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PREFACE.

The object of this book is to give a physical treatment of
Maxwell’s theory and its applications to some modern elec-
trical problems,—to set forth the fundamental principles
which underlie all electrical phenomena, according to Max-
well and his followers, to show how these principles explain
the ordinary facts of electricity and optics, and to derive
from them a practical understanding of the essentials of
wireless telegraphy.

Mathematics and abstruse reasoning are avoided, for the
purpose is not to establish or defend a theory, butrathertogive
the reader a clear mental picture of what takes place when,
for example, a condenser is charged or a signal is sent around
the earth — not to fight over old battles, but to pick out the
fundamentals that have stood the test and are now generally
accepted, and put them in such form that the busy man may
use them or the student may take them as stepping-stones
to the more advanced theory.

Maxwell’s theory without mathematics may seem at first
an incongruity, for has not Hertz himself said that Max-
well’s theory is best defined as Maxwell’s system of equa-
tions #* Maxwell indeed used many hypotheses and physical
assumptions in building up his theory, but later, when the
mathematical structure was complete, he cast aside the
scaffolding on which it was built, leaving a broad and com-
prehensive system, unencumbered by needless details. His

* Electric Waves, Eng. Trans. p. 21.
iii
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equations are thus general rather than specific; they express
all that is necessary and permanent in his theory, while
ignoring that which is hypothetical and speculative.

A purely physical theory is likely ‘to be imperfect by
reason of its very definiteness; to be incomplete because it
is too specific. Yet a mathematical theory without a physi-
cal interpretation loses much of its value. Maxwell’s equa-
tions are not an end in themselves — they are rather the
means of expressing physical truths. The equation rep-
resents the fact, but unless we recognize and grasp the fact
the analysis becomes mere mathematical jugglery: and this
is perhaps one reason why Maxwell’s great generalizations
—the very “ Principia” of modern electrical science —
have not received more general attention. They are difficult
to approach in the abstract, but so are the commonest elec-
trical phenomena. It is not easy to conceive, in its essence,
of an electrical current following a wire; we therefore pic-
ture it to ourselves as something that flows like a material
fluid in a pipe, and we find that it obeys similar laws.
When we come to the more complex phenomena of induction
and magnetism the need of a physical concept is even greater,
and we turn for assistance to the traditional lines or tubes
of force and induction. These physical conventions lack the
precision and elegance of a mathematical expression, but
they are more easily grasped and handled: if we realize their
limitations and take pains to discriminate between that
which is absolute fact and that which is only figurative,
they become most useful implements of research, and we
may take them, as Faraday did his “ tubes of {orce,” as the
equivalents of the mathematical forms for which they stand.

So in dealing with Maxwell’s theory it is not necessary to
resort to mathematics. Although electrical truths are most
readily and most accurately expressed in this universal
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shorthand of the sciences, it is none the less possible to trans-
late them, as it were, into the language of every-day life,
and thus cause them to appeal more directly to the un-
derstanding. )

That M. Poincaré is, of all men, qualified to do this, no
one familiar with his classic mathematical works on the
subject will question ; and with reference to Part One I need
only say that I have endeavored to follow the original with
as literal exactness as is practicable in a translation, striving
to preserve the thought of the author without sacrificing the
vigorous suggestiveness of his style. The illustrations, how-
ever, I have prepared especially for this volume, with the
exception of a few diagrams which appeared in the original,
and which have been redrawn.

In Part Two it has been my purpose to take up tlie thread
where M. Poincaré dropped it, carrying the line of thought
into the practical field of wireless telegraphy, and applying
the principles laid down in Part One to the various problems.
involved; to describe certain typical systems, to show why
some have failed while others succeeded; and to explain their
mode of operation in the light of Maxwell’s ideas.

This is not intended as a treatise on wireless telegraphy —
no attempt is made to describe the myriad forms of apparatus
nor to settle questions of priority and history. Such ma-
terial is readily accessible to those who may desire it. The
object is rather to deal with principles and to trace the de-
velopment of the art in its essential features. Where specific
cases are cited they are chosen with reference to their fitness
to illustrate an idea or to serve as milestones on the path of
progress, and they are treated with a view to emphasize that
which is essential and minimize superficial or unimportant
details.
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In Chapter IV is discussed the question of wave-propo-
gation over a conducting surface, and various hypotheses are
reviewed and tested in the light of the preceding chapters.
In approaching a conclusion it has seemed advisable to de-
part a little from the purely Maxwellian idea of displace-
ment currents, which does not readily appeal to the imagina-
tion in this connection, and to substitute Faraday’s
conception of moving tubes of induction, which embodies
the same principles in more tangible form. Tt is hoped that
this figure, so successfully used by J. J. Thomson in explain-
ing other electrical phenomena, may give the reader a clear
understanding of what takes place when an electromagnetic
wave glides over the surface of the earth.

The other chapters are self-explanatory and need not be
considered here.

I desire to acknowledge my indebtedness to M. Poincaré
for his most courteous permission to translate and publish
the work that appears as Part One, and to the many writers on
whom I have drawn for references and historical data. My
thanks are due also to the Macmillan Company for permis-
sion to copy some of the figures illustrating the work of
Hertz, and to the. publishers for their hearty codperation in
seeing the work through the press.

Freperick K. VREELAND.

New Yogrg, January, 1904.
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PART ONE.

MAXWELL’S THEORY AND HERTZIAN OSCILLA-
TIONS.

CHAPTER 1.

GENERALIZATIONS REGARDING ELECTRICAL PHE- -
NOMENA.

1. Attempts at Mechanical Explanation.— To give a com-
plete mechanical explanation of electrical phenomena, reduc-
ing the laws of physics to the fundamental principles of
dynamies, is a problem that has attracted many investigaters.
But is it not rather a fruitless task, and will not our efforts
be expended in vain ?

If the problem admitted of only one solution, the posses-
sion of this solution, which would be the truth, could not be
bought too dearly. But this is not the case. It is doubtless
possible to devise a mechanism giving a more or less perfect
imitation of electrostatic and electrodynamic phenomena ; but
if we can imagine one such mechanism, we can also imagine
an infinity of others. Among them all, we do not at present
find one that appeals to our choice on the score of simplicity,
nor is it evident that any one would enable us, better than
the others, to penetrate the secret of nature. All those that
have been proposed have a savor of artificiality which is re-

pugnant to the reason.
(1]
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One of the most complete of these was developed by Max-
well, at a time when his ideas had not yet taken definite form.
The complicated structure which he attributed to the ether
rendered his system strange and unattractive ;. one seemed to
be reading the description of a workshop with gearing, with
rods transmitting motion and bending under the effort, with
wheels, belts and governors. '

Whatever may be the taste of the English for conceptions
of this kind, whose concrete appearance appeals to them, Max-
well was the first to abandon his own extraordinary theory,
‘and it does not appear in his complete works. But we cannot
regret that his mind followed this by-path, since it was thus
led to the most important discoveries.

In following the same course, it seems hardly possible to
obtain a better result. But if it is vain to attempt to picture
the mechanism of electrical phenomena in all its details, it is
nevertheless important to show that these phenomena obey
the general laws of mechanies. '

" These laws, in fact, are independent of the particular
mechanism to which they apply: they must remain invariable
throughout the diversity of their manifestations. If the
electrical phenomena are exceptions, we must abandon all
hope of a mechanical explanation; but if they conform to
these laws, the possibility of such explanation is assured, and
we are confronted only by the difficulty of choosing among
the various solutions which the problem admits. -

But how can we assure ourselves, without following all the
complications of mathematical analysis, of the conformity of
the laws of electrostatics and electrodynamics to the general
principles of dynamics? By a series of%comparisons. When
we wish to analyze an electrical phenomenon, we shall take
one or two well-known mechanical phenomena and endeavor
to show their perfect parallelism. This parallelism will thus
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be a sufficient proof of the possibility of a mechanical expla-
nation.

The use of mathematical analysis would serve only to show
that these analogies are not merely rough approximations,
but may be followed into the most minute details. The limits
of this work will not permit us to go thus far, and we must
be content with a comparison, as it were, qualitative.

2. Electrostatic Phenomena.— In charging a condenser
energy is always expended; mechanical work if we turn a
statical machine or a dynamo, chemical energy if we charge
it with a battery. But the energy thus expended is not lost;

F16. 1.— Two cbnductors are charged to different potentials and then
connected by a wire. A current flows from one to the other until the
potentials are equalized.

it is stored in the condenser, to be liberated again when the
condenser is discharged. It will be liberated in the form of
heat if the two plates of the condenser are simply joined by a
wire, which is heated by the discharge current; or it may be
made to take the form of mechanical work by causing the
discharge current to operate a little electric motor.
Similarly, to raise the level of water in a reservoir, work
must be done; but this work may be given back, if, for exam-
ple, the water in the reservoir be used to turn a water-wheel.
If two conductors be charged to the same potential, and
then connected by a wire, the equilibrium will not be dis-
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turbed ; but if the initial potentials be different, a current will
flow through the wire from one conductor to the other until
the equality of potential is established. (Fig. 1.)

Similarly, if the water in two reservoirs stand at different
levels and the reservoirs be joined by a pipe, water will flow
irom one to the other until it stands at the same level in
both. (Fig. 2.)

The parallelism is thus complete: the potentwl of a con-
denser corresponds to the height of the water in a reservoir,
the charge of the condenser to the mass of the water contained
in the reservoir.

F1a. 2— Hydraulic analogue of the charged conductors. The height of
water represents the potential; the mass of the water, the charge on the
(clonductor, the cross-section of the reservoir, the capacity of the con-

uctor.

For example, if the horizontal section of the reservoir be
100 square meters, one cubic meter of water will be re-
quired to raise the level one centimeter. If the section be
twice as great, double the quantity of water will be required.
The horizontal section thus corresponds to what is called the
capacity of the condenser.

How can we interpret in this manner the attractions and
repulsions which are exerted between electrified bodies?

These mechanical forces tend to diminish the difference of
potential between the bodies. If they be opposed, as when
two mutually attractmg bodies are separated, work is done,
electrical energy is stored up, and the difference of potential
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is increased. If, on the other hand, the conductors be left
free to obey their mutual attractions, the stored-up electrical
energy is partly given up in the form of mechanical work,; and
the potentials tend to be equalized.

These mechanical forces thus correspond to the pressures
exerted on the walls of the reservoirs by the water which they
contain. Suppose, for example, that our two reservoirs be
joined by a horizontal cylindrical pipe of large cross-section,
in which is fitted a piston. (Fig. 3.) When the piston is
moved in such a direction as to force water into the reser-
voir where the level is already higher than in the other, work
is expended ; if, on the other hand, the piston be left free to

F16. 3.— The mechanical force between two oppositely charged bodies
tends to diminish their difference of potential. If this force be opposed,
as when the piston is forced against the pressure, work is done, energy is
stored, the difference of potential is increased.

yield to the pressures on its opposite faces, it will be dis-
placed in such a way that the water-levels tend to be equal-
ized, and part of the energy stored in the reservoirs will be
released.

This hydraulic analogy is the most convenient and most
complete ; but it is not the only one possible. For instance,
we might compare the work done in charging a condenser to
that required to raise a weight or compress a spring. The
energy thus expended is given back when the weight is al-
lowed to descend, or the spring is released, just as when the
two plates of a condenser are allowed to obey their mutual
. attractions.
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In the following pages we shall make use of all three analo-
gies.

3. Resistance of Conductors.— Suppose our two reservoirs
to be joined together by a long, horizontal tube of small
cross-section. (Fig. 4.) The water will run slowly through
this tube, and the flow will increase as we increase the dif-
ference of level in the reservoirs and the cross-section of the
tube, or as we diminish its length. In other words, the re-
sistance of the tube, being due to internal friction, increases
with its length and with a diminution of its area. ‘

Similarly, if we connect two conductors by a long, slender
wire, the flow of electricity will increase with the difference

F16. 4.— Ohmic resistance is analogous to friction of water flowing
through a slender tube. The flow depends upon the difference in level, the
gore of the tube and (inversely) on its length. The energy lost goes into

eat. .

of potential and with the cross-section of the wire, and will
vary inversely as its length.

The electrical resistance of a wire is therefore comparable
to the hydranlic resistance of our tube: it is a kind of fric-
tion. The similarity is the more complete, for the resistance
causes the wire to become heated as in the case of mechanical
friction.

This effect is strikingly shown in the well-known experi-
ment of Foucault. When a disc of copper is caused to rotate
in a magnetic field, a considerable force is required to turn
it, and the dise becomes heated, precisely as if the disc were
rubbing against an invisible brake.
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4. Induction.— If two wires be placed close together,
and one of them carry a variable current, currents will also
be produced in the second. If the primary current be in-
creasing, the secondary current will be in the opposite direc-
tion to the primary: if the primary be decreasmg, the second-
ary will be in the same direction. The currents in the second-
ary circuit are known as induced currents, and the phenome-
non is called mutual induction.

But this is not all. A variable current produces electro-
motive forces of induction in the wire traversed by the cur-
rent itself. This force is opposing if the current be increas-
ing, but it tends to augment the current when the latter is
decreasing. This effect is called self-induction.

In our mechanical analogy, self-induction is easily ex-
plained. It seems that, to set electricity in motion, we
must overcome a counter-electromotive reaction; but once
the motion is commenced, it tends to continue of itself. Self-
induction is thus a sort of inertia. »

‘Similarly, a reaction must be overcome in starting a vehi-
cle in motion; but, once it is started, the motion tends to
continue of itself.

To recapitulate, a current may have to overcome:

First. The ohmic resistance of the circuit (which always
exists and always opposes the current).

Second. Self-induction, i.f the current is variable.

Third. Counter-electromotive forces of electrostatic origin,
if there are electrical charges in the neighborhood of the cir-
cuit or upon it.

The last two reactions may become negative and tend to
augment the current.

Compare these reactions with those encountered by a ve-
hicle moving along a road:
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First. Ohmic resistance, we have seen, is analogous to
friction. - ‘

Second. Self-induction corresponds to the inertia cf the
vehicle. .

Third. The forces of electrostatic origin are like the
weight, which opposes the motion when ascending a grade,
and assists when descending. (RESILI Buet )

For mutual induction the matter is a little more compli-
cated. Imagine a sphere, S, of considerable mass, which car-
ries two arms at diametrically opposite points; and at the
ends of these arms, two small spheres, s, and s,. (Fig. 5.)

s - \

F1G. 5.— Mechanical model illustrating the phenomena of mutual in-
duction. The small spheres, s, and 83, represent two mutually inductive
circuits; the sphere, S, of large mass, the ether which surrounds them.
Any variation in the velocity of s, (prlmarll{ current), induces a velocity
in s; (secondary current), on account of the inertia of S.

S represents the ether, s, the primary current, and s, the
secondary current.

1f we wish to set the little sphere s, in motion it offers little
opposition ; but the sphere S does not start so readily. For
the first instant it remains motionless and the whole system
turns about it as a center, the sphere s, moving in the oppo-
site direction to s,. ,

This, represents the action of mutual induction. The
spheres s, and s, correspond to the two conductors; the
sphere S, which we must imagine invisible, is the ether which
surrounds them. When the motion of s, is accelerated, s,
moves in the opposite direction ; similarly, when the primary
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current increases, a secondary current is induced in the oppo-
site direction.

Pursuing the analogy, suppose the motion of s, and s; to
be retarded by a sort of friction (the ohmic resistance of the
two conductors), while S has no resistance to overcome but
its own inertia; and suppose the motive force to act con-
tinuously on s,, When a condition of uniform motion is
finally established, the sphere s, will move at a constant ve-
locity, carrying with it S, which, once in motion, offers no
further resistance. The sphere s,, by virtue of its friction,
will remain motionless, and the whole system will revolve
about it. The primary current has become constant; the
secondary current has ceased.

" Finally, if the motive force cease to act on s,, its velocity
will be reduced by its friction. But S, by virtue of its great
inertia, continues to move, carrying with it s., which acquires
a velocity in the same direction as that of s,. The primary
current decreases; the secondary current flows in the same
direction as the primary.

In this figure, S represents the ether which surrounds the
wires; it is the inertia of the ether which produces the ple-
nomena of mutual induction. The same is true of self-in-
duction: the inertia which must be overcome in starting a
. current in a wire is not that of the ether which penetrates -
the wire, but of the ether which surrounds it.

5. Electrodynamic Attraction.— We have endeavored above
tc give, by analogy, an explanation of electrostatic attrac-
tions, and of the phenomena of induction. Let us now see
what idea Maxwell offers as to the cause of the mutual attrac-
tions of currents.

If electrostatic attractions were due to the tension of a
multitude of tiny springs, or, in other words, to the elasticity
of the ether, the kinetic energy and the inertia of this fluid
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would give rise to the phenomena of induction and electrody-
namie actions.

The complete analysis is much too long to find place here,
and we must again limit ourselves to an analcgy. We shall
find it in a well-known device,— the centrifugal governor.
(Fig. 6.)

Fi1c. 7.— Two currents in oppo-

F16. 6.— Model f{llustrating the
site directions repel each other,

mechanical action of currents. The
balls tend to separate, thus increas-
ing their kinetic energy if the
angular velocity be kept constant.
This energy is supplied from with-
out in overcoming the inertia reac-
tion due to the separation.

tending to separate and thus in-
crease the Kkinetic energy of the
system for constant current. This
energy is supplied from the source
in overcoming the counter E.M.F.
due to the separation.

The kinetic energy of this apparatus is proportional to the
square of the angular velocity of its rotation, and to the
square of the displacement of the balls from the axis.

According to Maxwell’s hypothesis, the ether is in motion
whenever there are electric currents, and its kinetic energy
i3 proportional to the square of the intensity of the currents.
This intensity thus corresponds, in the analogy which we are
endeavoring to establish, to the angular velocity of rotation.
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If we consider two currents in the same direction, the
kinetic energy, for a given intensity of current, will become
greater as the currents approach each other. If the currents
flow in opposite directions, it will be greater as they are far-
ther separated. (Fig. 7.)

This being granted, we may pursue the analogy.

To increase the angular velocity of the governor, and hence
its kinetic energy, it is necessary to do work, and hence to
overcome a reaction, called its inertia.

Similarly, increasing the strength of the currents increases
the kinetic energy of the ether; and to do this requires the
doing of work and the overcoming of a reaction, which is sim-
ply the inertia of the ether, and is called induction.

The kinetic energy will be greatest when the currents are
in the same direction and close together ; the work to be done
in producing them and the counter-electromotive force of in-
duction are thus greatest. This is what is meant when we
say, in ordinary language, that the mutual induction of two
currents is added to their self-induction. The reverse is true
if the currents are in opposite directions.

If the balls of the governor be separated, energy must be
supplied if the angular velocity is to be maintained ; because,
for a given angular velocity, the kinetic energy increases as
the balls are separated.

Similarly, if two currents in the same direction be brought
together, work must be done to maintain their intensity, be-
cause the kinetic energy is increased. Hence, there is an
electromotive force of induction to be overcome, which tends
to diminish the strength of the currents. On the other hand,
it would tend to increase them if they were in the same di-
rection and were separated, or if they were in opposite direc-
tions, and were brought together.
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The mutual mechanical actions of currents may be simi-
larly explained.

The centrifugal force tends to separate the balls of the
governor, which would have the effect of increasing the
kinetic energy if the angular velocity were kept constant.

Similarly, when the two currents are in the same direction,
they attract each other; that is, they tend to come together,
which would have the effect of increasing the kinetic energy
if the currents were maintained constant. If the currents
are in opposite directions, they repel each other, and tend to
separate; which would again have the effect of increasing
the kinetic energy for a constant strength of current.

Thus, the electrostatic phenomena are explained by the elas-
ticity of the ether, and electrodynamic phenomena by its
kinetic energy. But should this elasticity itself be explained,
as Lord Kelvin thinks, by the rotation of minute portions of
the fluid? Various considerations render this hypothesis
attractive, but it plays no essential part in the theory of Max-
well, which is independent of it.

In all the preceding we have made comparisons with vari-
ous mechanisms; but they are simply analogies,— indeed,
rather crude ones. Moreover, we must not expect to find in
Maxwell’s work a complete mechanical explanation of elec-
trical phenomena, but only a portrayal of the conditions
which all such explanations must satisfy; indeed, the great
element of permanency in Maxwell’s work is this fact, that it
is independent of all particular explanations.



CHAPTER II.
MAXWELL’S THEORY.

1. Relations between Light and Electricity.—At the time
when the experiments of Fresnel were forcing the scientific
world to admit that light is due to the vibrations of a subtle
fluid, filling interplanetary space, the researches of Ampére
revealed the laws of the mutual action of electric currents,
and laid the foundation of electrodynamics.

It was but a step farther to suppose that this same fluid,
the ether, which is the seat of luminous phenomena, is also
the medium for electrical action. This step was taken by
Ampére; but the illustrious physicist, in proposing his at-
tractive hypothesis, could hardly have foreseen that it would
so soon take a more precise form and begin to receive its con-
firmation. It was indeed only a dream without foundation
until electrical measurements brought to light an unexpected
fact.

The ratio of the “ absolute electrostatic unit” to the * ab-
solute electromagnetic unit” is measured by a velocity. Max-
well devised several methods for deriving the value of this
velocity, and the results which he obtained fell in the vicinity
of 300,000 kilometers per second; that is, the velocity of
light.

The observations were soon made so precise that it was
impossible to attribute the coincidence to chance, and there
was no longer any doubt of the existence of some intimate
relation between optical and electrical phenomena. But the
nature of this relation might still have remained a mystery

if the genius of Maxwell had not divined it.
[13]
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The remarkable coincidence may be explained in the fol-
lowing way: Along a wire of perfect conductivity an elec-
trical disturbance would be propagated with the velocity of
light. The calculations of Kirchhoff, founded on the old
electrodynamic theory, led to this result.

But it is not along a wire that light is propagated, but
through transparent bodies, through the air, through space.
. Such a propagation as this was not accounted for by the old
electrodynamies. Before the principles of optics could be
derived from the electrodynamic theories then in vogue, the
latter had to undergo serious modifications without ceasing
_ to take account of all known facts. This reconstruction was
. the work of Maxwell.

2. Displacement Currents.— It is well known that mate-
rial bodies may be divided into two classes: the conductors,
in which we can produce displacements of electricity, that is,
voltaic currents, and the insulators, qr dielectrics. To the
early electricians, the dielectries were quite inert, and their
funetion was simply to oppose the passage of electricity. If
this were the case, any insulator whatever could be replaced
by a different one without in the least changing the phe-
nomena. The experiments of Faraday showed that this is
not so: Two condensers of the same form and the same di-
mensions, connected to the same source of electricity, do not.
take the same charge, even though the thickness of the insu-
lating layer be the same; provided the nature of the insulat-
ing material is different. Maxwell had made too profound a
study of Faraday’s researches to overlook the importance of
the dielectrics, and the necessity of giving them their proper
significance.

Moreover, if it be true that light is an electrical phenome-
non, then when light is propagated through an insulating
body, this insulator must be the seat of the phenomenon.
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Thus there must be localized electrical phenomena in the di-
electrics. But what is their nature? Maxwell replies boldly :
they are currents.

All the known facts of his time seemed to contradict him:
never had a current been observed except in a conductor.
How could Maxwell reconcile his audacious hypothesis with
a fact sc well established? Why do these hypothetical cur-
rents produce manifest effects under certain circumstances,
and yet are absolutely unobservable under ordinary condi-
tions ¢

It is because the dielectrics offer to the passage of eleetric-
ity, not a greater resistance than the conductors, but a resist-
ance of a different nature. An analogy will make Maxwell’s
idea more intelligible.

If we undertake to compress a spring we encounter an
opposing force which increases as the spring yields to the
pressure. If, now, we can exert only a limited pressure, a
moment will arrive when we can no longer overcome the
reacting force ; the movement will cease, and oquilibrium will
be estabhshed Fmally, when the pressure is removed, the
spring will regain its orlgmal form, giving back all the
energy that was expended in compressing it.

Suppose, on the other hand, that we wish to move a body
immersed in water. Here again we encounter a reaction,
which depends upon the velocity, but which, if the velocity
remain constant, does not go on increasing as the body yields
to the pressure. The motion will thus continue as long as the
motive force acts, and equilibrium will never be established.
Finally, when the force is removed, the body does not tend
to return to the starting point, and the energy expended in
moving it cannot be restored; it has been completely trans-
formed into heat through the viscosity of the water.

The contrast is manifest, and it is important to distinguish
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between elastic reaction and viscous reaction. Now, the di-
electrics behave toward the motion of electricity as elastic
solids do toward the motion of matter, while the conductors
behave like viseous.liquids. Hence there are two kinds of
currents: the displacement currents of Maxwell, which tra-
verse the dielectrics, and the ordinary conduction currents
which flow in conductors.

The former, having to overcome a sort of elastic reaction,
must be of short duration, for this reaction increases as long

F16. 8.— Model illustrating the flow of a displacement current in a
dielectric C. The pressure in the vessel represents the voltage of the bat-
tery; the height of the column, the displacement in the dielectric; the flow
of water, the charging current. The energy expended may be recovered.

as the current continues to flow and equilibrium must soon
be established. ‘

Conduction currents, on the other hand, must overcome a
sort of viscous resistance, and hence may continue as long as
the electromotive force which produces them.

Resuming our hydraulic analogy, suppose that we have a
closed vessel containing water under pressure. (Fig. 8.) If
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we put this vessel in communication with a vertical pipe, the
water will rise in it, but the flow will cease when the hydro-
static equilibrium is established. If the pipe be large, there
will be no appreciable friction nor loss of head, and the water
thus raised may be used to do work. We have here an il-
lustration of displacement currents.

If, on the other hand, the water be allowed to run out
through a horizontal pipe (Fig. 9), the flow will continue as
long as there is water in the reservoir; but, if the pipe be
small, there will be a considerable loss of energy, and heat
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F1G. 9.— Model illustrating the flow of a conduction current in a con-
ductor, R. The flow continues undiminished as long as the pressure is .
maintained. The energy expended in friction takes the form of heat and
is lost.

will be produced by the friction. This illustrates the action
of conduction currents. :

Although it is impossible, and unnecessary, to try to im-
agine all the details of the mechanism, we may say that all
takes places as if the displacement currents had the effect of
compressing a multitude of minute springs. When the cur-
rents cease, electrostatic equilibrium is established ; and the -
tension of the springs depends upon the intensity of the elec-
trostatic field. The energy accumulated in these springs, that
is, the electrostatic energy of the field, may be restored when-
ever they are allowed to unbend; and it is thus that mechani-

2
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cal work is produced when charged conductors are allowed to
obey their electrostatic attractions. These attractions are
thus due to the pressure exerted on the conductors by the
compressed springs. Finally, to pursuve the analogy to the
end, a disruptive discharge may be attributed to the breaking
of some springs which are unable to stand the strain.

On the other hand, the energy expended in producing con-
duction currents is lost, and converted into heat, like the
work done in overcoming friction or the viscosity of fluids.
This is why a conductor is heated by the passage of a current.
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F16. 10.— The old explanation of
the charging of a condenser. The
electricity was supposed to accumu-
late on the surface of the plates,
as indicated by the dotted lines.
The circuit was thus considered un-

F16. 11.— Maxwell’s idea of the
phenomenon of charging a con-
denser. The current does not stop
at the surface of the conductor, but
continues to flow, as a displace-
ment current, through the dielectric,

until checked by the elastic reaction.

closed.
The circuit is thus completed.

From Maxwell’s point of view, none but closed currents
exist. To the early electricians, this was not the case. They
considered as closed the current which circulates in a wire
joining the two terminals of a battery. But if, instead of
joining these terminals directly, they were connected respec-
tively to the two plates of a condenser, the momentary cur-
rent which flowed while the condenser was being charged
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was considered as unclosed. (Fig. 10.) It flowed, they said,
from one plate to the other through the wire connected to the
battery, and stopped at the surfaces of the plates. Maxwell,
on the contrary, considers that the current continues, in the
form of a displacement current, across the insulating layer
which separates the plates, and is thus completely closed.
(Fig. 11.) The elastic reaction which the current en-
counters in traversing the dielectric explains its short dura-
tion.

Currents may manifest themselves in three ways: by their
heating effects, by their action on magnets and on other cur-
rents, by the induced currents which they generate. We have
seen above why conduction currents produce heat and dis-
placement currents do not. Yet, according to Maxwell’s lLy-
pothesis, the currents which he imagines should, like ordinary
currents, produce electromagnetie, electrodynamie, and indue-
tive effects.

Why could these effects not be observed ¢ Because a dis-
placement current, however feeble, cannot continue long in
one direction; for the tension of our hypothetical springs,
continually increasing, will soon check it. Thus we cannot
have in a dielectric either a continuous current of long dura-
tion or a sensible alternating current of long period; but the
effects should be observable if the alternations are very rapid.

3. The Nature of Light.—And here we have, according to
Maxwell, the origin of light: A light wave is a series
of alternating currents, flowing in a dielectrie, in the
air, or in interplanetary space, changing their direction -

- 1,000,000,000,000,000 times in a second. The enormous in-

ductive effect of these rapid alternations produces other cur-
rents in the neighboring portions of the dielectrie, and thus
the light waves are propagated from place to place. The ve-



20 MAXWELL'S THEORY.

locity of propagation may be shown analytically to be equal

to the ratio of the units, that is, to the velocity of light.
These alternating currents are a kind of electrical vibration ;

but are they longitudinal, like those of sound (Fig. 12), or
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F16. 12.— Mode of propagation of a longitudinal vibration, such as a
sound wave., The crowding and separating of the {;arallel lines repre-
sent condensations and rarifactions of the air, and the arrows indicate
the motion of individual particles.

transverse, like those of Fresnel’s ether? ( Fig. 13.) In the
case of sound, the air undergoes alternate condensations and
rarifactions; but the ether of Fresnel acts as if it were com-
posed of incompressible layers capable only of sliding upon
each other. If the currents flowed in unclosed circuits, the
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_F16. 13.— Mode of propagation of a transverse wave, such as light.
There are no changes of density, and the displacements in the ether are
perpendicular to the line of propagation.

electricity would necessarily accumulate at one end or the
other of the circuits, and we should have a condition analo-
gous to the condensations and rarifactions of air: the vibra-
tions would be longitudinal. But, as Maxwell admits only
closed currents, these accumulations are impossible, and the
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electricity must behave like the incompressible ether of Fres-
nel: its vibrations must be transverse.

Thus we reach all the conclusions of the wave theory of
light. This, however, was not enough to enable the physi-
cists, who were attracted rather than convinced, to accept
absolutely Maxwell’s ideas: all that could be said in their
favor was, that they did not conflict with any known facts,
and that it were indeed a pity if they were not true. The
experimental confirmation was lacking, and remained so for
twenty-five years.

It was necessary to find, between the old theory and that
of Maxwell, a discrepancy not too minute for our crude
methods of observation. There was only one such from which
an experimentum crucis could be derived. To do this was
the work of Hertz, which we shall now discuss.



CHAPTER III
ELECTRICAL OSCILLATIONS BEFORE HERTZ.

1. Experiments of Feddersen.— Alternating currents were
produced at a very early date by mechanical means, such as
the use of rotating commutators, vibrators, etc. These
were indeed, in a sense, electrical oscillations, but their fre-
quency was necessarily very low.

The discharge of a condenser furnished the means of ob-
taining much more rapid oscillations, and it was Feddersen
who first demonstrated experimentally that, under certain
circumstances, the discharge of a Leyden jar may be oscil-
latory.

Feddersen observed the spark produced in discharging a
Leyden jar, by means of a rotating concave mirror. He also
projected an image of the spark, by such a mirror, upon a
sensitive plate, and thus photographed it under various condi-
tions.

He varied the resistance of the circuit. With a low resist-
ance he obtained an oscillatory discharge, and the arrange-
ment of his apparatus enabled him to see how the frequency
of oscillation varied with the capacity of the condenser and
the self-induction of the circuit.

To vary the capacity he simply changed the number of
Leyden jars, and thus showed approximately that the period
is proportional to the square root of the capacity.

To vary the self-induction, Feddersen changed the length
of the discharge circuit, and showed the period to be approxi-
mately proportional to the square root of the self-induction;
but approximately only, be;émse in his experiments the
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length of the circuit reached sometimes several hundred
meters; it was suspended on the wall and formed with this
a condenser whose capacity was not at all negligible with re-
spect to that of the main condenser.

As for the numerical coefficient, Feddersen could not de-
termine its value, for he did not know accurately the capacity
of his condensers; he could only verify the proportionalities.

Feddersen obtained pericds of the order of 10 seconds.

By gradually increasing the resistance, which he did by
inserting in the circuit small tubes filled with sulfuric acid,
~ he obtained, first, continuous discharges, then intermittent
ones; the latter for very large values of the resistance, ob-
tained by means of wet cords.

It is evident that, in a rotating mirror, a continuous dis-
charge should appear as a continuous band of light; an alter-
nating or intermittent discharge, as a series of separate,
bright spots. _

The photographs of alternating discharges obtained by
Feddersen presented a peculiar appearance. 'There was a
series of bright and dark points corresponding to the two ends
of the spark; but the luminous points for one end corre-
sponded to the dark points for the other, and vice versa.

This is easily explained: When a disruptive discharge
takes place in air, the particles torn from the positive elec-
trode become incandescent, but this is not the case with the
negative particles: the positive end of the spark is thus
brighter than the negative.

Feddersen’s photographs thus proved that each end of the
spark is alternately positive and negative. Hence the dis-
charge is not intermittent and always in the same direction,
but is oscillatory.

2. Lord Kelvin’s Theory.— The experiments of Feddersen

may be easily explained:
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Suppose two conductors (in Feddersen’s experiments they
were the two coatings of the condenser) to be connected by a
wire. If they are not at the same potential, the electrical
equilibrium will be disturbed, just as the mechanical equili-

‘ F1G. 14.— A charged condenser is analogous to a pendulum disglac‘ed
l;:;l;d'the vertical. Each represents a store of energy, ready to be re-
brium is disturbed when a pendulum is displaced from the
vertical. (Fig. 14.) In either case there will be a tendency
to re-establish the equilibrium. A current will flow through
the wire in the effort to equalize the potentials of the two

F16. 15.— When the condenser is discharged and the pendulum has
swung to the vertical, the energy is not lost, but has taken the form of
current in the one case, velocity in the other. These are alike in their
tendency to continue.

conductors, and the pendulum will swing toward the verti-
cal. (Fig. 15.)

But the pendulum will not stop in the position of equilib-
rium; having acquired a certain velocity, its inertia will
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carry it beyond this posit(ion. Similarly, when our conduct-
ors are discharged, the momentary condition of equilibrium
does not last, but is at once destroyed by a cause analegous
to inertia — the self-induction of the circuit. We have
learned that, when a current ceases to flow, it induces a cur-
rent in the same direction in a neighboring conductor. A
similar effect is produced in the circuit of the inducing cur-
rent itself, which is thus continued, as it were, by the induced
current.

In other words, a current persists after the cessation of the

F1G6. 16.— The current has ceased, and the condenser is again charged,
but with reversed polarity. The pendulum has reached the extreme limit
of its swing, and is ready for the return journey.

cause which produced it, just as a moving body continues in
motion after the force which started it is removed.

Thus, the two potentials having been equalized, the current
continues in the same direction, and charges the conductors
again, but with reversed polarities. (Fig. 16.) In this case,
as in that of the pendulum, the position of equilibrium hav-
ing been passed, the motion must be reversed in order to re-
turn to it: again the momentary equilibrium is established,
and again it is destroyed in the same way; and thus the oscil-
lations continue.

It is readily shown analytically that the period of oscilla-
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tion varies with the capacity; hence, by diminishing this
capacity, which is easily done, we may obtain an “ electrical
pendulum ” capable of producing extremely rapid oscilla-
tions.

3. Other Analogies.— In explaining the theory of Lord
Kelvin we have compared the electrical oscillations with
those of a pendulum, but there are many other analogies
which would serve equally well.

Instead of a pendulum, take, for example, a tuning fork:
if its arms be bent from their position of equilibrium, their
elasticity tends to bring them back; but, impelled by their
inertia, they swing past it; their elasticity brings them back
again, and again they swing past, and so on: they perform a
series of oscillations.

Here the elasticity of the fork plays the same part as the
weight of the pendulum, and as the electrostatic force in the
oscillatory discharge of the Leyden jar; the inertia of the
fork takes the place of the inertia of the pendulum and the
self-induction of the circuit.

But our hydraulic analogy is perhaps even better. Sup-
pose two vessels to be joined by a horizontal tube: when the
water is in equilibrium its level is the same in both vessels.
But if in any way this equality of level be destroyed, it will
tend to be re-established; the water will fall in vessel A,
where it was above the normal level, and will rise in vessel
B, where it was below the normal. The water in the tube
will be set in motion, flowing from A to B. But when the
equality of level is established, the motion will not cease,
on account of the inertia of the water in the tube; the water
will rise in vessel B and fall in A. The flow will then
commence in the opposite direction, the phenomenon will
be repeated in the opposite sense, and so on. (Fig. 17.)

Here again we have a series of oscillations ; but what deter-
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mines their period? It increases with the horizontal sec-
tion of the vessels (which we shall imagine cylindrical).
Thus, if a litre of water be transferred from one vessel to
the other, the difference of level caused by this transfer will
be less, in proportion as the cross-section of the vessels is
greater. Hence the motive force will be smaller, and the
oscillations slower.

On the other hand, the period will increase with the length
of the tube. To transfer a litre of water from one vessel to
the other, all the water in the tube must be set in motion;

F16. 17.— Hydraulic analogue of the oscillatory discharge of a con-
denser. The period depends upon the cross-section of the vessels A and B,
and on the length of the tube T, which correspond to the capacity and
self-induction of the circuit. If the friction in the tube is too great the
flow ceases to be oscillatory. (See p. 28.)

hence the inertia to be overcome increases with the length
of the tube, and the oscillations become slower.

We have seen in Chapter I that the horizontal section of
the vessels corresponds to the capacity of a circuit, the length
of the tube to its self-induction. The period of an electrical
oscillation thus increases with the capacity and with the
self-induction.

4. Damping.— The oscillations of a pendulum do not con-
tinue indefinitely ; each swing is a little smaller than the pre-
ceding one, and, after a certain number of oscillations of de-
creasing amplitude, the pendulum comes to rest. This is
due to friction.
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Now, we have seen that, in electrodynamic phenomena,
there is an agency which plays the same part as mechanical
friction, i. e., ohmic resistance. Electrical oscillations must
then decay like those of a pendulum; they must grow weaker
and weaker, decreasing in amplitude, and finally cease.
This diminution is called damping. (See Fig. 18.)

Friction does not appreciably affect the period of a pen-
dulum; and similarly, the ohmic resistance does not, as a
rule, sensibly change the period of electrical oscillations: they
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F1e. 18.—Oscillatory discharge of a condenser, calculated for the
values of capacity C, inductance L, and resistance R indicated above.
grow smaller and smaller, Lut they do not become much
less rapid.

In certain experiments, however, Feddersen employed very
great resistances, and the period, as we might imagine, be-
came notably longer. An extreme case is that in which the
discharge ceases to be oscillatory. (Fig. 19.)

Imagine a pendulum immersed in a very thick and viscous
fluid. TInstead of descending with an increasing velocity,
it moves slowly, arrives without velocity at its position of
equilibrium, and does not swing beyond. There are no
oscillations.
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It is on this principle that aperiodic or “ dead beat” gal-
vancmeters are constructed. The needle is mounted close
to a plate of copper, in which Foucault currents are induced
by its motion; hence the needle encounters a considerable
resistance, which retards it as friction would do. Thus,
instead of oscillating from one side to the other of its posi-
tion of equilibrium, which would make the instrument dif-
ficult to read, it swings gently up to the point, and stops.

These mechanical illustrations will suffice to show the
nature of the discharge of a Leyden jar where the ohmic

C=.018 Microfarad
L=.56 Millihenry
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F16. 19.— Unidirectional discharge of a condenser. The conditions are
the same as in FiG. 18, except for the increased resistance. Curve A is the
critical case of quickest discharge. For smaller values of R the dis-
charge becomes oscillatory. Curves B and C are for larger values of R.

resistance is very great. The condition of electrical equi-
librium is attained slowly, and is not overpassed. The dis-
charge is no longer oscillatory, but continuous. This is
just what was shown by the experiments of Feddersen, which
thus confirm completely the theory of Lord Kelvin.

Friction and analogous reactions are not the only causes
of damping, and the kinetic energy of oscillating bodies is
not all converted into heat. Consider again a tuning fork,
whose vibrations diminish gradually in amplitude. TUn-
questionably there are frictional effects which slightly heat
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the fork, but, at the same time, we hear a sound: the air
is set in motion, and takes up energy from the fork. Part
of the energy is thus dissipated by a sort of radiation inte
space.

The energy of electrical osciliations also is expended in
two ways: ohmic resistance transforms a part of it into
heat, but we shall soon see that another part is radiated into
space without losing its electrical character. This is a phe-
nomenon which was predicted by Maxwell’s theory, and
which is contrary to the old electrodynamies.

Thus we see that electrical oscillations undergo two kinds
of damping: by ohmic resistance (analogous to friction),
and by radiation.



CHAPTERIV.
HERTZ’S OSCILLATOR.

1. Hertz’s Discovery.— The displacement currents pre-
dicted by Maxwell’s theory could not, under ordinary circum-
stances, manifest their existence. As we have seen, they have
to overcome an elastic reaction which increases continually as
long as they continue to flow; hence they must be either very
feeble, or of very short duration, ¢f they flow always in the
same direction. In order that their effects may be appre-
ciable, they must change frequently in direction; the alter-
nations must be very rapid. ‘Industrial alternating currents,
and even the oscillations of Feddersen, are entirely too slow
for this purpose.

This is the reason that Maxwell’s ideas waited twenty years
for experimental confirmation, and to Hertz was reserved the
honor of giving it. This eminent scientist, whose life was so
short and so full, contemplated at first the carcer of an archi-
tect, but was soon drawn by an irresistible impulse toward
pure science. Noticed and encouraged by Helmholtz, he was
appointed professor at arlsruhe: it is there that he made
the researches which have immortalized his name, and rose
in a day from obscurity to fame. But he was not destined
to enjoy it long; he had barely time to complete his new
laboratory at Bonn, when illness prevented him from utilizing
its resources; and soon he died, leaving behind him, besides
his monumental discovery, experiments of great importance
on cathode rays and an original and profound book on the
philosophy of mechanics.

[31]
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2. Principle of the Oscillator.— The problem, as has been
explained, was to obtain extremely rapid vibrations. It would
seem, according to what we have seen in Chapter 111, that it
would only be necessary to repeat the experiments of Fedder-
sen with diminished capacity and self-induction. It is thus
that the vibrations of a pendulum are made more rapid by
diminishing its length.

But it is not enough to construct the pendulum; it must
be set in motion. To do this, the pendulum must be displaced
from its position of equilibrium by somne agency; the cause
must then be removed suddenly, that is, in a time very short
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F1G. 20.— An electrical oscillator, consisting in two conductors C,, Cg,
joined by a wire interrupted by a spark-gap G. The conductors are
charged by an induction coil R, and discharged across the air-gap.

with respect to the duration of a period ; otherwise it will not
oscillate.

If a pendulum be displaced from the vertical by the hand,
for example; then, if, instead of letting go suddenly, the
arm be relaxed slowly withou! releasing the pendulum, the
latter will reach its position of equilibrium without velocity
and will not swing beyond it.

Thus the time occupied in the release must be very short
with respect to the period of oscillation; hence, with periods
of a hundred-millionth of a second, no system of mechanical
release could operate, however rapid it may appear with
respect to our ordinary units of time.

Hertz solved the problem as follows:

Returning to our electric pendulum (see page 24), let us
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cut the wire which joins the two conductors, leaving a gap
of several millimeters. This air-gap divides our apparatus
into two symmetrical halves which we shall connect to the two
terminals of a Ruhmkorff coil. (Fig. 20.) The secondary
current will charge our two conductors, and their difference
of potential will increase comparatively slowly.

At first the air-gap will prevent the conductors from dis-
charging; the air acting as an insulator and keeping our
pendulum displaced from its position of equilibrium. But
when the difference of potential reaches a certain point the
spark of the coil will leap across the gap and open a path for
the electricity accumulated on the conductors. The air-gap
ceases suddenly to be an insulator, and, by a sort of electrical
trigger, our pendulum is released from the cause which pre-
vented it from returning to equilibrium. If certain rather
complex conditions, thoroughly studied by Hertz, are ful-
filled, the release will be sudden enough to produce oscilla-
tions.

3. Different Forms of Oscillators.— Thus, the essential parts
-of an oscillator are:

1st. Two terminal conductors, of relatively large capacity,
which receive from the induction coil initial charges of op-
posite sign, and which exchange their charges at each half
.oscillation.

2d. An intermediate conducting wire joining these con-
ductors, through which the electricity flows from one to the
-other.

3d. A spark micrometer, placed in the middle of the inter-
mediate conductor. This is the seat of a resistance which
permits the displacing of the electric pendulum from its posi-
tion of equilibrium: this resistance afterward disappears
suddenly when the discharge takes place. thus releasing the
pendulum.

3
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¢+ 4th. An induction coil, whose terminals are connected to
the -two halves of the oscillator, and which furnishes their
initial charges. This is, so to speak, the arm which displaces
the pendulum from its position of equilibrium.

F16. 21.— Hertz’'s large oscillator. Two spheres of zinec, each attached
to a metallic rod terminating in a brass knob for the spark-gap.

In Hertz’s first oscillator (Fig. 21), the two terminal con-
ductors were spheres of fifteen centimeters radius, and the
intermediate conductor a straight wire 150 centimeters long.

Hertz also used square plates instead of the two spheres.
(Fig. 22.)

(]

F16. 22— Hertz’'s oscillator with flat plates instead of the spherical
conductors.

Bending the intermediate conductor into the form of a
rectangle and bringing the two plates close together so as to
form a condenser, we have the oscillator of M. Blondlot
(Fig. 23), which he generally used as a resonator.

By simply replacing the plate condenser by a Leyden jar,
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and lengthening the intermediate wire, we have the apparatus
of Feddersen, whose vibrations are so slow that the release
may be made mechanically.
Suppressing the intermediate .
‘conductor, we have Lodge’s oscil- e
lator reduced' to two spheres o ...
between which the discharge takes
place; but instead of two spheres, v
Lodge ordinarily used three or ¢of Cmeo g o'ondlot's oscilla-

The two flat conductors
four. (Figs. 24 and 25.) We [([l& 22), are brought into

close proximity, so that they
shall see this apparatus again, polativels fferdenser of com-
much reduced in size, in the
experiments of Righi and Bose, in Chapter X.

Suppressing the terminal conductors, and reducing the
length of the intermediate wire to thirty centimeters, we have
Hertz's small oscillator. (Fig. 26.) The charge, instead of
being concentrated at the extremities, is distributed over the
entire length of the wire.

4. Function of the Spark.— We have seen how important
it is that the spark be “ good,” that is, that it shall leap sud-

denly, in a time very short with respect to the period of oscil-

YOO MOL

F168. 24 and 25.— Two forms of Lodge’s oscillator. In the former the
oscillations play across between the two middle spheres; in the latter,
they surge, like tidal waves, over the surface of the large sphere.

lation. Many circumstances influence the quality of the
spark. In the first place, it must pass between two knobs;
it would be bad if it passed between two points, or a knob and

a point.



36 MAXWELL'S THEORY.

Again, the surfaces of the knobs must be well polished.
In air they oxidize rapidly and must be frequently cleaned.

Finally, the knobs must be separated by the proper dis-
tance; indeed, it is this which limits the amplitude of the
oscillations. In order to give strong oscillations, our pendu-
lum must be displaced considerably from
its position of equilibrium; that is, the two
halves of the oscillator must receive con-
siderable charges before the spark occurs.
Now, the discharge will take place when
the difference of potential reaches a cer-
tain value, depending upon the length of
the air-gap; hence, we would naturally be
led to increase this distance; but if this is
done, the spark ceases to be good.

After a little practice, it is easy to distin-
guish good from bad sparks by their
appearance and sound.

F16. 26.— Hertz's 5. Influence of Light.— Hertz observed
small oscillator, con- . .
sisting in two short  another curious effect,— the primary and
brass rods terminat- .
ing in spheres at secondary sparks seemed to act mysteri-
the inner ends.

ously upon each other. When a screen

was placed between the two, the secondary spark ceased to
occur. Hertz thought at first that this was due to some elec-
trical action, but he perceived later that the phenomenon
was caused by the light of the spark. .

Yet a plate of glass, which allows light to pass, prevented
the action of the sparks upon each other. This was because
the active rays, in this case, are the ultra-violet, which are
absorbed by the glass; in fact, a plate of fluorite, which is
transparent to ultra-violet rays, does not prevent the action

of the primary spark.
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6. The Use of 0il.— MM. Sarasin and de la Rive made a
great advance, in causing the discharge to take place in oil.
The knobs of the micrometer no longer become oxidized, the
incessant cleanings are not necessary, and the sparks are much
more regular. Moreover, the disruptive potential being
greater than in air, the electrical pendulum may be further
displaced before it is released by the discharge. The ampli-
tude of the oscillation is thus increased.

7. Value of the Wave-length.— Various theoretical consid-
erations enable us to calculate that Hertz’s large oscillator,
described above, produces oscillations whose frequency is
50,000,000 cycles per second.

We know that the wave-length of an oscillation is the dis-
tance traversed by the disturbance in the time of a complete
oscillation ; hence, if the velocity of propagation is the same
as that of light, that is, 300,000 kilometers per second, the
wave-length will be the fifty-millionth part of 300,000 kilo-
meters, or 6 meters.

In the same way we may predict that Hertz’s small oscilla-
tor will give vibrations ten times as rapid, and consequently
of one-tenth the wave-length.

We shall see further on that these theoretical conditions
have been confirmed by the direct measurement of the wave-
lengths.



CHAPTER V.

METHODS OF OBSERVATION.

1. Principle of the Resonator.—An oscillator produces in
the space surrounding it displacement currents and phe-
nomena of induction; or again, it produces by induction a
disturbance at one point of a wire, and this disturbance is
propagated along the wire. It remains to be seen how these
facts may be observed.

For this purpose a resonator is generally used. When a
tuning fork vibrates, its vibrations are communicated to the
surrounding air; and, if there be in the vicinity another fork
in tune with the first, this also will commence to vibrate. In
the same manner, an electrical oscillator produces a disturb-
ance in the surrounding medium, and causes a second oscil-
lator in the vieinity to respond, if their periods of oscillation
be the same. The second oscillator thus becomes a resonator.

But there is a great difference between acoustic resonance
and electrical resonance. An acoustic resonator responds
readily to vibrations which are exactly in unison with it; the
resonance is practically nil if their periods differ, however
slightly. An electrical resonator responds readily to impulses
with which it is in tune, not quite so well to those whose
period is a little different from its own, and poorly to those
which are notably discordant.

The reason for the difference is this: Acoustic vibrations
have a small decrement — their amplitude is nearly con-
stant — while electrical vibrations are damped rapidly. This
is why the electrical resonance is weaker and less marked.

A resonator is simply an oscillator without the induction

[38]
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coil, which is now useless; for the function of the coil is to
charge the oscillator, while, in this case, it is the external
field which excites the oscillations in the resonator.

Furthermore, any form of
oscillator may be used as a "
resonator.  Ordinarily the two
terminal conductors are dis-
pensed with, and in most cases
one or other of two forms is
used: the open resonator in which
the conductor is a straight wire
(A D, Fig. 28), and the closed
resonator, which is bent in a cir-
cle with the ends of the con-

: dUCtor almost meetlng' (Flg F16. 27.— A closed resonator
27) as used by Hertzuz, M is a

2. Operation of the Resonator. ﬁ’;:;cr?rﬂet&g?ﬁre& The Tadueed
— When a sound is produced spark.
in an organ pipe it is reflected at one end, returns in
the opposite direction, is again reflected at the other end,
and so on. All these reflected waves interfere with each
other, adding their effects if they be in accord, destroying
each other when in opposition. Thus certain tones are re-
inforced and others are extinguished.

The operation of an electrical resonator is quite similar; the
disturbance travels along the wire, is reflected at each end,
and the cumulative effect of all these reflected waves, traveling
to and fro, is to reinforce those vibrations whose period is
suitable.

We have shown above why it is necessary to furnish an
oscillator with an interrupter which releases the electrical
pendulum suddenly. The same considerations do not apply
here, for it is the external field which excites the resonator.
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But it is not sufficient to have oscillations in the resonator, we
must be able to detect them; and the spark furnishes a con-
venient means of observation. Hence we retain a spark-
gap in the middle of the open resonator. With the closed
resonator it suffices to bring the ends close enough together
to allow the spark to pass. Thus, when the amplitude of the
oscillations reaches a certain point, the difference of po-
tential between the ends of the resonator may be sufficient
to cause a spark to leap across the air-gap, and in this way
only do we become aware of the existence of the oscilla-

e ——————
” = o~
~
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F1G. 28.— An open resonator, AD, compared to a sonorous tube, MN,
closed at both ends. The current, which is analogous to the velocity of
the air,.is a maximum in the middle, but is zero at the ends, as indicated
by the dotted curves. The wave-length, ;, is twice the length of the
resonator.

tions. It is as if we had a vessel containing water in mo-
tion, but were unable to observe the disturbance except
when it became so great as to splash part of the water out
of the vessel.

The secondary sparks produced in the resonator are much
smaller than the primary sparks of the oscillator — they are
only a few hundredths of a millimeter in length.

If a tube closed at both ends contain a vibrating column
of air, the half wave-length of the vibration is equal to the
total length of the tube; and, by analogv, the half wave-
length of the free oscillation of a resonator should be the



METHODS OF OBSERVATION. 41

total length- of the wire, ‘if its ends have no capacity. The
ends of the conductor are thus comparable to the closed ends
of the sonorous tube; for the current must be zero at these
-points, beyond which the electricity cannot pass, and where
it cannot accumulate. (Fig. 28.)

This ceases to be true when the capacity of the ends of the
conductor is appreciable, and for this reason the half wave-
length in a closed resonator is a little greater than the length
of the conductor. :

We can now understand the operation of an open resonator.
Given a wire, A D, broken in the middle by a spark-gap,

- oMax!’ [eMas. =~
A -~ Ly e ~~_p.,
BT.[2 = E-t.

e p———
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-~ — .
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F16. 29.— Before the spark occurs in the resonator, the two halves,
though separate, affect each other across the spark-gap. The current is
still maximum at the inner ends, B, C, and each half vibrates like a closed
organ pipe, with a wave length, ) —4xAB—4xCD—= 2 x AD.

- BC. (Fig. 29.) This gap is very short— only a few hun-

dredths of a millimeter. The end B of A B, and the end C of

C D are thus, as it were, the plates of a condenser, separated

by a very thin layer of dielectric, and hence of considerable

capacity. Consequently, they correspond rather to the open
¢nd than to the closed end of a sonorous tube.

If a spark passes, the whole resonator, A D, vibrates like

a tube with both ends closed, and the half wave-length is

A D. If the spark does not pass, the two halves, A B and

C D, of the resonator Vvibrate separately, but after the man-
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ner of a tube with one end closed and the other open. The
half wave-length is thus twice' A B, that is, equal to A D, as
before.
3. Other Methods of Using the Spark.— The use of a re-
sonator, which distorts the wave by exaggerating certain
harmonics, may be avoided as follows:

Suppose the disturbance to be propagated along a wire, two
points of which are brought close together. (Fig. 30.) The

F16. 30.— A method of investigating wave forms. A current from the
oscillator travels along the wire ABCD, a loop of which is bridged by a
spark-gap, BD. Owing to the finite velocity of propagation there will be
a difference of potential between B and D, of which the spark-length is a .
measure. :

wave will reach one of these points before the other, hence
there will be a difference of potential between them; and if
this difference be sufficiently great, a spark will leap across.
This method was used by MM. Pérot and Birkeland, who, by
varying the length of conductor comprised between the two
sides of the spark-gap, obtained sufficient data for determin-
ing the form of the wave.

Whether a resonator be used or not, it is evident that the
spark furnishes a means of measurement. The distance be-
tween the knobs of the spark-gap may be varied by means
of a micrometer screw, and the distance over which the spark
will leap thus determined. (Fig. 31.)



METHODS OF OBSERVATION. LS

The phenomenon becomes much more brilliant if a Geissler
tube be used; indeed a tube ‘containing rarified gas is illu-
minated when it is simply placed
in the alternating field produced
by an oscillator.

4. Thermal Methods.— Instead
of observing the sparks we may C
study the heating effect of the F16. 31.— A spark micrometer
oscillating currents, either in a & Meatator shown 1o Fie
resonator or in the wire along 27
which the wave is propagated.
¢ For measuring the heating of conductors three methods
are available:

First. Measuring the elongation of the conductor;

Second. Measuring the variation of resistance;

Third. The use of thermo-electric couples.

(1.) The measurement of elongation is not accurate, not-
withstanding the ingenious devices that have been used;
hence we shall not consider this method, nor the experiments
based on the motion of heated air in a tube surrounding the
conductor.

(2.) Measuring the change of resistance gives better re-
sults. The bolometric method is used: an ordinary Wheat-
stone bridge has all of its branches traversed by the current
of a battery, and in addition, the oscillating current is sent
through one of them. (Fig. 32.) Suppose the galvanometer to
stand at zero, and then pass the oscillations through one arm
of the bridge: this arm is heated, its resistance increases, the
equilibrium is destroyed, and the galvanometer is deflected.

(3.) The oscillating current is caused to traverse a fine
wire, near which (about one-tenth millimeter away) is placed
a thermo-pile. This method is very delicate.
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5. Mechanical Methods.— Mechanical methods, whether
founded on electrostatic attractions or on the mutual action
of currents, seem at first sight incapable of detecting Hertz-
ian oscillations. These oscillations are so rapid that no
mechanical device can follow
all the variations of the electri-
cal or magnetic phenomena;
all that can be obtained is a
mean value of the phenomenon.

But a galvanometer, for in-
stance, receiving a series of al-
ternate impulses in opposite di-
rections, would remain at rest;
the mean value of the phenome-

Fic. 32.— Bolometric method of 10N would be zero.

Wit NN carrying the carvent to  Again, if the quadrants of
?Bzgg“‘;fgg {t,sr,{“t‘gj:rg:{’%,:,‘l;eg}e ‘{A‘f‘f; an_electrometer be connected to
beating due o the oucliations ia the apparatus producing the

' oscillations and the - needle
charged to a constant potential, the electrification of the quad-
rants will be continually changing sign while that of the
needle is constant; their mutual action will be continually
reversed, and its mean value will be zero.

In order to obtain a deflection, Herr Bjerknes used an-
other arrangement. He employed a quadrant electrometer
with all but two opposite quadrants removed. These were
connected respectively to the two terminals of a resonator so
arranged as to give no sparks. The needle of the electrom-
eter was insulated.

At a given moment the needle is charged inductively with
positive electricity at one end, and with negative at the
other, and the quadrants exert a certain action upon it. A
half-period later the charges of the quadrants have changed
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sign, but the induced electrification of the needle is also re-
versed, so that the direction of the action is not changed.

6. Comparison of the Different Methods.— There is an im-
portant difference between the methods founded on the spark
and the thermal or mechanical methods.

The spark simply occurs, or does not occur; and in order
that it may occur, it suffices that the potential be sufficiently
high at any instant whatever to break down the air-gap.
Hence it tells us only the maximum amplitude of the oscilla-
tion.

The thermal and mechanical methods, on the other hand,
give us integral values: they indicate a mean® amplitude de-
pending upon the values of all the oscillations.

Herr Bjerknes, by employing both methods simultaneously,
succeeded in measuring the damping of the free oscillations
of a resonator. It is clear that, the greater the decrement
of an oscillation, the smaller is the ratio of the mean ampli-
tude to the maximum: thus, by comparing the results of the
two methods of measurement, we may determine this ratio.

7. Coherers.— Branly devised a detector which is much
more sensitive than any of the foregoing. It is based on an
entirely different principle, and is known as the “ coherer ”
or “radio-conductor.”’t

Imagine a glass tube of rather small bore filled with
metallic filings. Each of the metallic particles is, in it-

* The word (moyenne) in the original does not convey the strict idea of
‘““average ’’ or ‘‘arithmetical mean,” for it isthe mean square that is gener-
ally indicated in such measurements.—F. K. V.

4+ The name ‘‘radio-conductor,” given to this apparatus by Branly,
implies nothing regarding the nature of the phenomenon involved, but
simply that the tube becomes a conductor under the influence of the radia-
tions. The name * coherer,” introduced by Lodge, though assuming more

definite knowledge on the disputed question, is more generally used.—
F.K. V.,
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self, a good conductor, but the electricity encounters a con-
siderable resistance in passing from one to the other, so
that almost the entire resistance of the apparatus is seated
in the points of contact between the particles.

Now, experiment shows that the resistance is greatly di-
minished when the apparatus
is exposed to Iertzian radia-
tions — that is, to the induec-
tive forces which proceed
from a Hertzian oscillator,
and which change sign a great
number of times per second.

We shall not attempt to ex-
plain this phenomenon*: suf-
fice it to say that similar

Fio. 33— Early form of fiings ©€Hects have been observed on
e tery B galvamometer G exposing a coherer, not to

Hertzian radiations, but to
other influences of an entirely different nature, though
periodic in character and of very short period, such as certain
sound waves. '

Whatever the explanation, the Hertzian radiations act as
if they produced a more intimate contact between the me-
tallic particles. A jar or an elevation of temperature re-
stores the coherer to its original condition of high resistance.

Suppose now a coherer to be connected in circuit with a bat-
tery and exposed to the radiations produced by an oscillator.
(Fig. 33.) When the oscillator is not working, the coherer is
traversed only by the continuous current of the battery.
If, now, the oscillator be put in operation, the coherer will
be traversed also by rapidly alternating currents produced

* For the results of recent experiments, see pages 179-185.
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by induction from the oscillator; but, in this case, as the
alternating currents diminish the resistance, the continuous
current is greatly increased, and a galvanometer in the cir-
cuit will show a marked deflection.

Branly’s detector may be compared to the bolometer de-
scribed above: in each apparatus the oscillations have the
éffect of changing the resistance of a conductor traversed by a
continuous current, but the variation is due to quite differ-
ent causes: in the one case, to the heating of the wire; in
the other, to a more intimate contact between the particles
of metal. '

Moreover, the coherer is vastly more sensitive; we shall
see it again in the experiments of Bose in Chapter X; in-
deed, it is this device that has made wireless telegraphy
possible.

The coherer has been used in the effort to determine
whether Hertzian radiations are emitted by the sun, but
the results were negative. Perhaps these radiations are ab-
sorbed by the solar atmosphere.

Experiments show unquestionably that gases under ordi-
nary pressures are quite transparent to these radiations:
but is this the case with highly rarified gases? We have
seen that a Geissler tube glows in the field of an oscillator.
It does not give light without absorbing energy; hence rari-
fied gases absorb Hertzian radiations, and it is possible that
those which the sun may emit are absorbed by the upper
strata of the two atmospheres, where the pressure is very low.



CHAPTER VI
PROPAGATION ALONG A WIRE.

1. Production of Waves in a Wire.—A Hertzian oscillator
produces forces of induction in the field which surrounds it.
If we place a long wire in this field, the forces of induction
will generate alternating currents in the part of the wire
rearest to the oscillator, and this electromagnetic disturbance
will travel along the wire.

To force the electromagnetic disturbances to follow the

n wire several devices may
al| K2 be used, among which we
u may mention the electro-

static method of Hertz,
and the electromagnetic
method of M. Blondlot.
Hertz’s method.— The
8l u,. spheres of the oscillator
Vv A are replaced by two metal
F16. 34.— Hertz's method of establish- plates, A and B (Fig. 34)’

ing waves in wires. The plates A and B
of the oscillator act electr’os,tatlcally lilll)oﬂ Of large capaclty; 0pp081te

two similar plates, A’B’, to whic

the wires are attached. these are placed two simi-
lar ones, A’ and B’, and at the middle of each of the latter
is attached a wire of a certain length. The capacities of
the plates A and B are thus increased by causing each to
form part of a condenser.

If the oscillator be put in operation, one of the plates,
say A, will be charged positively, and B negatively. At
the end of a half oscillation the charges will have changed
sign ; and so on, the polarity changing with each half-period.

[48]
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The plates A’ and B’ are charged inductively with op-
posite signs to those of A and B, and the wires proceeding
from them become the seat of an oscillatory phenomenon
of the same period as that of the oscillator.

M. Blondlot’s method.— The oscillator takes the form of
a curved wire ending in a sort of condenser. (Fig. 35.)
Around this first wire is bent another, whose ends are car-
ried out radially to a considerable distance. The two cir-
cular conductors are insulated from each other by a cover-
ing of rubber.

When the oscillations are produced, the oscillator is the
seat of periodic currents
which excite induced cur-
rents of the same period in /\1—:_‘
the second conductor.

2. Mode of Propagation. \_/=
—Is the propagation of a
Hertzian oscillation, that is, Fre. 35— Blondlot’s method. The

. wire which connects the plates of the
of an alternating current of osciliator is bent into a circle, and
. o . acts inductively upon another loop
very high frequency, similar concentric with it, to which the wires
in every respect to the prop- 2'e attached.
agation of a continuous current, such as is furnished by a
battery?

One striking difference was observed long ago by experi-
menters: a continuous current distributes itself uniformly
over the whole section of the conductor; but this is not the
case, even with the low-frequency alternating currents em-
ployed in the arts. In the axis of the conductor the current
is very weak, while its intensity is much greater at the sur-
face. It is as if the surface current shielded the interior
of the conductor from external actions, by the forces of in-
duction which it produces.

With Hertzian oscillations, whose period is very much

4
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shorter, we should expect to see the phenomenon exaggerated.
There should be no current except in a very thin superficial
layer. Bjerknes verified this prediction in an ingenious
manner.

We have seen (page 45) how this scientist measured
the damping of a resonator. This damping depends upon
the material of which the resonator is made: it is not the
same for a resonator of iron as for one of copper.

Bjerknes plated his iron resonator, by electrolysis, with
a coatmg of copper, and the copper resonator with a coat-
ing of iron. When the thickness of the coating was greater
than a hundredth of a millimeter, the iron resonator acted
like one of copper, and the copper resonator like one of iron.

This showed that the currents are confined to a shell
whose thickness is of the order of a hundredth of a milli-
meter. This effect is in accord with both the old theory and
that of Maxwell.

But Maxwell’s theory predicts another peculiarity, which,
unfortunately, hardly admits of direct experimental proof.
The alternating currents which flow in a wire produce
forces of induction in the surrounding air. According to
Maxwell, these forces of induction should generate displace-
ment currents in the air itself.

Thus, with continuous currents, we have conduction cur-
rents through the whole mass of the conductor and none
at all in the surrounding air. With high-frequency alternat-
ing currents, on the other hard, there are conduction cur-
rents in the superﬁclal layer of the conductor, none in the
interior, and displacement currents in the air.

3. Veloclty of Propagation and Dlﬁuslon—Klrchhoﬂ’ un-
dertook to compute the velocity of propagation of any elec-
trical disturbance whatever. He assumed, at the start, that
the conductor was perfect, and that the current, encounter-
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ing no ohmic resistance, would only have to overcome the
self-induction, which acts like inertia. He showed that,
under these conditions, the velocity of propagation would
be equal to the ratio of the units — that is, to the velocity
of light — 300,000 kilometers per second.

Moreover the propagation is uniform: if the disturbance
be confined originally to a certain part of the wire, one
meter long, for example, at the end of a hundred-thousandth
of a second the front of the wave will have advanced three
kilometers, and the tail of the wave also three kilometers;
so that the extent of the disturbance will not be changed,
but it will still oeccupy just one meter of the conductor.

But these theoretical conditions are never realized in
actual conductors, for, besides the self-induction, there is
always an ohmic resistance analogous to friction to impede
the current. What happens then? The front of the wave
advances always with the same velocity — that of light;
but the tail of the wave travels much less rapidly, so that
the space occupied by the disturbance becomes greater and
greater: just as a caravan is spread along the road by the
lagging behind of followers. This is called the diffusion of
the current.

The diffusion becomes less noticeable as the period of the
oscillations is shortened. Practically we may say that, with
Hertzian waves, there is no diffusion, and that all conductors
behave as if they were perfect. Not that their ohmic resist-
ance is less, for it is actually greater, as the current utilizes
only the thin outer shell of the conductor ; but the effect of the
self-induction, which depends upon the variations of the
current, increases much faster when these variations are ex-
tremely rapid, and thus the ohmic resistance becomes negli-
gible with respect to the self-induction.

These are the effects for which the old theory and that of
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Maxwell both provide,— they are agreed on this point. We
shall now see that these predictions are confirmed by experi-
ment.

4. Experiments of MM. Fizeau and Gounelle.— Fizeau
and Gounelle’s experiments were made in 1850, with an ap-
paratus based on the same principle as the celebrated method
of Fizeau for measuring the velocity of light.

A disc of wood, having its circumference divided into
thirty-six sectors of alternating wood and platinum, is caused
to rotate with great rapidity. (Fig. 36.) Two wires, each

F1c. 36.— Fizeau and Gounelle’s method of measuring the velocity of
propagation of a current in a wire. W is a rotating commutator, having
three pairs of brushes, BC, EF, E'F’. CDE is the line wire, and GG’, a
differential galvanometer.

terminating in a metallic brush which bears upon the circum-
ference of the disc, may thus be alternately connected and
insulated from each other, as the disc rotates. There were
three such pairs of brushes, B and C, E and F, and E’ and
F’, so arranged that the connections between B C and E F
were opened and closed at the same time, while the connec-
tion E" F’ was closed when the other two were open, and
vice versa.

A battery was connected with one terminal to the ground

and the other to a wire A B, attached to the brush B. A
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long line wire, C D E E’, ran from brush C to the end of
the line D, and returned to the brushes E and E’. Finally,
two wires F G and F' G’ connected the brushes F and F’ to
the ground.

Let us now see what would take place if the electricity
were propagated with a perfectly definite velocity, like light
or sound. We shall denote as a “ period ” the time which
elapses from the moment one of the brushes comes in con-
tact with a sector until the contact ceases — that is, the
thirty-sixth part of the time of one rotation of the disc.
This period will decrease as the speed of rotation increases.

Suppose the time T, required for an impulse to travel the
length of the line C D E, to be equal to an even number of
periods. The electricity coming from the battery will pass
from B to C at the moment the connection B C is closed,
will traverse the line, and arrive at E and E’ at the end of
time T. At this moment the connection E F will be closed
and E' F’ open, so the current will pass through the wire
FG.

If, on the other hand, T be equal to an odd number of
periods, the current, on reaching E and E’ will find E F
open and E’ F’ closed, and the current will pass through
the wire F’ G.

Thus the speed of rotation could be adjusted so that the
whole current would pass through F G, or through ¥’ G'; or,
for intermediate velocities, the current would be divided in
different proportions between the two wires.

The wires F G and ¥’ G’ included respectively the two
coils of a differential galvanometer, on whose needle they
acted in opposite senses; so that the deflection of the gal-
vanometer indicated the comparative strength of the inter-
mittent currents in the two wires. The experimenters were
thus enabled to determine what velocity of rotation was
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necessary to make T equal to a given multiple of the period,
and hence to measure T, which gave them the velocity of
propagation.

Various circumstances, to which we shall refer later, arose
to complicate the phenomena, and it was found that the cur-
rent in F G (or F' G'), could never be reduced to zero, but
showed only a succession of maxima and minima, of which
the former alone could be determined.

The observations of Fizean and Gounelle gave 100,000
kilometers per second for the velocity in iron, and 180,000
kilometers per second for copper.

5. Diffusion of Currents.— It has been noted that the
current could never be reduced to zero, as would be the case
if the impulse traveled with a perfectly definite velocity.
It appears rather that the wave spreads out as it travels, so
as to occupy more space on the wire when it arrives than it
did at the start. This phenomenon, which the experiments
of Fizeau established beyond a doubt, was called by him the
“ diffusion ” of the current.

We have seen above (page 51), the ground on which
this phenomenon might have been predicted. The conse-
quences follow readily. The wave must travel as if a part
of the electricity moved with the velocity of light, while the
rest followed at a lesser, and variable, velocity. The result
would be, as it were, a column with a strong front, advancing
at a velocity of 300,000 kilometers per second, but leaving
behind laggards straggling along the road.

The method of Fizeau measured, not the maximum veloc-
ity — that of the head of the column — but the mean veloc-
ity, which should be much smaller. This explains why his
results are so far below 300,000 kilometers.

The mean velocity in iron is less than in copper, for two
reasons:
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First, because iron is magnetic, and the self-induction is
increased by reason of the transverse magnetization of the
wire; second, because the specific resistance of iron is greater
than that of copper, and hence the diffusion is greater.

Fizeau’s experiments are thus not in conflict with the
theory.

6. Experiments of M. Blondlot.— The above discussion
indicates how different is the propagation of a continuous
current, or of an intermittent or alternating current of low
frequency, from the propagation of Hertzian waves.

These last are of very short duration and consist in oscil-
lations of extremely high frequency. We may well surmise
that the effect of diffusion is negligible, the residue lagging
behind very small, and the mean velocity of propagation ex-
tremely close to that of the wave-front, that is, 300,000 kilo-
meters per second.

But the experiments just described did not justify any
conclusions regarding waves of this kind. Further researches
were necessary, and thus M. Blondlot was led to undertake
the following experiments:

His apparatus comprises two symmetrical Leyden jars, I’
and F', of small capacity. (Fig. 37.) The interior coatings,
A and A’ are joined by a wire, broken in the middle by a
spark micrometer. The two knobs of the micrometer are con-
nected to a Ruhmkorff coil. The coatings A and A’ of the
Leyden jar, the conductor which joins them, and the spark
micrometer constitute an oscillator, which we shall call E.

The outer coating of each of the jars F and F’ is divided
into two insulated sections. We shall denote as B and C
the two sections of the outer coating of F, and B’ and C’
those of the outer coating of F”.

B and B’ are connected in two manners:

First. By a moistened cord;
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Second. By a short wire, containing a spark micrometer
at its middle point. The terminals of the spark-gap are
two metallic points, P and P’.

Similarly C and C’ are connected in two ways:

First. By a moistened cord;

Second. By a line wire. This wire runs from C to a point
D at the end of the line, then returns to the point P, men-
tioned above; after traversing the micrometer, the electricity
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Fi1c. 37.— Blondlot’s method of measuring the velocity of high fre-
quency waves in wires. A and A’ represent the inner coatings of two
Leyden jars, connected together through a spark-gap, and constituting an
oscillator, E. BC and B’C’ are the outer coatings, each divided into two
sections. CDP and C’D’P’ are the line wires, and PP’ two points be-
tween which leaps the secondary spark, which is observed in a rotating
mirror. The dotted lines represent wet cords.

must pass from P’ to a point D', at the end of the line, re-
turning then to the coating C’ of the jar F'. The poles
of the line thus support four wires, C D, D P, P’ I, I C’;
and the electricity, in passing from C to C' by this route,
passing through the micrometer, must traverse the length
of the line four times: twice in going, twice in returning.
Thus there are two routes from B to B’ or from C to C’;
the one through a wet cord of high resistance, the other
through a metallic circuit, interrupted by a spark-gap.
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If the variations of potential are slow, the current will
pass entirely by the moist cord; for the difference of po-
tential between the poinls P and P’ will not be great enough
to cause a spark to leag, and the micrometer will remain an
insulator.

If, on the other hand, the variations of potential are rapid,
a spark will leap, opening a path for the electricity across
the micrometer: almost the entire current will pass by the
metallic circuit, while the cord will carry only a negligible
amount, owing to its high resistance.

The apparatus operates as follows:

The Ruhmkorff coil charges the inner coatings, A and A’,
of the jars; say A positively and A’ negatively. The coat-
ings B and C are charged negatively by induction ; the coat-
ings B’ and C’, positively. Hence a quantity of electricity
must flow from B to B’ and from C to C’; but, as the varia-
tions of potential are comparatively slow, it will flow through
the moist cords.

At a certain moment a spark will pass in the oscillator E.
This discharge is oscillatory, as its appearance plainly
shows. The coatings A and A’ are discharged suddenly, and
the charges accumulated on B and C, B’ and C’, are sud-
denly and simultaneously liberated. Currents will thus flow
back from B’ to B and from C’ to C, but this time following
the metallic circuit, for their variations are sudden.

Two sparks will pass in the micrometer P P’; which is the
common part of the metallic circuits B B’ and C C’. The
first spark will pass at the moment the disturbance starting
from B arrives at P; the second, when the disturbance start-
ing from C arrives at P. As the path B C is very short, the
interval of time elapsing between the two sparks will be the
time required by the disturbance to traverse the path C D P.
This length, C D P, we shall call the length of the line. It
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is double the length of the wire C D, which runs to the end
of the line, and half the total length of the circuit C D P P’
D C.

The time interval between the two sparks was determined
by means of a rotating mirror which threw the light of the
sparks upon a sensitive plate, and the distance between the
two images on the plate was measured.

The first experiments, in which the length of line was a
little over one kilometer, showed, on an average, a velocity of
293,000 kilometers per second; later, with a length of line
of 1,800 meters, an average velocity of 298,000 kilometers
was obtained.



CHAPTER VIL

MBASUREMENT OF WAVE-LENGTH AND MULTIPLE
RESONANCE.

1. Stationary Waves.— The experiments above described
show that the velocity of propagation along a wire is the
same as that of light. To determine the number of vibra-
tions per second it remains to measure the length of wave,
and to divide by this length the distance traversed in a sec-
ond, i. e., 300,000 kilometers.

To this end, Hertz undertook to utilize the phenomenon of
stationary waves.

Suppose a periodic disturbance to travel along a wire:
when it reaches the end of the wire it will be reflected and
will return in the opposite direction. The resulting dis-
turbance may be obtained by combining the direct and re-
flected waves. Two periodic waves are added together when
they are of the same phase; that is, when the alternating
currents which accompany them are both positive or both
negative at the same time: they annul each other when they
are of opposite phases; that is, when the currents accompany-
ing one are positive while those of the other are negative,
and vice versa.

The two waves, direct and reflected, are of the same phase
and are added if the difference between the distances which
they have traveled is an integral number of wave-lengths¥;

* The author evidently had in mind the case where the wave is reflected
from a capacity (Fig. 38): when the refloction occurs at the free end of a
wire, the positions of nodes and loops are interchanged. (Fig. 39.) See

below.—F. K. V.
[591]



60 MAXWELL’S THEORY.

the corresponding points of the wire, where the action is a
maximum, are called “loops,” or “ antinodes.”

The two waves are opposite in phase, and mutually de-
structive, when the difference between the distances trav-
eled is an odd number of half wave-lengths: the correspond-
ing points of the wire, where the action is nil, are called
“nodes.”

The distance between two consecutive nodes is equal to
a half wave-length.

Let A and B be two such nodes. (Fig. 38.) At A, the dif-
ference between the distances traveled by the two waves is
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F1G. 38.— Formation of stationary waves in wires terminating in a
large capacity. N, N are nodes, where the current is zero, and L, L are
!oops, where the current reaches a maximum. The ordinates of the dotted

curves indlcate relative values of the current. AB=i — half wave-
length. 2

equal to an odd number of half wave-lengths, say 2n+1. The
direct wave passes A before reaching B; the reflected wave
passes B before reaching A. When we move from A to B the
distance traversed by the direct wave is increased by the
length A B, while the distance traversed by the reflected wave
is diminished by A B. Thus the difference between the dis-
tances traveled is diminished by 2x A B. Now, as the
point B is a node, this difference also must be an odd num-
ber of half wave-lengths, 2n — 1. Thus 2Xx A B must be
precisely equal to a wave-length.

Such is the phenomenon of stationary waves as it was at
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first understood by Hertz, who hoped to find in it a simple
method of measuring wave-lengths.

Unfortunately, as we shall now see, the matter is some-
what more complicated.

Reflection at the end of a wire may take place in differ-
ent ways. If the wire simply terminates abruptly, without
capacity, the electricity cannot accumulate at the end, and
the current at that point must be zero. The end of the wire
is a node. (Fig. 39.)

If, on the other hand, the wire terminates in a consider-
able capacity — for example, if the two parallel wires shown

————— S~ ————

F16. 39.— Formation of stationary waves In wires which terminate
abruptly. The positions of nodes and loops are reversed with reference
to those of FiG. 38.

on pages 48 and 49, be connected to the two plates of a
condenser — then the end is a loop. (Fig. 38.)

Again, the ends of these two parallel wires may be joined.
A wave which has traversed one of the wires in the positive
sense returns by the other in the negative sense, and, inter-
fering with the positive wave following the second wire,
produces stationary waves.

2. Multiple Resonance.—We have seen (page 38) that
a resonator responds readily to an oscillator with which
it is perfectly in tune, but that it also responds, though less
readily, to an oscillator of different period.

Consequently, it is possible to work with an oscillator
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and a resonator whose periods differ considerably. This
was done by MM. Sarasin and de la Rive.

They discovered an unexpected law, which they called the
“law of multiple resonance.” The internode, or distance
between two nodes, which, according to the preceding para-
graph, should be the measure of the half wave-length, changes
when different resonators are used with the same oscillator,
but remains the same when the oscillator is changed while
using the same resonator. Hence, that which is measured
must be something pertaining to the resonator itself; in
fact, the internode is the half wave-length of the free oscilla-
tions of the resonator — not of those produced by the oscil-
lator.

The following is the explanation offered by MM. Sarasin
and de la Rive: The wave produced by the oscillator is
complex, and results from the superposition of an infinity
of simple vibrations, which may be called its components.
Such is the radiation of a luminous body which produces,
not monochromatic light, but white light, giving a continuous
spectrum.

Each resonator responds to only one of these components,
and when a resonator is used to measure a wave-length, it
is the wave-length of this component which is obtained: the
other components have no effect on the result. In other
words, we measure the wave-length of the free oscillation
of the resonator.

In like manner in acoustics, a complex sound made up
of several harmonics may be analyzed by a resonator which
suppresses all but one of these harmonies.

3. Another Explanation.— The phenomenon may be ex-
plained in a different manner. The vibrations produced
by an oscillator decay very rapidly; the energy of the
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oscillation is quickly transformed into heat by the'resistance
of the spark-gap, or dissipated by radiation into space.
‘What is the result? We have shown above how the re-
flected wave is added to or subtracted from the direct wave,
and that it is this composition of the two impulses which
produces stationary waves. But consider a point, A, at some
distance from the end of the wire. (Fig. 40.) A considerable
time is required for the impulse to travel from A to the end of
the wire and return after reflection to A; and during this
time, the damping of the direct wave may have completely ex-
tinguished it. Thus, on the arrival of the reflected wave

[
- '/\C.

= V4 '\/f B.

F16. 40.— A stronglf damped wave-train about to be reflected from the
free end B of a wire. Interference between the direct and reflected waves
can‘ occur only within the space BC, equal to half the length of the wave-
train,

1>

at A there is no direct wave for it to combine with, and
hence no stationary waves can be formed.

Thus we see that there are no stationary waves, properly
speaking, except near the end of the wire.

Yet, by using a resonator we may observe a succession of
nodes and loops throughout the whole length of the wire.
How can this be?

The paradox is readily explained on the assumption that
the vibrations of the oscillator are damped much more rapidly
than those of the resonator. When the direct wave passes
it sets the resonator in vibration; when the reflected wave
returns, the direct wave has been extinguished in the wire,
but the resonator has not ceased to vibrate. It receives a
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second impulse from the reflected wave. Will this impulse
increase the amplitude of its oscillations or diminish them?

Consider an analogy.

A pendulum receives a first impulse which causes it to
move, say from left to right. After a half oscillation it will
be moving from right to left; after a complete oscillation it
will again be moving from left to right. In general, after
a whole number of oscillations it will move from left to right;
after an odd number of half oscillations, it will move from
right to left.

Suppose it to receive a second impulse in the same sense as
the first. If this impulse be given after a whole number of
oscillations, when the pendulum is moving from left to right,
it will tend to increase the velocity; if the impulse come
after an odd number of half oscillations, when the pendulum
is moving from right to-left, it will tend to diminish it.

So with the resonator: this apparatus receives a first im-
pulse on the passage of the direct wave; a second, on the
passage of the reflected wave. If, between these two im-
pulses, the resonator perform a whole number of oscillations
— that is, if the difference between the distances traveled by
the two waves be equal to a whole number of wave-lengths
of the resonator — the effects of the two impulses will be cu-
mulative, and a loop will be observed. If, on the other
hand, the difference between the distances traveled be equal
to an odd number of half wave-lengths of the resonator, the
effects of the two impulses will annul each other, and a node
will be observed.

Thus, the distance between two nodes should be equal to
the half wave-length of the resonator; the wave-length of
the oscillator does not enter the result.

A few remarks in passing regarding this second ex-
planation:
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We have seen what occurs when the two impulses received
by a pendulum are in the same sense: the effect is reversed
when they are in opposite senses. Now, it is evident that
the impulse-due to the direct wave and that due to the re-
flected wave may be in the same sense or in opposite senses,
according to the manner in which the reflection is produced
(see page 61) and according to the position of the resonator.
Hence we have an exceedingly simple explanation of the ex-
periments of M. Turpain, which have seemed paradoxical
to some persons, but which are sufficiently accounted for by
symmetry.

In the second place, we may ask why an apparatus con-
sisting in two long wires is not equivalent to a large resonator,
but responds indifferently to excitations of all periods. If
it were not for damping, the reflected waves, interfering as
has been explained on page 39, would produce resonance
effects. But this is not the case: when one of the reflected
waves reaches a given point of the wire, the direct wave has
long been extingnished, and there is no interference.

4. Experiments of Garbasso and Zehnder.— Between the
two explanations proposed above, experiment alone can decide.

Zehnder attempted to observe directly the continuous spec-
trum postulated in the theory of MM. Sarasin and de la Rive.
He employed a sort of grating which should separate the
different components of a complex wave emitted by the oscil-
lator, just as the ordinary grating used in optics separates
the different colors which constitute white light.

Garbasso endeavored, by means of a complicated appa-
ratus which we cannot describe here, to imitate the dispersion
produced by a prism when acting on white light.

These experimenters obtained the results which they ex-
pected, thus apparently confirming the explanation of Sarasin
and de la Rive.

' 5
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The experiments seem conclusive, but they are not. In-
deed, it may be shown by a simple calculation that a damped
vibration has the characteristics of a complex vibration giving
a continuous spectrum in which the intensities are distributed
according to a particular law.

Hence it is not sufficient to prove that the vibration emitted
by an oscillator behaves as if it had a continuous spectrum
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Fic. 41.— A stronglg damped oscillation, such as is produced by a
dnmb bell oscillator e logarithmic decrement —.26.

it must also be shown that, in this spectrum, the intensities of
the various components do not vary according to that par-
ticular law.

5. Measurement of the Decrement.— Quite on the contrary,
a series of experiments which we shall now consider have
shown, not only that the intensities do vary according to this
law, but that the second explanation is the true one.
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It was first necessary to prove the fundamental hypothesis
on which this second explanation rests — to be certain that
the damping of the oscillator is much more rapid than that
of the resonator.

We have seen (page 45) how Herr Bjerknes measured the
decrement of a resonator.
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F1G. 42.— A feebly damped oscillation, such as that of a resonator with
a logarithmic decrement of .034. The waves which excited the resonator
are here suf»posed to have subsided, and the oscillations are undergoing
their normal decay.

For an oscillator he found a “ logarithmic decrement ”’* of
0.26, while he obtained, for two resonators, 0.002 and 0.034.

* The term ‘logarithmic decrement,” as used by Bjerknes; denotes
the natural logarithm of the ratio of two adjacent maxima — separated
by a complete period. This differs from the ordinary definition of
Kohlrausch and others, which involves the ratio of two consecutive turn-
ing points — separated by a half period —and which gives values of
the logarithmic decrement half as great as the above.— F. K. V.
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That is to say, to reduce the amplitude of the oscillations
to one-tenth of its initial value, nine oscillations were suffi-
cient in the case of the oscillator, while the two resonators re-
quired, respectively, more than 60 and more than 1,000.
(See Figs. 41 and 42.)

Thus the vibration of an oscillator is damped much more
rapidly than that of g resonator.

6. Experiments of Strindberg.— To complete the proof it
was necessary to show that if, by any artifice, the damping of
the resonator could be made greater than that of the oscillator,
the phenomena would be reversed; that is, the internode
would depend no longer upon the resonator, but on the
oscillator.

This was done independently by M. Décombe in France,
and M. Nils Strindberg in Sweden.

I cannot write this name without reminding the reader that
M. Strindberg, not content with serving science by his intelli-
gence, would also contribute his courage. He accompanied
M. Andrée on his perilous wronautic journey in the polar
regions.

To accomplish the desired result it was necessary to di-
minish the damping of the oscillator and increase that of the
resonator.

To diminish the decrement of the oscillator it was first
necessary to stop the loss of energy in the spark. This
seems at first impracticable, for, without an interrupter, the
release of the “electric pendulum” is impossible and its
oscillations cannot be started. But M. Strindberg met the
difficulty by a simple artifice. A primary oscillator was pro-
vided with a spark-gap. It acted by induction upon a second-
ary oscillator which was entirely similar to the first, but,
being set in vibration by the action of the primary, did not
require an interrupter. This secondary oscillator had the
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same period as the primary, but a smaller decrement, and it
was used to produce the disturbance in the wires by means of
the arrangement of M. Blondlot. (See page 49, Fig. 35.)

Again, it was easy to increase the resistance of the reso-
nator; and, as the resistance is a sort of friction, this had
the effect of increasing the damping of the oscillations.

7. Experiments of Pérot and Jones.— There are other more
direct methods of proof. We have seen that, notwithstanding
the damping, true stationary waves are formed ; but only near
the end of the wire. The study of these stationary waves
enables us to determine the form of the disturbance produced
by the oscillator. But this study, to be successful, must be
carried on without the aid of a resonator; for we have seen
that resonators produce secondary effects which persist far
from the end of the wire, and are then interpreted as the
phenomenon of “multiple resonance.” These disturbing
effects must be suppressed.

The various methods described on pages 42—44, which are
independent of the resonator, have been used to this end.

M. Pérot used the spark without a resonator.

Mr. Jones employed a thermal method, based on the use
of a thermo-pile.

Herr Bjerknes used a mechanical method.

All these experiments confirmed the second explanation.

8. Experiments of Décombe.— Even these methods did
not seem sufficiently direct to M. Décombe. He wished to
study the disturbance at the moment it was produced by the
oscillator; indeed, we may well inquire if the oscillation is
not changed in passing from the oscillator to the wires, or in
traveling along the wires.

To this end M. Décombe undertook to photograph the spark
of the oscillator by means of a rotating mirror. This had
been done by Feddersen (ef. Chapter IIT), but with oscilla-
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tions of much lower frequency. With Hertzian oscillations
the difficulties were much greater; indeed, they would have
been insurmountable with the apparatus used by Hertz him-
gelf (50,000,000 vibrations per second). M. Décombe had to
be content with an oscillator giving 5,000,000 vibrations,
whereas the apparatus of Feddersen gave only 20,000 to
400,000.

The different sparks which correspond to the successive
oscillations produce, on the sensitive plate, an image con-
sisting in separate points, because of the motion of the mirror.
The motion must be sufficiently rapid to keep these points
distinect and separate from one another. M. Décombe’s
mirror made 500 revolutions per second.

In order that the plate might receive an impression, not-
withstanding the extreme brevity of the exposure, M.
Décombe found it necessary to carry to the extreme every
means at his disposal, and to put all the chances in his favor.

He had to use an oscillator with a small decrement, to pro-
duce the spark under oil, where it is smaller and more bril-
liant, and to use a particularly energetic developing solution.
The optical apparatus was so arranged that the luminous
spots would be very small and very intense.

All the details of this experiment reflect the greatest credit
upon their author. Success rewarded his efforts, and he ob-
tained images whose study reveals the existence of a simple
damped oscillation, in conformity with the second explana-
tion.

The oscillator, it is true, is not that of Hertz, and its oscilla-
tions have only one-tenth the frequency of his, but the differ-
ence is sufficiently small to justify us in reasoning from one
to the other.



CHAPTER VIIIL
PROPAGATION IN AIR.

1. The Experimentum Crucis.—All the experiments which
we have thus far considered are incapable of deciding between
the old theory and that of Maxwell.

Both theories agree that electrical disturbances should be
propagated along a conducting wire with a velocity equal to
that of light. Both take account of the oscillatory character
of the discharge of a Leyden jar, and consequently of the os-
cillations produced by a Hertzian oscillator. Both assert that
these oscillations should produce electro-motive forces of in-
duction in the surrounding medium, and hence should excite
a resonator placed in the vicinity.

But according to the old theory, the propagation of in-
ductive effects should be instantaneous. 1If, indeed, there be
no displacement currents, and consequently nothing, electri-
cally speaking, in the dielectric which separates the inducing
circuit from that in which the effects are induced, it must
be admitted that the induced effect in the secondary circuit
takes place at the same instant as the inducing cause in the
primary; otherwise in the interval, if there were one, the
cause would have ceased in the primary circuit, while the
effect is not yet produced in the secondary; and, as there is
nothing in the dielectric which separates the two circuits,
there is nothing anywhere. Thus the instantaneous propaga-
tion of induction is a conclusion which the old theory cannot
escape.

According to Mazwell’s theory, induction should be propa-
gated in air with the same velocity as in a wire; that is, with

the velocity of light.
[71]
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Here, then, is the experimentum crucis: we must determine
with what velocity electromagnetic disturbances are propa-
gated by induction through the air. If this velocity be in-
finite, we must adhere to the old theory; if it be equal to the
velocity of light, we must accept the theory of Maxwell.

How, then, can this velocity be measured? We cannot
measure it directly ; but we have seen that the wave-length is,
by definition, the distance traveled in the time of one vibra-

F16. 43.— Hertz's apparatus for observing stationary waves in air.
O is the oscillator, M a plane mirror of zinc fastened against a stone wall,
and R a closed resonator. When the resonator is moved from the mirror
towards the oscillator the spark-length varies in the manner indicated by
the curve. Only two nodes, A and C, are observed, owing to the damping
of the waves. As the mirror is not a perfect conductor, the node A is
apparently behind the surface. :

The figure is drawn approximately to scale.

tion; and we have also seen how the wavelength in a wire
may be measured. )

If the wave-length in air is the same as that in a wire, then
the velocity of propagation in air‘is the same as the velocity
along a wire, and the theory of Maxwell is true.

.- The problem is thus reduced to the measurement of the
wave-length in air.

In"making this measurement the same method may be used
as in the case of propagation along a wire.
~ We have seen that the direct wave transmitted along the
wire_was caused to interfere with the wave reflected at the
end of the wire. In like manner, the direct wave transmitted
through the air may be made to interfere with the wave re-
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flected from a plane metallic mirror. This mirror should be
so placed that the direct wave will strike it normally, and
consequently, the reﬂeqfedwvave will travel in the opposite
direction to that of the direct wave. (See Fig. 43.)

Under these conditions we should obtain true stationary
waves if the vibrations of the oscillator were not damped;
but, because of this damping, and for the same reasons as
were developed in Chapter VII, the phenomenon of multiple
resonance will occur. It is ncedless to repeat the discussion
given on pages 61-64: the phenomena in this case are
exactly similar.

If a resonator be moved between the oscillator and the
mirror, a series of nodes and loops will be observed; the
nodes are the points where the resonator fails to respond to
the oscillator, the loops are those where the intensity of the
phenomenon is a maximum. - _

The internode, or distance between two nodes, is equal to
the half wave-length of the vibration of the resonator in air;
just as in the case of propagation along a wire, the internode
was equal to the half wavelength of the vibration of the re-
sonator when traveling along a wire. If, then, the internode
in air is the same as along a wire, the wave-length in air is
equal to that in a wire, and Maxwell’s theory is true. _

2. Experiments at Karlsruhe.— This is the experimentum
crucis which Hertz first performed at Karlsruhe. He did not
at once obtain the expected result. -

Along a wire his resonator gave an internode of 3 meters;
in air it seemed to show an internode of 4.50 meters, or 9
meters wave-length. This experiment seemed undeniably to
condemn the old electrodynamic theory, which demanded an
infinite wave-length; but it seemed none the less to condemn
the theory of Maxwell, which involved a wave-length of 6
meters.
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This failure is still unsatisfactorily explained. It is prob-
able that the mirror was too small with respect to the wave-
length, and that diffraction entered to disturb the phenomena.
Perhaps also, the reflection of the waves from the walls of the
room or from the cast-iron columns which divided the room
into three sections, may have exercised a disturbing influence.

However this may be, the smallest oscillators gave a dif-
ferent result, and showed the same internode in air as in a
wire; doubtless the smaller wavelength was not too great
with respect to the dimensions of the mirror.

3. Experiments at Geneva.— Still, the question was not
settled, and illness prevented Hertz from continuing his ex-
periments. MM. Sarasin and de la Rive took them up with
sufficient precautions to eliminate all sources of error.

Their mirror was 8x16 meters, and they worked in a very
large and unencumbered room. The results were as clear with
the 75 centimeter resonator (having the same wave-length as
Hertz’s large oscillator) as with the smaller ones. These ex-
periments must thus be regarded as conclusive.

In conformity with Maxwell’s theory, the internode was
the same in air as in a wire.

4. Use of the Small Oscillator.— The experiment may be
more easily repeated with the small oscillator of Hertz, which,
we have seen (page 385), consists in a short rod of metal
divided in the middle.

Parabolic mirrors are in common use for gathering the
light emanating from a small source into a beam of parallel
rays. Such an apparatus is called a parabolic projector or re-
flector. _

The radiations produced by an oscillator may be treated in
almost the same way; only the dimensions of the oscillator
are comparable to those of the mirror, so that the former is
more like a luminous line than a luminous point.
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Hence, instead of giving the mirror the form of a para-
boloid of revolution with ‘the source of the radiations at its
focus, it is made in the form of a parabolic cylinder and the
oscillator is placed in its focal line. (Fig. 44.) Thus a
parallel beam of electrical radiations is obtained. '

F16. 44.— Hertz's apparatus for concentrating the radiations of an
oscillator by means of a parabolic mirror of zinc. (From * Electric
Waves,” Eng. Trans.)

In like manner the resonator, which is just like the os-
cillator, may be placed in the focal line of a second parabolic
mirror. This mirror concentrates the parallel rays upon the
resonator.
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Howerver, in the interference experiments just described,
the second mirror should not be used, for it would act as a
screen to shield the resonator from the reflected wave.

5. Nature of the Radiations.— The field which surrounds
an oscillator is traversed by electromagnetic radiations: the
theory enables us to formulate the laws of their distribution,
and these have been further confirmed by experiment, at least
in their general characteristics, which are all that our present
means of investigation enable us to determine.

These laws are rather complex, and, in order to simplify
their exposition, we shall consider only those points of the
field which are a long distance from the oscillator.

Imagine a sphere of very large radius, having its center at
the middle of the oscillator. At each point of this sphere
there is a variable electromotive force, which passes through
zero and changes sign twice during each oscillation but does
not change its direction. There is also a magnetic force
which varies in a similar manner.

What is the direction of these two vibrations — the one
electrie, the other magnetic?

Trace on the sphere a system of meridians and parallels,
as on a terrestrial globe; the poles being at the points where
the sphere is cut by the axis of the oscillator produced. The
electric force at any point will be tangent to the meridian;
the magnetic force, to the parallel. (Fig. 45.)

The two vibrations are thus at right angles to each other,
and both are perpendicular to the radius of the sphere — that
is, to the direction of propagation, corresponding to what is,
in opties, the direction of the ray of light. These two vibra-
tions are thus transverse, like those of light.

The amplitude of these vibrations varies inversely as the
distance from the oscillator, hence the intensity varies in-
versely as the square of the distance.
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The vibration maintains, as we have seen, a constant di-
rection ; hence it is comparable to the vibrations of polarized
light, rather than those of ordinary light, which constantly
change their direction while remaining perpendicular to the
path of the ray.

Another question presents itself: What is it that corre-
sponds to the plane of polarization in optics? Is it the plane
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F16. 45.— A portion of the spherical wave-front proceeding frem an
oscillator. The full lines indicate the magnetic force, the broken lines,
the electric force. The direction of propagation is perpendicular to both
of these, and is therefore radial.

perpendicular to the electrical vibration? Or is it the plane
perpendicular to the magnetic vibration? We shall see in
Chapter XTI how it may be shown that the former of these
hypotheses is correct.

Another difference from the radiations emitted by a source
of ordinary light: the intensity is not the same in all direc-
tions. It is a maximum at the equator and zero at the poles
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(returning to the network of meridians and parallels which
we supposed to be traced on our sphere).

Aside from these differences, the mode of propagation of
an electromagnetic disturbance through air is the same as
that of light. In the case of propagation along a wire, also,
we had displacement currents; but these were sensible only

F16. 46.— A portion of the wave-front surrounding a perfectly con-
ducting wire transmitting oscillations. The magnetic force forms closed
circles concentric with the wire, which slide along without expanding:
hence the intensity of the wave remains constant. he electric force, and
hﬁnceithe displacement currents, are radial, and so are strongest close to
the wire.

in the air in the immediate neighborhood of the wire. In-
stead of spreading out in all directions, the disturbance was
propagated along a single line; consequently its intensity was
maintained, instead of diminishing according to the law of
inverse squares. (Fig. 46.)



CHAPTER IX.
PROPAGATION IN DIELECTRICS.

1. Maxwell’s Relation.— When, in a condenser, we replace
the layer of insulating air by a layer of some other insulat-
ing substance, we find that the capacity of the condenser is
multiplied by a coefficient which is called the specific in-
ductive capacity ” of this substance. The theory demands
that the velocity of propagation of electric waves in a dielec-
tric be inversely proportional to the square root of the spe-
cific inductive capacity of the dielectric.

Again, the velocity of light in a transparent medium is
inversely proportional to the index of refraction. Hence
the specific inductive capacity should be equal to the square
of this index. This is the theoretical relation of Maxwell.

It is poorly verified, except for sulphur. This may be
explained in two ways:— either the index of refraction for
very long waves, such as electrical oscillations, is not the
same as the optical index of refraction — which would not be
at all surprising, since we know that different radiations are
unequally refrangible, and that the index for red is differ-
ent from the index for violet —; or the square of the electrical
index of refraction may itself be different from the specific
inductive capacity as measured by static methods in an in-
variable field — which could be explained by various second-
ary effects, such as residual charges.

Hence the necessity of measuring the specific inductive
capacity by two sorts of methods: the dynamic methods, based
on the use of electrical oscillations, which will give the elec-
trical index of refraction; and the static methods, in a con-

stant field.
[79]
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2. Dynamic Methods.— The velocity of propagation is the
same in air or along a metallic wire stretched in the air.
So also, the velocity of propagation through a dielectric
should be. the same as the velocity along a wire immersed in
the dielectric. Ilence it is sufficient to measure the latter.

‘We have seen how the wave-length of an electrical oscilla-
tion may be determined by measuring the distance between
the nodes on a wire, by means of a resonator (see page
59). If the wire be immersed in a dielectric, the velocity
of propagation is diminished : as the period remains the same,
the wave-length and the distance between the nodes are di-
minished in the same ratio. Thus we may simply measure
this ratio, which is the reciprocal of the electrical index of
refraction.

Suppose again that the resonator used for exploration be
made of a condenser whose plates are joined by a wire (Blond-
lot’s resonator). If a layer of insulating material be placed
between the plates, the capacity of the condenser is mul-
tiplied by the specific inductive capacity; the period of vi-
bration to which the resonator responds is thus increased,
and, consequently, also the distance between the nodes.

If the wire along which the electrical oscillations are propa-
gated, and the resonator with its condenser, be immersed in
the same dielectric, the two effects should exactly balance
each other, and the distance between the nodes should be
unchanged. This is found to be the case.

These methods of measuring the electrical refractive index
are analogous to the interference refractometer in optics.
We may also make use of the refraction of the electric rays
by a prism of the dielectric; or, better still, of total reflection.

3. Static Methods.— To measure an inductive capacity in
a constant field we must compare two capacities. This
may be done:
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First. By discharging a condenser through a ballistic gal-
vanometer, which measures the quantity of electricity which
flows;

Second. By charging and discharging a condenser a great
number of times per second, and comparing the intermittent
current thus produced with a continuous current through a
given resistance (Maxwell’s method) ;

Third. By connecting two condensers in series, and prov-
ing the equality of their capacities by showing that the po-
tential of the middle plates is the arithmetical mean of the
potentials of the terminal plates (Gordon’s method) ;

Fourth. By measuring the attraction between two electri-
fied spheres immersed in the dielectric;

Fifth. By connecting in opposition two electrometers whose
needles and whose corresponding pairs of quadrants are re-
spectively in metallic connection, and which are immersed,
one in a dielectric, the other in air (Differential electrometer);

Sizth. By studying the deviation of the lines of force in
an electrostatic field occasioned by the introduction of a prism
of dielectric material (Pérot’s method of equipotential sur-
faces).

4. Results.— These different methods give very discordant
results. For resin, the following values have been obtained
for the specific inductive capacity, which we shall call ¢:

Square of the optical indeX.....cv.vvvriieeineneninnnnnns 2.0
By equipotential surfaces ....ee00000e... Cetissene seriaes 2.1
With Hertzian oscillations ..... teessenceseeanns ceeeenee. 212
By ballistic galvanometer ......oveveeeniueecicnnnns cereen 2.03
By another static method .....e0veiveiiirens e ceiuena.. 2.88
By the method of attraction........... tecesscireensrans .. 5.4

For alcohol, water, and ice we find still greater discrep-
ancies. '

6
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Alcohol.— a. The static methods gave for #: values in
the neighborhood of 4.9, that is, quite different from the
optical index;

b. Yet, Stchegticef, using Gordon’s method with oscilla-
tions produced by a Ruhmkorff coil, found for 4 a value not
far from the optical index.

¢. Methods founded on the use of Hertzian oscillations
gave a value in the neighborhood of 4.9.

Water.—a. M. Gouy, by a method of attraction, found:

e — 80.

The value of e varies, of course, with the impurities in the
water, which render it more or less conducting; 80 is the
value which ¢ approaches as the conductivity of the water
approaches zero.

b. Herr Cohn measured ¢ by determining the wave-length
in a wire immersed in water. He found that ¢ depends upon
the conduectivity of the water and on the temperature. His
values are near to that of M. Gouy.

¢. Only one experimenter has found for ¢ a value approach-
ing the square of the optical index, ¢ = 1.75.

Ice.— A static method gave

e =178,
a value close to that obtained by M. Gouy for water.

M. Blondlot, on the other hand, found, by the use of
Hertzian oscillations

e=2.5
and M. Pérot, by the same method, obtained a similar value.

Thus we find an enormous difference between the values
of MM. Blondlot and Pérot, on the one hand, and the num-
ber 78, on the other.

5. Conducting Bodies.— Substances transparent to light
are, in general, bad conductors; the metals, on the contrary,
are very good conductors and very opaque. There is noth-
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ing paradoxical about this. The dielectrics offer to elec-
tric waves an elastic reaction (see Chapter II) which re-
turns the energy imparted to them; hence they permit the
oscillaticns to pass. Conductors, on the other hand, offer a
viscous resistance which destroys the kinetic energy to con-
vert it into heat; hence they absorb electric waves and light.

Indeed, it is found that the metals stop electrical waves
like a screen; they make an imperfect screen for oscillations
of very long period, but their opacity is almost absolute for
Hertzian waves. The experiments of Herr Bjerknes, cited
above (page 50), show that these radiations cannot pene-
trate a metal to a depth greater .than a hundredth of a mil-
limeter.

Nevertheless, Professor Bose, whose very sensitive appa-
ratus will be described later, apparently observed the pene-
tration of metals by his radiations; but M. Branly has re-
cently shown that a metallic envelope is impenetrable, even
to the very rapid oscillations obtained by Professor Bose,
provided that the envelope is absolutely closed. Even the
smallest opening invites diffraction sufficient to affect the
very sensitive detector of Professor Bose.

6. Electrolytes.— Thus all conducting bodies are opaque;
all insulators are transparent. This rule admits of apparent
exceptioris.

Certain substances, like ebonite, are insulators without
being transparent. But it is found that, although opaque
to visible light, they transmit Hertzian radiations.

There is no more reason for surprise at this than at the
passage of red light through a red glass which will not trans-
mit green light. Besides, these substances, which are trans-
parent to electrical waves of long period, would naturally
act as dielectries in 9 static field, where the period may be
regarded as infinite,



84 MAXWELL'S THEORY.

On the other hand, certain liquids, like salt or acidulated
water, are conductors of electricity but transparent to light.
This is because such liquids, which are decomposed by a cur-
rent and are called electrolytes, have a conductivity of a very
different nature from that of metals.

The molecules of the electrolyte are decomposed into
“ions,” and the electricity is transported from one electrode
to the other by these ions, which travel through the liquid.
Hence the electrical energy is not transformed into heat, as
in the case of metals, but into chemical energy. Doubtless
this process, which depends upon the comparatively slow
movement of the ions, has not time to take place if the vibra-
tions are as rapid as those of light. In fact, the electrolytes
are somewhat transparent even to Hertzian waves.



CHAPTER X.
PRODUCTION OF VERY RAPID OSCILLATIONS.

1. Very Short Waves.— Blondlot’s oscillator gives a wave-
length of 30 meters, the large oscillator of Hertz a wave-
length of 6 meters, and the small oscillator of Hertz, 60
centimeters. In other words, we have:

Vibrations

\ per second.
With the oscillator of Blondlot.......covvievveennss 10,000,000
With the large oscillator of Hertz ...... ..... Ceeees 50,000,000
With the small oscillator of Hertz.......o.vovveenn.. 500,0 0,000

But this is not the limit.
The learned Italian physi-
cist, Sig. Righi, and after
him, the young Hindoo
professor, Sagadis Chunder
Bose, constructed appara-
tus which enabled them to
go much farther.

Theoretically it was only
necessary to decrease the F16. 47.— Righl’'s oscillator. This

3 is similar to Lodge's (FI1G. 24), but the
size of the apparatus; but  balls are smaller and the spark occurs

in a vessel of oil. The waves emitted
this also diminished the in- are thus very short, but not correspond-
tensity of the oscillations,
and extremely sensitive detectors had to be devised to ob-
serve them.

2. Righi’s Oscillator.— This oscillator consists in two
spheres of brass, A and B (Fig. 47), fixed in the centers of
two dises of wood, glass, or ebonite. These discs form the

[85]
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bottom and top of a cylindrical vessel with flexible sides,
whose diameter is much greater than its height. In one of the
discs is a small hole for filling the vessel with vaseline oil.
The flexibility of the side walls of the vessel permits the use
of various arrangements for regulating the distance between
the spheres.

The spark leaps between the two spheres, as in Lodge’s oscil-
lator ; but, owing to the small dimensions of the spheres, the
wave-length is very small.

We have seen above the advantages of having the spark
occur in oil. It is through this artifice that the oscillations
retain sufficient intensity, notwithstanding the smallness of
the apparatus ; for we have seen that the use of oil strengthens
the oscillations, while improving the regularity of the
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