the self-inductance and resist-
ance of the circuit may be the same as before, the effect of the
self-induction is larger in the telephonic case, because of the rapidity
of the alternations of the electromotive force at the source. Under
this condition Heaviside finds that the different waves generated by
the sounds of different pitch travel with different velocities, and that
this results in a distortion of the wave and puts a limit to the dis-
tance to which the telephone can be used. This distortion is caused
by the resistance and capacity of the line, and is partially eliminated
by self-induction. Heaviside says that this “ self-induction is the
telephonist’s best friend,” for it tends to preserve the sharpness of
the wave and to eliminate the part of the disturbance lagging behind
the wave front. Heaviside pointed out that the addition of properly
distributed self-induction was beneficial to prevent distortion in
telephony; and in actual practice, by adding inductance coils at
intervals along telephone lines, Professor Pupin has considerably
increased the distance to which distinct speech may be transmitted.

In the case of the submarine cable, on account of the relatively
small value of the self-inductance, submarine telephony is not at
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present practicable to a greater distance than about twenty miles
(32 kilometers).

Case III. Electric Waves of High Frequency. — As a third case,
which is the one in which we are here chiefly interested, let us suppose
that the electromotive force applied to the end of the two parallel
wires oscillates with very great frequency. The effect of the resist-
ance then becomes negligible in comparison with the etfect of the self-
induction. The theoretical treatment of this case shows that such
a disturbance travels with the velocity of light, and except by a
decrease of amplitude, the wave is not distorted during its progress
along the wires.  In what follows we shall sce how experiments have
confirmed this deduction from the theory.

Hertz's Experiments with Waves on Wires. — In 1888, a short
time before his experiments with electric waves in air, which have
been described in chapters VIII and IX, Hertz performed a series of

Fra. 43, Hertz apparatus for waves on wires.

experiments with electric waves on wires.  The form of apparatus
employed is shown in Fig. 43. At a short distance behind one of the
plates A of the oscillator, a sccond plate P was placed. From P a
copper wire was bent through the are mn and thence led off horizon-
tally. When the plate A i: charged positively, negative electricity
is attracted to the nearer side of the plate P, and an cquivalent posi-
tive charge is sent away along the wire.  When the charge on A
becomes negative, a similar negative charge moves away along the
wire, so that during the oscillations between A and A’, in which the
charge on A changes continuously back and forth from positive to
negative values, a train of positive and negative impulses, constitut-
ing a train of waves, travels out along the wire.

The train of waves on the wire will be reflected from the end of
the wire, as may be scen fro:a the following reasoning. The current
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cannot flow past the end of the wire, nor does the electricity con-
stituting the current merely flow out to the end of the wire and stop
in a state of equilibrium. Two forces are acting on the current:
(1) the accumulation of electricity near the end of the wire raises
the potential of the wire and provides a force opposing the current;
(2) the slowing down of the current causes change in the magnetic
field surrounding the wire, and this tends to prevent the cessation of
the current. These two forces do not act together,— when one is a
maximum, the other is a minimum. As a result first one and then the
other of these forces will predominate, so that the charge will first
be sent into the parts near the end of the wire by the magnetic field
(self-induction) and will then be sent out agein by the electrostatic
rise of potential (reciprocal of capacity). The effect of this is that the
periodically arriving impulses will be sent back again with the same
period, and we shall have, therefore, a direct and a reflected train of
waves. The direct and the reflected waves will interfere with each
other, so as to form a stationary system of waves like that obtained
in the experiment with waves in air reflected from a sheet of metal
(Chapter VIII). In this case, however, the end of the wire will be
a loop of potential; whereas the metal reflector of the waves in air
is a node of potential. There is also another difference; for in the
case of the wire, the returning wave will again be reflected at P, and
a simple stationary wave system can only be realized provided the
horizontal wire has a proper length, which may be determined by
experiment.

Hertz studied the waves produced in the wire, with the aid of his
circular resonator, shown in the figure. With the resonator in the
vertical position C, Hertz was able to locate the nodes and loops of
current in the wire by the absence or presence of sparks at the reso-
nator. When, however, the resonator was placed in the horizontal
position B, the effect obtained was due partly to the waves in the
wires and partly to a linking with the resonator of magnetic lines
directly from the oscillator. The compound effect obtained in the
latter case was utilized by Hertz in a study of the interference between
the waves in the wire and the waves in the air.  He came to the con-
clusion that the wave length, and consequently the velocity of prop-
agation, was different in the two cases. This was in contradiction
of Maxwell’s theory.

Later, by the use of a smaller oscillator at AA’, he found that
the difference between the velocities of the waves on wires and in
air very nearly disappeared.
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Experiments of Sarasin and De la Rive. — While Hertz was
puzzling over this problem, and attempting to explain the dis-
crepancy between his experiment with the long waves, which did
not agree with Maxwell’s theory, and his experiment with the
shorter waves, which did agree with the theory, MM. Sarasin and
De la Rive at Geneva repeated the experiment with the longer
waves in a room larger than that available to Hertz, and obtained
from this case also approximately the same velocity for the waves
on the wire and the waves in air. Hertz’s difficulty probably arose
from the disturbing influence of electric waves reflected from ob-
jectsin the room. Maxwell’s proposition of the equality of the two
velocities is strictly true only provided the waves on wires are
produced on two parallel wires close together, — a positive impulse
being started along one of the wires and at the same time an equal
negative impulse being started along the other wire. Introducing
this precaution, numerous subsequent experimenters have con-
firmed Maxwell’s conclusion that the velocity of the electric waves
in a pair of nonmagnetic, conducting wires is the same as the
velocity of these waves in the dielectric surrounding the wires.

Direct Determination of the Velocity of the Waves on Wires. —
Blondlot,! Trowbridge and Duane,? and Saunders? have made
direct experimental determinations of the velocity of electric
waves on wires. In all of these experiments the method consisted
in determining the wave length \ of the waves on the wires, and
in determining independently the time of the oscillation T that
produced the waves. The quotient obtained by dividing the

. S . . [N
wave length by the time of oscillation gives the velocity (—T—, = v);

for the wave length is the distance traveled in the time of one
oscillation, and dividing the distance traveled by the time re-
quired to travel it gives the velocity. In all of the experiments
the wave length A was determined by exploring the stationary
wave system on the wires by a method like that devised by
Lecher (p. 70). Trowbridge and Duane and Saunders determined
the period of oscillation T by spark photographs taken with the aid
of the revolving mirror, while Blondlot determined the period by

 Blondlot: Comptes Rendus, Vol. 117, p. 543, 1893.

? Trowbridge and Duane: American Journal of Science, Vol. 49, p. 297,
1895.

3 Saunders: Physical Review, Vol. 4, p. 81, 1896.
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a resonance method, like that at the present day used in getting
the wave length in a wireless telegraph antenna.

The following results were obtained for the velocity of electric
waves on wires:

Velocity in Kilo-

Observer.
meters per second.

Blondlot ................. {ggg’ggg

298,800
300,300
295,400
299,400
299,800
299,800
299,500
299,900

Trowbridge and Duane. ... {

Saunders ........... e

The average of the best determination of the velocity of light
is about 299,900 kilometers per second, with which the above
determinations of the velocity of the electric waves on copper
wires is in good agreement.

Velocity of Electric Waves in Air. — Although the velocity of
the electric waves in air has not been determined by a direct
method, the experiment of Sarasin and De la Rive showed that
the velocity of the waves in air is the same as their velocity in
copper wires surrounded by air, and therefore the same as that of
light.

Waves on Iron Wires. — On account of the magnetic properties
of iron, the velocity of the waves on small iron wires has been
found to be slightly less than the velocity of waves of the same
period on a nonmagnetic metal like copper. With wires % milli-
meter in diameter and with 115,000,000 oscillations per second,
St. John found that the velocity on the iron wire was 4 to 59 less
than the velocity on the copper wires. This result showed that
the magnetization of the iron is able to follow extremely rapid
reversals of the magnetizing current.

On Surface Travel. — In addition to this slight change in veloc-
ity due to the magnetic property of the iron, the damping effect
of the resistance of the iron is very large. In attempting to esti-
mate the effect of resistance on the damping of oscillations of high
frequency, it should be remembered that these rapid currents
travel in a very thin film on the outside of the conductor. By
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electrolytically coating an iron resonator with copper and a copper
resonator with iron, Bjerknes found that when this coating was
greater than a hundredth of a millimeter, the coated iron resonator
acts like one of copper and the coated copper resonator like one
of iron. This showed, in the case of electric oscillations of very
high frequency, that the currents are confined to a shell whose
thickness is of the order of a hundredth of a millimeter. The
thickness of this shell depends, however, on the frequency of the
oscillations, and on the radius and material of the conductor. (See
Appendix II.)

Waves on Wires Studied with a Vacuum Tube Detector. — A
form of apparatus devised by Professor Lecher for showing the
existence of stationary waves on wires is shown in Fig. 44, which is

Al B!
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F1a. 44. Lecher apparatus.

a view of the apparatus from above. A’FA is an ordinary Hertz
oscillator. Parallel to the plates AA’ of the oscillator are placed
two equal plates BB’ connected to a pair of parallel horizontal
wires. A bridge of wire, shown in a separate drawing at the right,
and having an insulated handle, may be placed across the horizontal
wires. A Geissler tube gg’, which is pumped to a sensitive vacuum,
is placed across the wires near their outer end, so that the glass of
the tube rests on the wire. When the oscillator is in action, the
Geissler tube will glow. Let us now put the bridge across the
wires near the Geissler tube, the glow will cease, because it is
short-circuited by the bridge. If now we move the bridge toward
the oscillator, a position will be found, X X’, for which the Geissler
tube at the ends of the wires will again light up into a lively glow.
A slight motion of the bridge in either direction from this position
causes the glow to diminish. In explanation of this phenomenon
we must think of the wires as divided into two circuits by the
bridge. One of these circuits, which we will call the “oscillator
circuit,” is FABX X'B’A’F, comprising the two condensers A B
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and A’B’ and the spark gap F. This circuit has its own definite
period of oscillation. The other circuit, which we will call the
‘ resonator circuit,” consists of the conductors g X X’g’. When
the bridge X X’ is in the position that causes the Geissler tube to
glow, the oscillator circuit and the resonator circuit are in reso-
nance, and during one complete oscillation the electric wave goes
from the bridge out to g, back across the bridge, out to g, and back
again to the bridge. Whence it is seen that the length of the
conductor from g’ across the bridge to g is the half wave length of
the oscillator.

If now the bridge is moved from XX’ toward the oscillator,
a second position SS’ of the bridge is found for which the tube
is caused to glow. During this displacement of the bridge, the
self-inductance, and therefore the period, of the oscillator circuit
is diminished, while the length of the wire to the right of the bridge
is increased. Therefore, the wire to the right of the bridge cannot
be in resonance, as a whole, with the oscillator circuit. We can
show this experimentally, for if we leave the first bridge at SS’
and place a second bridge across the wires, a position T'T’ can be
found for which the presence of the second bridge does not affect
the glow of the tube. A slight motion of the second bridge to the
right or to the left diminishes the glow.

The two positions SS’ and TT' are called nodes of electric
potential. In a similar way with longer parallel wires several
nodes may be located. The free end of the wires is always
a loop of potential, and other loops of potential exist halfway
between the nodes. The presence of these nodes and loops at
equal intervals along the parallel wires shows the existence of a
stationary wave system similar to that discovered by Hertz in his
experiments with electric waves in air.

Blondlot's Apparatus. — A modification of Lecher’s apparatus
made by Professor Blondlot is shown in Fig. 45. The two halves
of the oscillator are here bent into semicircles, while the parallel
wires lead out from a secondary circuit placed immediately be-
neath the oscillator. The oscillator and the circular portion of the
secondary are submerged in a glass vessel containing oil. Leads
from the induction coil are brought into the oil and connected to
the two sides of the spark gap, — one connection being made
directly at a and the other connection being through a small
spark gap at b. In this form of apparatus the waves on the wires
are produced by electromagnetic induction from the oscillator.
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Arons’ Tube. — A very beautiful method of demonstrating the
presence of waves on parallel wires was devised by Professor Arons.
The two parallel wires for the greater part of their length were
inclosed in a glass tube from which the air could be pumped.
When the proper degree of exhaustion is attained, and the wires

. Fig. 45. Blondlot apparatus.

in the tube are made to take the place of the parallel wires WW in
air in Blondlot’s apparatus (Fig. 45), a bright glow, as represented
in Fig. 46, appears at intervals along the wires indicating the pres-

ence of a large fluctua-
tion of potential (loop) F‘m——!——h
at the positions of glow.
This beautiful apparatus Fia. 46. Arons tube.
of Professor Arons exhibits to the observer at a glance the whole
character of the potential distribution in the system.
Exploration by the Bolometer. — In the place of the vacuum
tube in experiments with waves on wires, Paalzow and Rubens !
have shown how to adapt the bolom-
eter to this purpose, and to obtain
with it striking quantitative results.
The bolometer (Fig. 47) consists of
an accurately balanced Wheatstone
' bridge, so arranged that the oscilla-
tory current to be measured is made
to pass through a fine wire EF con-
stituting one arm of the bridge.
This oscillating current heats the fine
wire, thereby changing its resistance, which throws the bridge out
of balance and produces a deflection of the galvanometer G. }

1 Paalzow and Rubens, Wied. Ann., Vol. 37, p. 529.

Fic. 47. Bolometer.

)\ (e——
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In Paalzow and Rubens’s arrangement of apparatus (Fig. 48),
in order to avoid disturbing the waves on the wires PQRS, the
leads to the bolometer were not connected directly to the wiresunder
examination, but were connected inductively by a single turn
around capillary glass tubes T'T, sliding on these wires. The
glass tubes T'T act as diminutive Leyden jars with the horizontal
wires inside the tube for one coating, and the turn of wire on the
outside of each tube for the other coating. Variations of electric
potential at a point inside the little tubes induce (by electrostatic
action) alternating potential in the turns of wire outside and
produce alternating currents through one arm of the bolometer
bridge.

Figure 48 shows a formof apparatus suitable for experiments with
this method. This is the form of apparatus used by Professor

Fi1a. 48. Exploration of waves on wires by bolometer.

St. John. As has been before mentioned, in order to get a simple
stationary wave system in the parallel wires, these wires must
have a proper length in comparison with the wave length of the
waves. In St. John’s experiment the proper length of the wires
was determined by trial. The exploring terminals of the bolom-
eter were put at the ends P and S of the wires of Fig. 48. The
oscillator was set in activity, and a reading of the bolometer was
taken for this length of wire. A few centimeters of wire were cut
off, and the reading again taken. This process was repeated until
a maximum point was passed. A sharp and unmistakable maxi-
mum was found when PQ had a certain length (859 centimeters).
The effect fell off rapidly when the wires were shortened or length-
ened from this point. The result is shown graphically in Fig. 49,
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where distances from Q are
plotted horizontally, and
i \ deflections of the galvanom-
meter are plotted verti-
cally.

To determine the char-
acter of the vibration along
the wire, the lengths of QP
/ \ and RS were fixed at 859
centimeters, the exploring
/ terminals were then moved
/ along the wires, and the
800 200 bolometer readings taken

Cm. Distance from Q R f ™
: . or each sition of the
FiG. 49. Showing adjustment of parallel po

wires to resonance (Professor St. John). exploring terminals. A dia-
grammatic representation

of the result is shown in Fig. 50. The curve is seen to be simple
in form, with maxima and minima at approximately equal inter-
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Fia. 50. Curve of distribution of potential on parallel wires (St. John).

Deflection

vals along the wires, and with a maximum at the ends of the
wires.

The discussion of these experiments has been given at some
length, because a wave system resembling that here described is
produced in the antenn® used in wireless telegraphy, and the study
of the resonance conditions in wireless telegraphy circuits will be
seen to be closely related with the study of stationary waves in wires.



CHAPTER XI
WIRELESS TELEGRAPHY BEFORE HERTZ

By Conduction through Water. — The first successful attempt at
electric telegraphy! between stations not connected by wires seems
to have been made by S. F. B. Morse in 1842. Morse describes his
experiments in a letter to the Secretary of the Treasury of the United
States, which was laid before the Housc of Representatives on Decem-
ber 23, 1844. He says:

“In the Autumn of 1842, at the request of the American Institute,
I undertook to give the public in New York a demonstration of the
practicability of my telegraph, by connecting Governor’s Island with
Castle Garden, a distance of a mile; and for this purpose I laid my
wires properly insulated beneath the water. I had scarcely begun
to operate, and had received but two or three characters, when my
intentions were frustrated by the accidental destruction of a part of
my conductor by a vessel, which drew them up on her anchor, and
cut them off. In the moments of mortification I immediately devised
a plan for avoiding such an accident in the future, by so arranging
my wires along the banks of the river as to cause the water itself to
conduct the electricity across. The experiments, however, were
deferred till I arrived in Washington; and on December 16, 1842,
I tested my arrangement across the canal, and with success. The
simple fact was then ascertained that clectricity could be made to
. cross the river without other conductors than the water itself; but
it was not until the last Autumn that I had the leisure to make a
series of experiments to ascertain the law of its passage. The follow-
ing diagram will serve to explain the experiment:

“A, B, C, D (Fig. 51) are the banks of the river; N, P, is the
battery; G is the galvanometer; ww, are the wires along the banks
connected with copper plates, f, g, h, 7, which are placed in the water.
When this arrangement is complete, the electricity, generated by the
battery, passes from the positive pole P, to the plate h, across the

1 A large part of the historical information contained in this chapter was
obtained from Mr. J. J. Fahie’s excellent History of Wircless Telegraphy,
Dodd, Mead & Co., 1902.
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river through the water to the plate 7, and thence around the coil of
the galvanometer to plate f, across the river again to plate g, and
thence to the other pole of the battery, N.

“ The distance across the canal is 80 feet . . . . . ”

In these experiments Morse found that it was necessary to make
the wires along each shore three times as great as the distance from
shore to shore across the stream.

Later, under Morse’s direction, his assistants, Messrs. Vail and
Rogers, established commumcatlon in the same way across the Sus-
quehanna River, a dis-
tance of nearly a mile.

Similar attempts to
send signals through
water by utilizing the
water were made by

W T o 7). A James Bowman Lindsay
D ¥ ¢ between 1854 and 1860.
Fia. 51. Te{sggrp( %' Fy ﬁox}&gg.éc)m through By gradually in.creasing

- the power of his plant
and the length of his conductors, Lindsay succeeded, with an apra-
ratus like that of Morse, in signaling across the Tay where the river
is more than a mile wide.

In 1880 Professor John Trowbridge of Harvard University sug-
gested the use of circuits resembling those of Morse, modified by the
employment of an interrupted current in the sending circuit and a
telephone receiver in the receiving circuit. This modification takes
advantage of the high sensitiveness, portability and rapidity of action
of the telephone as a current indicator. About 1882 Professor
Graham Bell made some successful experiments with the method
suggested by Professor Trowbridge. The following is an extract
from Professor Bell’s description:

“ Urged by Professor Trowbridge, I made some experiments which
are of very great value and suggestiveness. The first was made on
the Potomac River.

“I had two boats. In one boat we had a Leclanché battery of
six elements and an interrupter for interrupting the current very
rapidly. Over the bow of the boat we made water connection by
a metallic plate, and behind the boat we trailed an insulated wire,
with a float at the end carrying a metallic plate, so as to bring these
two terminals about 100 feet apart. I then took another boat and
sailed off. In this boat we had the same arrangement, but with a
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telephone in the circuit. In the first boat, which was moored, I
kept a man making signals; and when my boat was near his I would
hear those signals very well — a musical tone, something of this kind;
tum, tum, tum. I then rowed my boat down the river, and at a
distance of a mile and a quarter, which was the farthest distance I
tried, I could still distinguish those signals.”

In these experiments of Morse, Lindsay, Trowbridge and Bell the
signals were carried from one station to the other by conduction
through the water. The current in
flowing from one submerged plate to
the other at the sending station spreads K
out through the water in curves like |
those of Fig. 52. If, now, the termi- |
nals of the receiving circuit dip down !
into the conducting area, the current O
divides,—part going through the water
and part through the receiving circuit, -~
in the inverse ratio of their resistances.
This method of signaling, though at-
tempted with improved apparatus
by Messrs. Rathenau, Rubens, and  F10. 52. Lines of flow.
Strecker, and by the latter carried to a distance of 14 kilometers (8.7
miles), has not contributed to the art of wireless telegraphy, as it is
now practiced.

Dolbear’s Apparatus.—A somewhat more suggestive apparatus was
invented by the late Professor Dolbear of Tufts College, Massachu-
setts, and was awarded a United States patent in March, 1882. Figure
53, taken from the patent specifications, shows a diagram of the
apparatus. The transmitting station, shown at the left, consisted
of a condenser H'’ connected to one terminal of the secondary of an
induction coil G, of which the other terminal of the secondary was
grounded at C. The primary of the induction coil contained a bat-
tery f° and microphone transmitter 7. The receiving apparatus,
shown at the right, consisted of a telephone receiver R with one
terminal connected to ground at D, and the other terminal connected
to a condenser H, which was in turn connected through a battery ! B
with a second condenser H 2.

Professor Dolbear, in his patent specifications, describes the action
of the apparatus as follows:

“ Now if words be spoken in proximity to transmitter T, the vibra-

0\

P

1 The function of this battery is not evident.
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tion of its diaphragm will disturb the electric condition of the coil G,
and thereby vary the potential of the ground at A, and the variations
of the potential at A will cause corresponding variations of the poten-
tial of the ground at B, and the receiver R will reproduce the words
spoken in proximity to the transmitter, as if the wires CD were in

gy

Fic. 53. Dolbear’s apparatus for wircless telegraphy.

contact, or connected by a third wire. Electrical communications
may be thus established between points certainly more than half a
mile apart; but how much farther I cannot now say.”

In some other of Professor Dolbear’s writings he speaks of using an
automatic break and a Morse key in the primary of his coil instead
of the microphone transmitter, and he also speaks of using a gilt kite
carrying a fine wire from the secondary of the Ruhmkorff coil.

Professor Dolbear thus made an approach to the method that was
subsequently, in the hands of Marconi, to be crowned with success.
The difficulty with the Dolbear apparatus was that the elevated con-
ductor had to discharge through the secondary of the induction coil,
and thus (as we sce now) had a very low frequency, so that the
inductive action of the waves emitted was very feeble. Dolbear,
therefore, did not have in his sending station the one essential that
makes the Marconi sender a success; namely, electrical oscillations
of high frequency. Also the detector used in Professor Dolbear’s
apparatus (his electrostatic telephone receiver) was not of sufficient
sensitiveness.

Sir William Preece’s Method. — Another serious attack on the
problem of wireless telegraphy, before the work of Hertz and
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Marconi had made the way clear, was made by Sir William
Preece, engineer-in-chief of the postal telegraph system of Eng-
land. Preece attempted to utilize the electromagnetic induction
between two long horizontal wires, one at the sending station and
the other at the receiving station. These horizontal wires were
supported parallel to each other on telegraph poles, and were
grounded at their two ends. The sending wire contained a battery
and an interrupter, or else an alternating current generator, so that
the line was traversed by an interrupted or an alternating current;
while the receiving circuit contained an ordinary telephone re-
ceiver. The surging current in the sending wire produced a vari-
able magnetic field surrounding it. This variable magnetic field
produced by the sending circuit cut or linked with the receiving
circuit, and induced a periodic electrometive foree in it, which was
evidenced by sounds in the receiver.

After several years of experimenting, Sir William Preece was
able to utilize this apparatus for signaling to some of the islands
a short distance off the coast of England, and in 1898 a regular
installation was established at Lavernock Point on the mainland
and at Flatholm in the Bristol Channel, 3.3 miles (5.2 kilometers)
apart.

Preece’s experiments can be said to have availed only to show
the futility of the attempt to get inductive action at long distance
without the use of oscillations of high frequency.



CHAPTER XII

WIRELESS TELEGRAPHY BY HERTZIAN WAVES.
MARCONTI, 1896-1898

WE come now to the application to wireless telegraphy of the
principles discovered by Maxwell and Hertz. For this application
we are chiefly indebted to the genius, skill, and forceful initiative
of Signor Guglielmo Marconi. We are to see, however, that
the achievement did not come as a scientific revolution, but as
a steady development to which many other investigators also
contributed.

The Coherer. — In the extension of the effects of the Hertzian
waves to great distances the first need was a detector of high

. sensitiveness. Such a detector was already at hand in a crude
form; for as long ago as 1866 S. A. Varley had discovered that
metallic filings in a loose condition have a high resistance and that
this resistance is decreased to a small value under the action of an
electric discharge sent through the filings. This fact was utilized
by Varley in the construction of a “ lightning bridge,” or lightning
arrester, used to protect electrical apparatus from lightning.
Varley had also noticed that the resistance of the filings, when
lowered by the discharge, could be brought back to its high value
by tapping or shaking the vessel containing them.

In 1884 Calzecchi-Onesti also made and published some inde-
pendent experiments on this interesting phenomenon, verifying
and extending the results of Varley.

This work of Varley and Onesti remained unnoticed until 1890,
when Professor E. Branly, of the Catholic University of Paris,
rediscovered the phenomenon. Professor Branly studied the
conductivity of metallic filings placed in a glass tube between two
metallic plugs, by which the filings could be put into an electric
circuit. He found that the filings were rendered conductive by
electric discharges in the neighborhood of the tube, even when the
discharges did not actually pass through it. He also observed that
tapping the tube restored the filings to their high resistance. He
gave the name ‘‘ radio-conductor ”’ to the apparatus, and made
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many interesting experiments in the effort to obtain an explana-
tion of its action. Branly’s radioconductor is now familiarly
known as the * coherer,” — a name invented by Sir Oliver Lodge.

Coherer Applied to Study of Electric Waves. — In 1893 and
1894 Sir Oliver Lodge applied the coherer to the study of electric
waves by putting it in the place of the micrometer spark gap in
a Hertz resonator, as is shown in Fig. 54. Under the action of the
electric waves sent out from a properly placed Hertz oscillator,
the resistance of the metallic filings in the coherer fell to a low
value, so that the galvanometer G connected in series with a
battery B in a local circuit through the coherer gave a deflection.
After the waves ceased the resistance of the coherer remained low,
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