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FOREWORD

I am greatly pleased with the manuscript of “ Radio Engi-
neering Principles’’ and recommend it as & work which brings
the study of this important subject up to date. It covers fully
and clearly without too great use of mathematics, the theory
involved in the wonderful developments in the Art of Radio
Communication made during the war, except for certain
reservations which it is not possible to release at this time.

J"T o.Aﬁ,;m,.

Major General,
Chief_Signal Officer of the Army.
War Department, '

Office of the Chief Signal Officer,
Washington, D. C.
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PREFACE

This book is written in an effort to meet the need and great
demand for a general textbook on radio covering the new and
extensive developments in the art made during the war. It is
therefore devoted very largely to the study of the characteristics
and use of the three-electrode vacuum tube in radio telegraphy
and radio telephony, since it is around this device that the present
and future of the science seem to center. But to meet the re-
quirements of a general textbook, the principles involved in the
older radio apparatus are also treated with sufficient fulness to
inform the student on all essential principles of wireless
communication.

The authors have presumed their fitness to write such a book
because of their peculiar contact during the war with the new
developments accomplished in this country and abroad, though
not all of these developments, nor indeed the most wonderful
of them, are herein published because of the wishes of the military
authorities to keep them secret.

In the detail development of the principles involved, for which
credit is due the first-named author, the electron theory is made
use of frequently as it often gives a clearer conception of what
takes place under certain conditions. Mechanical analogies are
avoided. Mathematics is resorted to only to indicate the appli-
cation in the problems of design, or the relations, in concise
form, existing among the various quantities of a radio circuit.
The description of any specific apparatus is purposely avoided,
with the object in mind of devoting the entire space of the book
to the principles involved, though the general means of utilizing
these principles in practical work are of course given. With the
principles understood it is a simple matter to apply them to any
specific radio set.

The authors will welcome and greatly appreciate having their
attention directed to any errors of omission or commission which
may occur in this first edition.

THE AUTHORS
New York City
Nov. 11, 1919.
ix
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RADIO ENGINEERING
PRINCIPLES

CHAPTER I
UNDERLYING ELECTRICAL THEORY

In the explanation of a number of phenomena underlying the
theory and operation of radio apparatus, it is almost essential
that the student have at least a general knowledge of the so-
called electron theory of matter and the interpretation in terms
of that theory of the phenomena of electric conduction and
induction. This becomes of especial interest for the study
of the latest developments of radio apparatus such as thethree-
electrode vacuum tubes, where, for the first time, use is made of
electricity having no material support, of electrons traveling in
space empty of all matter. Under such conditions, the function-
ing of the apparatus is best and most fully understood by the use
of the electron theory.

For the above reasons, the first chapter of this book differs
from the usual text book in that, assuming the reader to be
already familiar with the usual electrical phenomena, it gives a
rapid review of certain elementary notions, fundamental to
radio, presented in the somewhat different light of the electron
theory, and taking into account the effects of energy radiation.
All these questions have been treated as simply as possible, for
the discussions in this chapter are intended only to give a
physical conception of the phenomena.

ELECTRICITY AND THE ETHER

The observation of electrical phenomena has led to the assump-
tion that there are two kinds of electricity, called positive and
negative, for the reason that their effects are exactly opposite.
The existence and identity of electricity can hardly be doubted
today, since negative electricity has been obtained and isolated

1



-2 RADIO ENGINEERING PRINCIPLES

in a state separate from all matter. Positive electricity however
has as yet only been observed fixed on material bodies, or asso-
ciated with negative electricity.

The existence of electricity is evidenced by its effects. Masses
or charges of electricity can be made to react upon each other,
to attract or repel each other, and the actions of these forces have
been observed to take place in a vacuum between isolated charges
as well as in material media and between charges supported by
material bodies. Since it is impossible to conceive any action
whatsoever to be transmitted from one point of space to another
without some intervening agent or medium, these observations
have led to the assumption of a medium, called the ether, present
throughout space, and even, as will be seen later when studying
the constitution of matter, between the atoms of material bodies.
For convenience in explanation, the ether is thus assumed to be
the agent conveying the actions of the forces between various
separate bodies or charges.

ELECTRICAL PHENOMENA IN VACUUM

Coulomb’s Law.—In order to study the action of two electric
charges upon each other, the simplest case will be taken up first;
namely, that of two charges, concentrated at two points, isolated
from all material supports, and placed in emply space, the only
medium between them being the ether. Under these conditions,
m and m’ being the respective values of the charges, that is, the
quantities of electricity making up each charge, and r the dis-
tance between the two charges, Fig. 1, each charge will exert upon
the other a force f along the line mm’ and numerically equal to

mm'’
=1 1)
This law, which was discovered experimentally and can be demon-
. m strated mathematically, is known as

Coulomb’s law.! It will be noticed
that if both charges are of the same
polarity, that is, both positive or both
negative, the product mm’, and therefore the value of the force
f, will be positive, while it will be negative when the charges are
of opposite polarities. This corresponds, in the former case, to

-— r

Fia. 1.

1 For a mathematical demonstration, see S. G. Starling, Electricity and
Magnetism, p. 117 in the_1912 edition.

W T A IR



UNDERLYING ELECTRICAL THEORY 3°

a repelling force, which tends to set the charges in motion away
from each other; in the latter case, the effect is opposite, there
being an attraction between the two charges, which tends to
move them toward each other.

Field Intensity.—Coulomb’s law may be used for defining the
unit of charge or of quantity of electricity. Thus the unit
charge is that charge which, when placed at a unit distance from
an equal charge, is repelled by the latter with unit force. In the
practical system of units, this unit charge is called the coulomb.*

The force exerted by a charge m on a unit charge placed at a
distance r from it will then be equal to

m

= re 2)
This force is called the intensity of the electric field due to the
charge m, at the point of location of the unit charge.

If the charge m is considered .isolated in space, the above
equation will express the intensity of the electric field due to the
charge at any point distant r from it. Thus, the field intensity
is the same for all the points of the sphere of radius r and having
the charge m at its center. The direction of the force at each
point of the surface, is normal to the latter, and is along the.
radius of the sphere, passing through the point considered.

/Potential.—By definition, the work done by the force of the
field of a charge m in moving a unit charge from a point 4 to
a point at infinite distance from m is the potential at the point 4.

From this it follows that the difference of potential between
two points of the field is equal to the work of the force of the
field done in transporting a unit charge from one point to the
other. If the two points are at a distance from each other equal
to the unit of length, and the work done for moving a unit charge
from one point to the other is equal to the unit of work, then the
potential difference between the two points is the unit of potential
difference. In the. practical system of units, this unit is called
the volt. .

From the above remark that the field intensity is the same for
all points of a sphere having the charge m at its center, it may be
seen that all the points of that sphere are at the same potential.

Electrostatic Field.—Coulomb’s equation expresses the effect
of a stationary charge m in space on any other charge, and if the
latter is the unit charge, then'Coulomb’s equation expresses the
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field of the charge m at any point of space. That is, it expresses
- the peculiar state of the medium, in this case, of the ether, due
~ to the existence of the charge m, whereby the medium has the

- ability to exert a force on any other charge which may be present,
and produce work by displacing the latter. Thus, by placing a
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charge at some point of space, the surrounding medium is, so to
speak, stressed, and a certain amount of potential energy is
stored and distributed in it, this potential energy being trans-
formed into work whenever some other charge is placed in the
field and allowed to move under its action. As explained in a
previous paragraph, the amount of potential energy available
at any point, that is, the valug of the potential at that point,




UNDERLYING ELECTRICAL THEORY 5

depends on the distance of that point from the charge producing
the field, and on the value of the charge.

In order to give an adequate graphical representation of the
electrostatic field, it is then necessary to indicate (a) the direction
of the force at each point, and (b) the potential at each point of
the field. In practice, these are indicated for a limited number
of points only, the values at other points being obtained by .
interpolation.

The electrostatic field of a single charge m is thus represented
in Fig. 2. The direction of the force at any point is along the
straight line joining that point to the charge m. This is shown

~~

Fia. 3. Fia. 4.

for various points by the dotted radial lines. The potential is
best shown by means of equipotential surfaces. These are
plotted by first obtaining the potential gradient as expressed by
Coulomb’s equation along a radial line of the field, for instance
mX. Coulomb’s equation of the particular field considered is first
represented by a potential-distance curve, from which the distance
corresponding to any given potential may then readily be obtained.
These distances are the radii of the corresponding equipotential
spheres. This has been done here for potentials of 1, 2, 3, . . .
volts, and the circles drawn are the intersections of the plane of
the paper with the equipotential surfaces. By rotating the entire
figure around any one of the radii passing through the charge,
these circles describe the corresponding equipotential surfaces.
It will be noticed that the distance between two consecutive
spheres is not the same. This is an immediate consequence of
Coulomb’s law.
- Another important conclusion is the fact that the product of
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the value of potential by the radius of the corresponding equipo-
tential surface is a constant, whichever surface is considered.
This means that the charge m, instead of being all concentrated
at a central point may be uniformily distributed on an equipo-
tential surface, without disturbing the shape or strength of the
external field, and the equation of this field remains the same,
provided that the distances r are counted not from the charge,
but from its geometrical center. Thus in Figs. 3 and 4 are shown
the resultant fields of two charges of the same and of opposite
polarities. The direction of the force at each point is tangent to
the dotted lines, and the potential is given by the equipotential
surfaces.

. Variation of the Field with the Charge.—The above considera-
tions were based on the assumption that the charge m creating
the field, was fixed in value and fixed in its position in space. It
is possible to conceive that the charge m is suddenly changed to
some other value m'. This disturbance at the center of the field
will then propagate itself outward from that point throughout
space until the field at each point has reached the value required
by Coulomb’s law for the charge m’. However, due to the prop-
erties of the ether, this change of the field intensity resulting
from the change of the charge, does not occur simultaneously at
all points of space. It first takes place at the points of space in
the immediate vicinity of the charge, the disturbance in the field
at those points being then communicated to immediately adja-
cent points, and so on outward throughout space in all directions.

This is somewhat analogous to the propagation of a compres-
sion wave in an elastic homogeneous medium, such asthe propaga-
tion of sound in air. It is a familiar fact that when a whistle
is started blowing, a man 500 feet away will hear it start about
14 second after the actual beginning of the sound, while a man 1000
feet away will hear it one second later. Thus, until the sound
wave has reached some given point, the air at that point will be
undisturbed, despite the fact that the sound wave has been
started and is moving in its direction.

Due to the similarity of the propagation of the electrical dis-
turbances with that of sound in air or of a ripple or wave on the
surface of the water, this has been called an electric wave. Also,
a wave or ripple started on the smooth surface of a pond will
travel outward at a uniform speed of a few feet per second, deter-
mined by the viscosity and elasticity of the liquid. A sound
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wave set up in air will travel at a uniform speed of about 1100
feet per second, this speed depending also on the elasticity and
density of the medium. The speed of sound in air is fully deter-
mined by the physical constants of air, and does not depend
in any way on the loudness or pitch of the sound. Similarly,
an electric disturbance, such as a sudden change in the value of a
charge producing an electric field will travel in the ether at a uni-
form speed, determined by the fixed characteristics_of the ether,
and independent of the magnitude of the change or disturbance.
This speed has been measured, and found to be equal to 300,000
kilometers (186,000 miles) per second. Thus at a point 300,000
kilometers away from the charge the increase or decrease of field
intensity will occur one second after a similar change has taken
place at the point at which the charge is located. This velocity
of propagation of the electric wave in the ether is equal to the
speed of light in empty space, which seems to indicate that elec-
tric waves are of the same nature as light waves, and are propa-
gated in the same medium.

It should be noticed that an increase in the value of a charge
results in an increase in the volume of the equipotential spheres.
This can be easily demonstrated from Coulomb’s equation. Con-
sider a charge m producing at any point of thesphere of radius rand
of center m a force f equal to

f=

If now the charge is increased to some value m’, the field intensity
will increase throughout space, and the points at which the force
is equal to f will be at a distance r’ from the charge such that
m’
v =1

T \/m

r - Mi
which gives the ratio of the radii of the spheres of the same poten-
tial before and after the increase of the charge. This increase
in the volume of any one equipotential sphere will take place
for all the spheres of the field in succession, each sphere begin-
ning its expansion as soon as the adjacent inner sphere has been

expanded. The propagation of this change, as shown above,
takes place with the speed of light.
’

m
r?

from which
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Another point of importance is that an increase or decrease in
the value of the charge simply changes the value of the intensity
- of the field without changing its direction; that is, the lines
of force of the field are always straight lines passing through the
center of the charge, whatever the value of the latter may be.
Thus, the electrostatic field may be considered as somewhat
similar to a compression strain of the ether along the lines of fcree
of the field. ‘

The process of wave propagation of this strain, as explained
above, is given the name of radiation of electrostatic energy. The
reason for this name will be better understood after electromag- °
netic phenomena have been taken up.

F1a. 5.

Field of a Moving Charge.—Having studied the electric field
of a stationary charge fixed at some point of space, it is now
possible to take up the transformation of such a field resulting
from a motion of the charge.

Consider an electric charge m at rest at a point O of space,
Fig. 5. The electrostatic field of this charge is represented by
the equipotential spheres A, B, C, D, corresponding to certain
values of potential a, b, ¢, d, while the direction of the field is
along straight radial lines, shown in dotted lines on the figure.

Now let the charge m be suddenly set in motion toward the
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left at a uniform speed s along the straight line XX. For a point
on the line XX located in the immediate vicinity of point O and
at the right of that point, the removal of the charge m from its
original position O and its motion toward the left, will be eqiva-
lent to leaving the charge stationary at O and gradually reduc-
ing it from its original value m. This equivalent case was studied
in the previous section, and it was shown that the resultant de-
crease in the field would propagate from point O with the velocity
of light V. Thus after a certain fraction of time ¢, the field will
start decreasing at point A., but until that time, which is the
time the wave reaches that point, the field there remains
unchanged.

Similarly, for a fixed point located ahead of the charge, the
effect of the motion of the charge will be equivalent to leaving the
charge m at the point O and increasing its value. This would
start a wave of increased field in the direction of the actual mo-
tion of the charge, this wave moving with the velocity of light V.
Thus, after the time ¢,, this wave will have reached the point As.

Now, assuming that the speed s of the charge m is smaller.
than the velocity of light V, the distance traveled by the charge

during the time ¢, = QV‘E required by the wave to reach the

sphere A will be
OP = sty =s Q;,}
Thus, at the time ¢, the charge m will be at the point P instead of
point O, but all of the field exterior to the sphere A will be in the
same state as when the charge was in its original position O.
The moment the wave has reached the equipotential sphere A4,
the sphere will be set into motion at the same speed as the charge
m, so that the relative position of the charge and that sphere
will remain the same as long as the charge retains the same speed.
In a similar way, it may be seen that the wave started at O
when the charge was set in motion will reach the sphere B after

a total period ¢, = 0;3 during which the charge has traveled

the total distance -
OB
\%4

Generally speaking, a point at a distance r from the original

0Q = sty = 8
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position O of the charge will be reached by the wave after a time

t = {, during which the charge has traveled a distance

sr
d=st = v
And as soon as the wave reaches that point, the corresponding
equipotential sphere will be set in motion at the same speed
and in the same direction as the charge. This distance d is the
distance between the center of the sphere of radius r and the
position of the charge m at the time the wave due to the motion
of the charge reaches that sphere.
From this it is easy to represent the electrostatic field of a
moving charge by showing the new positions of the equipotential

Fia. 6.

spheres with respect to the charge. This has been done in Fig. 6.
The direction of the field is obtained by drawing lines of force,
which are lines passing through the charge center and normal to
all equipotential surfaces at the points of intersection. These
lines are shown dotted in Fig. 6.

Electromagnetic Field.—The change in the shape of the electro-
static field of a charge due to its being kept in motion instead of
remaining stationary is accompanied by certain phenomena
which result from this distortion of the field and from its motion
through space, particularly the latter.
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Consider a point G, Fig. 6, fixed in space, and located outside
the line XX. With the moving charge m in the position shown,
the field at point G will have the direction Gg, tangent to the line
of force passing at that instant through the point G. As the
charge moves along the line XX toward the left, different lines of
force of the field will pass through G. Thus, when the charge m
has moved along XX over total distances equal to GH, GK, GL,
the field at G will successively assume directions parallel to Hh,
Kk, Ll. 1t may then be seen that, as the charge m is made to
move along the straight line XX, the field at the fixed point of
space G will be along a straight line passing through G, contained
in the plane of the paper and gradually rotating around that
point. There is thus set up at point G, in addition to the electro-
static force or compression strain due to the presence of the
charge m, a torsional or rotational strain, due to the motion of
the charge and the resultant rotation of the direction of the field
at the point considered. This torsional strain of the ether takes
place along a line perpendicular to the direction of motion of the
electric charge setting up the field, and perpendicular also to
the direction of the electrostatic field at the point considered.
This force is called an electromagnetic force.

From the above explanation, it may be understood that the
magnitude of this electromagnetic strain depends both on the
value of the electrostatic i
field and on the rate at v
which its direction is turn-
ing around the point con-
sidered. It therefore de-  glirection of Motion =
pends, for a given point of  Motion of a Negative Oharge b
the field, on the value of  fgicctrostatic Fores ___A-==""
the moving cha.rge, on its g = Electromagnetic Fo:; f
speed of motion, and on g
the shape of its trajectory. Fie. 7.

Also, the strain will be reversed in direction when the direction of
motion of the charge is reversed..

Since the lines of force shown for one plane in Fig. 6, exist
identically for all planes containing the line XX, the electrostatic
and electromagnetic fields shown for point G will have the same
values respectively for all points of the circle described by point
G when Fig. 6 is rotated about the line XX. This is represented
in Fig. 7, from which it may be seen that the direction of the
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clectromagnetic ficld at cach point of the circle will be tangent
to the circle. This circle is thercfore a line of force of the electro-
magnctic field, the direction of the foree along this circle being
dependent only on the direction of motion of the charge m, aud
on whether the charge is positive or negative.

Forces Acting during the Motion of a Charge.—As explained
in the previous parapraph, when an electric charge m is moved
along a straight line path at a constant speed s, the-electrostatic
field of the charge, which was symmetrical when the charge was at
rest, is distorted, and an electromagnetic field which did not
exist when the charge was at rest, appears as a result of the
motion.

Referring to Fig. 6, it may be seen that as a result of the motion
of the charge, the latter assumes an eccentric position with regard
to the equipotential spheres A, B, C, etc. The eccentricity,
that is, the ratio of the distance of the charge from the center of
any one of the equipotential spheres to the radius of the latter is
expressed by the equation

- where s is the speed of the charge, V the velocity of electric wave
propagation, r the radius of the sphere and d the distance between
the charge and the center of the sphere considered. Thus, the
amount of distortion of the electrostatic field is directly propor-
tional to the speed s.

As a result of this distortion, the potential gradient ahead of
the moving charge is steeper than the gradient in back of the
charge, and a force is thus exerted by the medium upon the
charge, in such a direction as to tend to move the charge toward
the center of the equipotential spheres. This direction is oppo-
site to that of the motion of the charge and the magnitude of the
force is greater the greater the speed of the charge, being a
function of the eccentricity of the charge. The distortion of the
field, and therefore the motion of the charge thus requires the
continued application to the charge of a constant force in the
direction of the motion, equal and opposite to the reactive force
of the field. This force, producing the motion, is called the
electromotive force, while the reactive force of the field, which
opposes the motion is called the counter-electromotive force.

Having now the electromotive and counter-electromotive

e T O 4 TSR, I —
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forces in equilibrium, and the charge moving at a constant speed, .
if an attempt is made to increase the speed by increasing the
electromotive force, the eccentricity of the charge will increase,
and therefore also the unbalance between the potential gradients
ahead and in back of the eharge. Thus, an increase in the elec-
tromotive force is immediately followed by an increase of the
counter-electromotive force, and the effect is a tendency to
prevent any increase in speed. This effect is somewhat analo-
gous to the inertia of a moving body, except that the apparent
mass of an electric charge is seen to vary with its velocity, being
zero when the charge is at rest.

' Similarly, in order to decrease the speed of the charge, the
electromotive force needs simply to be reduced. The counter-
electromotive force will then be greater than the electromotive
force, and will therefore tend to drive the charge backward
toward the right, Fig. 6. But such a motion would immediately
be followed by a force opposed to the force producing that mo-
tion, and this would be dirccted to the left, thus tending to keep
the speed of the charge to its original value.

These forces which tend to oppose any change in the speed
of the charge are attributed to the magnetic field of the charge,
which, it was shown, was created by the motion of the charge.
Applications of this property will be found in later paragraphs.

Summarizing the above, the motion of an electric charge results
in a distortion of the electrostatic field, and in the production of
an electromagnetic field. The intensity and shape of these fields
depend on the magnitude of the charge, its velocity, and the
shape of its trajectory.

It should be noted that, when the charge m is traveling at
uniform speed along the line XX, the force applied to it (electro-
motive force) being exactly balanced by the reactive force
(counter-electromotive force), the resultant force is zero, so that
there is no force acting on the charge, which therefore has no
acceleration. For the same reason, where these conditions pre-
vail the electromotive force does not perform any work.

However, when the electromotive or driving force was first
applied when the tharge was at rest, there existed no reactive
force. The driving force, in setting the charge into motion thus
accomplished a certain amount of work, expending a correspond-
ing amount of energy, until it was counterbalanced by the reac-
tive force, and ceased to act and perform further work.
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This expenditure of energy on the part of the driving force
was accompanied or followed by two phenomena. The first is
the creation of a reactive force equal and opposite to the driving
force, this representing an expenditure of energy on the part of
the electrostatic field of the charge, and therefore a correspond-
ing reduction of the total potential energy of the charge. The
second was the setting up of an electromagnetic field, that is, the
creation of a store of electromagnetic energy, the amount thus
stored being exactly equal to the amount of electrostatic energy
lost or expended by the charge.

The function of the applied driving force was then, by setting,
the charge into motion, to transform a certain amount of the
electrostatic energy of the charge into an equivalent amount of
electromagnetic energy, this transformation requiring a certain
amount of work on the part of the driving force. This trans-
formation once established and having exhausted the energy of
the source supplying the driving force, the conditions remain as
they are, that is, the charge remains in motion at a constant
speed.

In order to stop the charge, it is then necessary to apply to it
a force equal and opposite to the original driving force. That is,
an amount of energy exactly equal to that expended in setting the
charge in motion must be expended in the opposite direction
in bringing it to rest. And this is accompanied by the disap-
pearance of the electromagnetic energy and its restoration to the
electrostatic field of the charge, bringing the latter back to its
original value. .

Thus, while the setting into motion of the charge requires a
certain amount of work and results in the transformation of
electrostatic energy into electromagnetic energy, the stopping
of the charge requires an equal expenditure of energy, but in the
opposite direction, and results in the reverse transformation of
electromagnetic energy into electrostatic energy.

Summarizing, the total amount of energy expended by the
driving agent for one starting and stopping cycle of the charge,
is thus zero. The total amount of energy stored in the two fields
(electrostatic and electromagnetic) of the charge remains con-
stant. The transformation of electrostatic into electromagnetic
energy, or the reverse transformation, creates a force opposed to
that causing the transformation, and therefore requires on the
part of that latter force, the performance of a certain amount of
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positive or negative work and the expenditure of a correspond-
ing amount of energy.

These facts will find their application later in connectlon with
alternating currents and resonance phenomena.

ELECTRICAL PHENOMENA IN MATTER

v/ The various electrical phenomena which have been observed
to take place in matter, such as the development of electricity
by friction of one body against another, or the phenomena of
electromagnetic and electrostatic induction, lead to the assump-
tion that electricity is present in material bodies, and may be
brought into evidence by placing these under suitable conditions.
When the materials are not under such special conditions, they
generally do not display any electrical properties and are said to
be in a neutral state. An important consideration is the fact
that whenever a quantity of electricity is produced on a material
body, a quantity of electricity exactly equal, but of opposite
polarity is produced simultaneously on some other body or bodies.

Although the reader is probably familiar with the theory of
the atomic structure of matter, it may be well to recall this in a
few words.

ATtoMic STRUCTURE OF MATTER

/The basis of modern chemical science is the theory that all
matter is made up of a large number of molecules, all similar as
to size, weight, etc., for a given substance, which are the smallest
fractions obtainable of this particular substance. The molecules
of all substances are known to be compounds of a number of so-
called “elements’ of which there are about 70, consisting of the
metals and metalloids. These substances are supposed to be
made up of distinct particles, similar to the molecules, called
atoms, presumably of a simpler structure than the molecules, and
retaining their individual identity within the molecules of com-
pound bodies. Thus for instance, a molecule of water is made up
of one atom of oxygen and two atoms of hydrogen.

While the atoms of the various elements may differ greatly in
their chemical behavior, they all exhibit certain fundamental
properties which are common to all. Such a universal property
is the ability of assuming any one of the solid, liquid or gaseous
states. Thus, any given element will assume these three physical
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states successively as its temperature is raised, the only difference
between different substances being the actual temperature at
which the passage from one state to the other occurs. This has
been explained by assuming that, for all solid bodies, the atoms
are vibrating or rotating about a position of equilibrium, at a fre-
quency and with an amplitude increasing with the temperature of
the body, until, for a temperature high enough these oscillations
become 8o great as to overcome the inter-atomic forces which
gave the solid its stable structure, thus allowing the atoms to
change their relative positions. The body then reaches the
liquid state. Further increase of temperature resulting in greater
atomic agitation, brings about collisions between the atoms of
increasing strength, which result in an increase of the average
distance between the atoms, an expansion of the liquid, and
finally, as the collisions become strong enough, in the projection
of the atoms out into space, thus forming the gaseous state of the
body.

ELEcTRON THEORY OF MATTER

/ While the theory of the atomic structure of matter may give
a satisfactory account of chemical phenomena, and a number of
physical properties of matter, it cannot be adapted, in the form
given above, to the interpretation of the action on a body of
forces such as gravitational and electrical forces. As mentioned
previously, the electrical properties of matter are explained by
assuming the existence of electricity within the various substances.
From the above explanation of the atomic structure of matter,
it may be seen that there are two possible theories as to where
this electricity is stored within the substance of the body; it may
be in the intervals between the atoms, or within the atoms them-
selves. While both of these theories have been worked out, the
latter one is now generally adopted, and has been perfected
so that it will enable one to satisfactorily explain a considerable
number of the properties of matter. Some of these properties
which are studied in this book, are the properties of electrical
conductors and insulators, the phenomena of electrostatic and
electromagnetic induction, ionization of gases, thermionic
emission and energy radiation.

The similarity of certain properties of the atoms of the various
chemical elements, such as the property of assuming three physical
states, solid, liquid or gaseous, and the property of being subject




UNDERLYING ELECTRICAL THEORY 17

to gravitational force, leads to the conclusion that the structure
of these various atoms, although different for the various sub-
stances, must be based on a single fundamental plan.

An atom is to be considered as having at its center a mass or
charge of positive electricity, around which rotate a number of
small masses or charges of negative electricity. The sum total
of the negative charges is normally equal to the positive charge,
so that the amounts of electricity of opposite polarity exactly
neutralize each other, and no exterior electrical force can be
observed. All the negative charges are equal to each other,
and are called electrons. These electrons are supposed to be
the smallest possible fraction of negative electricity obtainable.
The diameter of one electron is estimated as 1 X 10~!2 cm.
The hydrogen atom is about 60,000 times larger. The charge of
the electron is about 1.59 X 10~ coulomb. These electrons
rotate around the central positive charge along definite orbits
and at considerable speed. The entire structure is quite similar
to our solar system, with the sun at its center and the planets
revolving around it in definite orbits. However, while the various
planets are of different sizes and weights, all the electrons are
identical. The difference between the atoms of different sub-
stances is then in the number of electrons revolving around the
central positive charge. This accounts for the difference in the
atomic weights and other properties. Thus, while an atom of
hydrogen probably has only two electrons, an atom of mercury
has several thousand of them.

Another similarity with a solar system is the existence of
electrons in the atoms of certain substances such as the metals,
which follow very eccentric orbits, parabolas or long ellipses,
like the comets of our solar system. These electrons are thus
projected at a comparatively great distance from the center of
the atom, and may even go so far as to escape the action of one
atom to enter the system of another one. Such electrons, which
are not bound to one particular atom are called “free electrons.”
They are projected from one atom to another, traveling in all
directions in the space beétween adjacent atoms. And, while they
are at times under the action of the central positive charge of one
atom, when they come in its proximity, they are immediately
expelled, as if colliding with the atoms. When these free electrons
are in the space between the atoms, they are thus only very

loosely bound to one definite atom, and may therefore be easily
3
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torn from it under a suitable electric field. They will then
travel between the atoms, thus creating within the body a current
of electricity, which, by definition, is the transfer of a quanity of
electricity from one point to another. This will be explained
in greater detail in a later paragraph.

It is not considered necessary in a book of this kind to enter
into a detailed explanation and computation of the various forces
acting on the revolving electrons. Some of these forces are the
atiracting force of the central positive charge, the repelling
forces from the other electrons of the atom, the reactive force on
the electron due to it own motion, and a centrifugal force result-
ing from its apparent mass. Due to the effective inertia of the
electrons resulting from the magnetic field set up by their mo-
tion, as explained on page 13, the electrons tend to maintain a
constant linear velocity, and any attempt to shift the position
of the orbit of the electrons with respect to the central positive
charge or to alter its radius, is accompanied by a corresponding
variation of the forces acting on them. These forces act in
such a way that the orbit or ring of electrons will tend to spring
back to its original position. The system is thus possessed of a
sort of elasticity, which permits it to be distorted, but which also
restores it to its former shape when the distorting force is
removed.

The above theory will be applied to the explanation of electri-

cal phenomena in matter. These phenomena are very similar
to those studied in connection with an electric charge in empty
space, the electrical properties of matter being simply those of
the electrical charges constituting the atoms, taking into account
the various forces on the charges due to the surrounding charges
making up the atoms. The behavior of electric charges in
matter or material media, is thus simply a modification of the
properties of electric charges in ether, and they will be studied
in the same order as was followed in the case of an electric charge
isolated in empty space.
» Dielectric Constant.—In accordance with the electron theory,
substances may be divided into two classes; those in which there
are no free electrons, called insulators or dielectrics, and those in
which there are free electrons, called conductors. In reality,
practically all materials contain free electrons, but many contain
them in such small numbers per unit volume that in most cases
they may be considered as non-existent.
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Consider then a stationary electric charge m placed in an in-
sulating medium, such a air, for instance. The only difference
between this and the case of Fig. 1 is that, instead of the charge
being placed in a space empty of all matter and therefore occupied
only by the ether, it is placed in a space containing an insulating
material; that is, containing ether and a number of molecules or
atoms, or, which amounts to the same thing, a number of sets of
small positive and negative charges, each arranged in a structure
as described heretofore to form an atom. The effect of the
charge m is to establish an electrostatic field in the surrounding
ether, as in the case of Fig. 1. Suppose, to give a definite ex-
ample, that the charge m is negative. Then, the effect of its
field will be to repel any negative charge and attract any positive
charge which may be present in the field, with a force f given by
Coulomb’s relation, equation (1).

The effect of the charge m on any atom of the medium will
then be to attract the positive central charge of the atom and to
repel the negative electrons with a force expressed by the above
equation. This will result in a shift of the electron ring or orbit
with respect to the central positive charge, which will be of such
a magnitude that the internal forces of the atom tending to
keep the positive charge and the electron rings centered with
respect to each other, will exactly balance the force of the field
on it due to the charge m. The entire atom, however, will not
be attracted or repelled by the charge, since the forces of the
charge on the negative and positive parts of the atom are equal
and opposite, these two parts of the atom being equal quantities
of positive and negative electricity. The effect of the charge on
the insulating medium is thus to produce a displacement or dis-
tortion of the atomic structure. This distortion varies in ac-
cordance with the distance of the atom from the charge and is
proportional to the field intensity. Furthermore, this distor-
tion requiring for its establishment a certain amount of work on
the part of the force of the field, results in an absorption of a
corresponding amount of energy, which is a portion of the poten-
tial energy of the field. The amount of potential energy thus
stored in the dielectric material depends then on the value of the
charge, on the internal atomic forces limiting the displacement
‘of the atomic structure, and on the number of atoms per unit
volume of the dielectric. It thus depends on the nature of the
dielectric occupying the space surrounding the charge.
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It was shown in the study of the electrostatic field of a charge
in ether that the setting up of this field was accompanied by a
storage of potential energy in the ether. Since in the case of an
insulating medium, a part of that potential energy is used in
effecting the atomic distortion of the medium, and is thereby
stored in the atoms of the medium, the amount of energy remain-
ing in the ether as potential energy or energy available for further
work is, at each point of space, decreased by an amount repre-
sented by the ratio 1/k which is evidently dependent on the
nature of the medium. This decrease of potential energy pro-
duces a decrease in the potential at all points of the field, and
therefore a decrease in the radius of all equipotential spheres.
In order to restore the field to the value it would have in the
absence of material medium, it is thus necessary to increase the
value of the charge from a value m to a value m, such that

™

The value of k which is characteristic of the dielectric material,
is called the dielectric constant or specific inductive capacitance of
the material. Its value varies for different materials, being -
approximately equal to 1.00059 for air, 2.3 for paraffin, 6.6
for mica, 10 for glass, 80 for water. These values will of course
vary with the temperature of the medium which, it was shown,
varies the distance between the atoms of the substance, and
therefore the number of atoms per unit volume.

From the above explanation of the effect of a material medium
on the effective value of an electric charge m, it is seen that Cou-
lomb’s law, as modified by the presence of matter in the space
occupied by the field of the charge, is expressed by the equation:

1 mm’
f=1 0 3)

This will also express Coulomb’s law in a vacuum since the dielec-
tric constant k was taken as unity for space empty of all matter.

Electrostatic Induction.—Having studied the effect of a sta-
tionary electric charge on substances containing no free elec-
trons, materials containing both “bound’ and “free’’ electrons will
be studied here. It is evident that a material cannot consist
solely of free electrons, which are electric charges without ma-
terial support.
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Consider a charge m, Fig. 8, which sets up in space an electro-
static field, represented by its equipotential surfaces. To fix
ideas, assume the charge m to be negative. Let AB represent a
rod of a material containing free electrons, such as a metal for
instance, placed with its axis along one of the lines of force of the
field, that is, along a straight line passing through the charge
m. Under these conditions, the free electrons will be repelled
by the negative charge m, in accordance with Coulomb’s law,
and, since they can move between the atoms, as explained on
page 17, they will be driven toward the extremity of the rod

Fig. 8.

marked B. This causes in the rod a deficiency in the normal
number of free electrons at the end A and an excess of electrons
at the end B. These ends will therefore be charged positively
and negatively, respectively, since the sum of the central positive
charges of the atoms of the rod at end A is now slightly greater
than the sum of the negative electrons, while at the other end
the reverse is true. The excess of negative electrons at one end
is equal to the deficiency at the other end.

This accumulation of a negative charge at the end B of the rod
will produce in that region an electrostatic field which, adding
to that of the charge m, will raise the potential of that portion
of the field. On the other hand, the positive charge at the end
A of the rod produces an electrostatic field opposed to that of
charge m and will therefore lower the field in that region. The
result is that the difference of potential which was existing be-
tween points A and B due to the field of charge m is neutralized or
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destroyed by the establishment within the conductor of negative
and positive charges which create a field which is superimposed
upon that of charge m. The free negative electrons in the rod
thus move toward the end B until a sufficient negative charge
has accumulated there to make the potential at that end equal
to that at the end A. There being then no longer any difference
of potential along the rod, the transfer of electrons ceases and
a condition of equilibrium is reached. ‘This condition is repre-
sented in Fig. 9.

F1G. 9.

It should be noted that during the very short interval of time
required for the motion of electrons from one end of the rod to
the other, each electron creates during its motion an electromag-
netic field, as explained in the case of a moving electric charge.
This magnetic field disappears when the condition of equilibrium
has been reached. The motion of the electrons along the rod
constitutes a current of electricity, which flows whenever a dif-
ference of potential is established between two points of the
conductor, that is, whenever the conductor cuts different equi-
potential surfaces. The current flow will stop when these sur-
faces have been so distorted or shifted that they no longer
cut the conductor. If then the value of the charge m is continu-
ously varied between two values m; and m., an electric current
will flow in the conductor in alternate directions. This current
is said to be induced in the conductor by the variations of the
charge m.
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The motion of the electrons in the conductor requires a certain
amount of work on the part of the force of the electrostatic field
of the charge m. In other words, some of the potential energy
of the field is spent in doing this work, and is thus stored or used
in the system, the transformation being accomplished through
the temporary motion of the electrons and temporary setting
up of a magnetic field around the conductor.

Condenser. Capacitance.—This property of a conductor
placed in an electrostatic field whereby the electrons move in
such a way as to equalize the field along its surface, is made use
of in devices called condensers, for storing elec-
tricity in the form of potential energy in a dielectric
or insulating medium. Such a condenser consists
essentially of two conductors placed at some dis-
tance apart and insulated from each other. In
most cases, these conductors are given the shape
of parallel plates, A and B, Fig. 10. If these plates
are connected to the two terminals of a source of
continuous potential, such as a direct current gen- ° ~
erator @, a certain difference of potential v will be
established between the two plates. In the case
of Fig. 10, plate A will be positive and plate B negative, this
being accomplished by the generator, which removes some of
the free negative electrons from the metal of plate A and places
a like number of electrons on plate B, creating a flow of electricity
along the metallic circuit AGB. When the electrostatic field
created between the two plates by the presence of the charges
on them, which is in a direction opposite to the electromotive
force of the generator, is equal to the latter, the transfer of
electricity along the circuit ceases and the condenser is then said
to be charged.

It may be seen from Coulomb’s law that, for a given condenser,
the value of the electrostatic field is directly proportional to the
value of the charges on the plates, and therefore also that the
charge of a condenser is directly proportional to the difference of
potential between the plates, this being the measure of the field.
The ratio m/v of the charge of a condenser to the potential dif-
ference between its plates has therefore a constant value C for a
given condenser. This value C is called the capacitance or
electrostatic capacity of the condenser. In the practical system
of units, the unit of capacitance is the farad, which is the capaci-

Fig. 10.



24 RADIO ENGINEERING PRINCIPLES

tance of a condenser which requires a difference of potential of
1 volt between its plates to store a charge of one coulomb. The
subdivisions of this unit which are frequently used in radio work
are the microfarad (mfd.) and micro-microfarad (micro-mfd.)
which are respectively the millionth part of a farad and of a
microfarad.

It has been shown previously that if a charge m produces a
field f in vacuum, a charge km will be required to produce the
same field in an insulating medium of dielectric constant k. If
then C = m/v is the capacitance of a condenser in vacuum, the
capacitance of the same condenser in an insulating medium of
dielectric constant k will be

This gives a method for measuring the dielectric constant &
of a medium, consisting in measuring the capacitance of a con-
denser in vacuum and then of the same condenser having as a
dielectric the material under test. The ratio of the latter value
to the former gives the value of the constant k.

The capacitance of a parallel plate condenser may be calcu-
lated from the formula

kS
d X 10°
where C is the capacitance in microfarads, S the area in square
centimeters of one side of one conducting plate, d the distance
between the plates in centimeters and k the dielectric constant
of the insulator separating the plates.

The flow or current of electricity along the metallic circuit
which was shown to take place while the condenser was being
charged, is called the charging current of the condenser. This is
not the only displacement of electricity taking place in the
system at that time during the charging or transient period. The
accumulation of opposite electric charges on the two condenser
plates by creating an electrostatic field in the medium between
and surrounding them, produces in the dielectric substance a
similarly gradual distortion of the atoms, as was explained in a
previous paragraph. This creates a limited shift or displace-
ment of electric charges in the dielectric medium, called a dzs-
placement current.

C = 0.0885 X
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The condenser having been fully charged to the voltage of the
generator G, a quantity of electricity @, equal to the charge of
an electron multiplied by the number of electrons transferred,
has been tradsferred from one of its plates to the other. If the
condenser is then disconnected from the generator, the unbalance
of the electrical condition of the plates will persist, since there is
no way of transferring electricity from one plate to the other,
they being insulated from each other. The electrostatic field
will therefore remain constant, and thus a certain amount of
electrical energy will have been stored in the condenser as po-
tential energy. If V is the difference of potential between the
plates, it may be seen from Coulomb’s law and from the above
explanation of the process of charging the condenser, that the
amount W of potential or electrostatic energy stored in the con-
denser is equal to

W = Qv
and since by definition
-9
¢= 14
the above expression becomes
W= v @

It will be shown later, when studying the discharge of a con-
denser, how this potential energy
may be used to perform work by §
its transformation into kinetic or |3
electromagnetic energy. Q
The above expression of the
electrostatic energy stored in a
condenser may be demonstrated
as indicated in the following:
From the definition of the capaci-
tance C of a condenser, the charge
Q of the condenser corresponding to a difference of potential V
across the condenser is equal to

Q=CV

This may be represented graphically as in Fig. 11, the slopc of
the straight line representing the equation being equal to C.
For any given potential V,, the amount of energy stored in the

& Yoltage
vy
F1g. 11.
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condenser is then equal to the area of the triangle OV 4, and is
therefore W = 14Q,V, which is the expression given previously.

There are many different forms of condenser construction.
Condensers may be divided in fixed and variable 8ypes. Those
of the first type are generally made up of sets of alternate metal
foil and paper, mica films or glass plates, all even and all odd
numbered metal foils being commonly connected respectively
to form the two plates of the condenser.

Variable condensers are generally made up of a set of fixed,
parallel metal plates and a set of movable plates. The latter are
separated from the former by air or oil and mounted on a shaft
so that they may be rotated and a variable portion of the movable
plates inserted between the fixed plates, thus varying the capaci-
tance of the condenser.

Electric Current.—It was shown in the study of electrostatic
induction that a flow of electrons, that is, a flow of electric
charges, takes place in a metal rod placed in an electrostatic
field so as to cut different equipotential spheres. In other
words, a flow of electricity takes place in a conductor when a
difference of potential or electromotive force is maintained at
two points of the conductor. In the case of electrostatic induc-
tion studied above, this electric current flow is only temporary,
due to the appearance, as a result of the transfer of electricity

A p Wwithin the conductor, of electric charges
e that neutralize the original electromotive
A force which gave rise to the electric cur-

<

' rent. If however by some means, the

_@ T electromotive force is maintained at its
original value, such as for instance by
continuously removing the neutralizing
charges, the electric current will flow continuously instead of
only temporarily. This may be done by inserting the con-
ductor AB, Fig. 12, in a complete, closed conducting circuit,
at some point of which an electromotive force is created and
maintained by some suitable device, such as a generator G.
Under these conditions, a potential gradient is established
along the entire circuit, and under the effect of the resulting
electric force, the free electrons are set in motion at all points
of the circuit. There is thus a steady, continuous flow of
electrons or electric charges around the circuit, which creates a
so-called electric current. By definition, the electric current in a

Fic. 12.
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circuit is measured by the quantity of electricity passing one
point of the circuit during a unit of time. In the practical
system of units, the unit of current is called the ampere.

A steady curfent flowing in a circuit has the same value at all
points of the circuit. This being quite obvious, no demonstra-
tion of the fact seems necessary here. ‘

The direction of the electric current, before the application
of the electron theory, was assumed to take place from the posi-
tive to the negative end of a conductor. The direction of the
electron flow, the electrons being negative charges, is seen to be
from the negative to the positive terminal. This distinction
should be remembered when speaking of electric current and
electron current. ‘

Inductance.—It was shown in the study of the motion of an
electric charge that as a result of motion, a magnetic field is
created in the space surrounding the charge, the direction of the
force of this field, that is, the lines of force of this field, being
along circles concentric with the trajectory of the charge.

An electric current, being the result of the parallel motion of
a large number of similar charges, will then give rise to a mag-
netic field, the lines of force of which are circles surrounding the
wire carrying the current. The intensity of this field is the sum

‘of that of the fields of the individual charges or electrons. The
intensity of this magnetic field, as measured by its effect on a
unit magnetic mass, is evidently directly proportional ., ,-
to the current in the wire, which is for the present as-
sumed to be surrounded by a non-magnetic medium.
This may easily be demonstrated by the following illus- II I!
tration. ‘
Consider a straight conductor AB, Fig. 13, carrying a
certain current I. This current creates in the sur- .
rounding space a magnetic field of value & If a Ff:G 1:3
second wire A’B’ carrying a current equal to I is placed =~
alongside the wire A B, the field surrounding the two wires, being
the sum of the two fields, will be equal to 2&. If the wires are
80 close to each other that they may be considered as one single
wire, then the effects will be equivalent to having doubled the
" current through the wire AB. And since this relation holds true
for any value of current I, the relation may be written
(<]
1= L
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where I is the current in the circuit,  the magnetic flux surround-
ing the circuits, and L a constant, called the inductance of the
circuit. It may thus be seen that the inductance of the circuit
is equal to the flux when a unit current is flowing through the
circuit. The unit of inductance is then the inductance of a
circuit in which a unit current creates a unit magnetic flux. In
the practical system of units, this unit of inductance is called
the henry.

The inductance therefore depends on the same factors that
affect the value of the magnetic field surrounding the wire.
These factors, as will be demonstrated below, are the shape of
the circuit, and the nature of the medium surrounding the wire.

SATATATARISN

Fic. 14.

That the value of the magnetic field depends on the shape of
the circuit may be seen by reference to Fig. 14. Consider the
straight wire AB which carries a current I, and a fixed point G
at a certain distance d from AB. The magnetic field intensity
at that point is the resultant, or vector sum, of the elementary
magnetic fields due to the various electrons in motion in the
wire. This field thus depends on the distances from point G to
the various points of the wire AB. These distances being directly
dependent on the shape of the circuit, the magnetic field and
therefore the inductance of the circuit depend on its shape.
The inductance of the circuit will thus be increased if the
distances of all its points to point G are made equal to the
minimum distance d. This may be done by bending the con-
ductor into a circle having point G at its center. This is made
use of when it is desired to have a circuit of large inductance.
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Such a circuit is obtained by shaping the conductor into a coil
or solenoid, the added effect of the various turns creating a
considerable electromagnetic field within the coil by bringing a
great length of the wire within a short space. The inductance
of a single layer solenoid coil is given by the formula

L = 47=nNS

where 7 is the number of turns per centimeter length of coil,
N the total number of turns, and S the cross-sectional area of
the coil.

The other factor affecting the field, and therefore theinductance,
is the nature of the medium surrounding the circuit, and in
which the magnetic field is set up. Similarly to the electrostatic
‘field, the magnetic field produces an atomic distortion of the
medium, which absorbs some of the magnetic energy stored in
the field. This introduces a multiplying factor, called the per-
meability of the medium, which is equivalent to the specific
inductive capacitance in the case of the electrostatic field. The
inductance of a circuit in a medium of permeability u is then
uL, where L is the inductance of the circuit in a vacuum.!

It was explained in the case of a moving electric charge that
the electromagnetic field represents a store of electromagnetic
energy. This energy was shown to be stored in the medium
surrounding the moving charge during the time required by the
charge to attain its final speed. In the case of an electric current,
the energy is likewise stored in the medium surrounding the cir-
cuit during the time required by the current to rise from zero to
its final value. Let ¢ be the value of the current in a circuit of
inductance L, at a certain instant of the transient period, counted
from the time the current was started, and let & be the corre-
sponding flux around the circuit. When the current increases by
an amount di, the electromagnetic energy stored as a result of
this increase is )

dW = &di
And since, from the definition of inductance, & = Li, the equa-
tion becomes
dW = Lidi
Integrating over the time ¢, required for the current to reach
! More complete information on the calculation of the inductance of a

circuit may be found in various publications of the Bureau of Standards,
Washington, D. C., as mentioned in its Circular No. 24,
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its final value I, the total amount of electromagnetic energy
stored is

W = | Lidi = ¥4 LI? (5)
to

Resistance.—From the phenomenon of electric conduction
or electric current flow as interpreted in terms of the electron
theory, when the conductor AB, Fig. 12, is not under the action
of an electromotive force, it is seen that the free electrons while
rapidly moving between the atoms do not have any general and
common direction. Their motion is at random, and the resultant
current is zero. For the present purpose, the free electrons may
therefore be considered at rest within the conductor. If now
an electromotive force is applied to the conductor, as explained
above and shown in Fig. 12, all these free electrons will be set in
motion in one direction under the influence of the force of the
applied electrostatic field. What has been said in the case of a
single electric charge moving in empty space in a straight line
path, may be applied to each one of these electrons. Certain
conditions, however, prevail in the case of metallic conduction,
which somewhat alter the phenomena.

The first of the modifications is due to the fact that, under
the electrostatic field resulting from the emf. applied to the con-
ductor AB, there will be, as in the case of insulating materials, a
distortion of the atoms of the conductor. This will absorb a
part of the potential of the field which is proportional to the
specific inductive capacitance of the metal forming the conductor
AB.! This has been shown to reduce the amount of potential
energy of the field available for further work, so that the electro-
static field due to the applied emf. will produce on each free
electron of the conductor a force smaller than it would, had the
free electron been in empty space. In other words, the same
applied emf. will impart to the electrons in the conductor a veloc-
ity smaller than it would, were the electrons in a vacuum. This
reduction in the velocity of the flow of electrons along the con-
ductor, reduces the amount of electricity flowing past any one
point of the latter in the unit of time, and hence the ultimate
value of the current.

Another condition to be considered is the fact that the moving
electrons enter in frequent collision with the atoms of the metal

1 See Physical Review, August, 1918, p, 130.
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which happen to be in their path. This reduces the velocity of
the electrons proportionally to the rate of the collisions. It also
sets the atoms of the metal into vibration and thereby raises the
temperature of the conductor. The latter phenomenon will be
taken up later.

As a result of these conditions, the force f on one electron result-
ing from the electrostatic field due to.the applied emf. will set
the electron into motion at a velocity s, smaller than that, &,

. . . . . 8
which it would impart to the electron in vacuum. The ratio o

of these velocities is a constant, characteristic of the material
constituting the conductor and depending on its specific in-
ductive capacitance and therefore on its atomic structure, and
on its number of atoms per unit volume. .

Another factor affecting the value I of the current flowing in a
given conductor under a given applied emf. E is the number of
free electrons contained in a unit length of the conductor. For
any given conductor it is thusseen that, under constant conditions,
the ratio of the applied emf. to the current produced has a con-
stant value, characteristic of the conductor. Thus

2= A ®)

This is the familiar relation known as Ohm’s law. The con-
stant R is the resistance of the conductor. From the above dis-
cussion, it may be seen that this resistance depends on the
material making up the conductor and on the dimensions of the
conductor. The first one of these factors is determined by the
“resigtivity’’ of the material, which is the resistance of a con-
ductor of that material having a unit length and a unit cross-
sectional area. If r is the resistivity of the material, the
resistance of a conductor of length ! and cross-sectional area
a is then

R=r ¢
a
This formula may be immediately derived from the above ex-
planation of electric current conduction. It shows that the
registance of a conductor varies directly with its length and in-
versely with its cross section. In general, materials containing a
large number of free electrons will have a low resistivity.
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Forces Producing the Electric Current.—Since the electric
current results from the motion of a number of similar charges
or electrons, an idea of the phenomenon will be obtained by study-
ing the case of a single electrop.

In the case of a single charge moving in vacuum, it was shown
that, after a charge has reached a constant speed, the applied
electromotive force does mor perform any work in keeping the
charge in motion. This corresponds to the case of a steady cur-
rent in a wire, when the electrostatic and electromagnetic fields
and the current have reached their final steady values.

In the case of a charge moving through a conductor, it was
shown that the charge collides with the atoms of the material
making up the conductor, as indicated by the resistance of the
conductor. This creates a retarding force, which tends to stop
the motion of the charge. In order to keep the charge in motion
an additional force must therefore be applied to the charge,
and this force will perform work during the entire duration of the
motion of thecharge. Furthermore,the energy thusexpended and
transformed into heat will not be restored to the source of energy
when the current is stopped. Inthis respect it isunlike the energy
which was expended at the starting of the current and absorbed
by the creation of the magnetic field. There is thus a continuous
loss of energy due to the resistance of the conductor.! Consider
then a conductor for simplicity, of uniform cross section. Let
N be the total number of electrons in the conductor, and E the
applied emf. required to overcome the resistance of the conductor
and keep the electrons in motion, maintaining a current I in
the conductor. The force applied to each electron is then :

e = E/N

! An experimental proof has been given of the fact that a current, once
started in a closed conducting circuit, will continue to flow in the latter with-
out the further application of any emf., provided the circuit has no resis-
tance. This was accomplished by making use of the property of metals to
suddenly acquire extremely low resistance at low temperatures (of the order
of 1 to 4 deg. absolute). A small coil of lead wire was short circuited and
immersed in liquid helium, and a current induced in it by the sudden varia-
tion of a magnetic field. The current was then found to flow in the coil
for about four days, without the supply of additional energy to the circuit.
For full description, see “Communications from the Physical Laboratory
of the University of Leyde, by H. Kamerlingh Onnes, Nos. 140-b, 140-¢
and 141-b.”
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If 3 is the speed of one electron, under the force e, then the work
done by thisforce e during one second, that is, the power expended
is

, D =es
The total power expended for driving the N electrons at the speed

8 is then
P=FEXNs=EI
And since, from Ohm’s law, E = RI, the power lost in the cir-
cuit is expressed by the relations
. P = EI = RI* = E?/R
The energy lost as heat in the time ¢ is then

W = Elt = RIn =2 W

Electromagnetic Induction.—From what has been said in
connection with the motion of an electric charge, it is seen that
whenever the current through a circuit of inductance L is made
to vary from its steady value I, there is a change in the amounts
of the electrostatic and electromagnetic energy. As a result of
the variation of the electromagnetic field it was shown that a
force was developed in the system in a direction opposite to that
producing the variation of current, and equal to that force. This
counter-electromotive force, called the induced counter emf., is
therefore proportional to the rate of change of the current. Thus,
if the current variation is d7 during the time dt, the variation of
electromagnetic flux, and therefore the induced emf. is equal to

di
—-L EZ S
the minus sign indicating that the force J__— E
is opposed to that producing the varia- T L
tion.
Consider now the circuit of Fig. 15,
comprising a coil of inductance L and of Fia. 15.

resistance R, and a battery or generator of

constant emf. E. When the switch S is closed, the electromotive
force E is impressed across the coil. An electromotive force is
thus suddenly applied to the electrons in the wire of the coil, as
was the case when studying the motion of a single charge. As
already explained, the electromotive force applied to each clec-

tron will produce work in accelerating the electrons and bringing
3
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them up to their final constant speed. This electromotive force
has two components. One of these is the force required to over-
come the effect of the resistance of the wire, as explained above
in the paragraph on resistance. This component represents a
permanent expenditure of energy, and constantly increases with
the speed of the electrons, being a maximum when the speed
has reached its final steady value. The other component is
equivalent to the force applied to a charge moving in vacuum.
It effects the distortion of the electrostatic field of the electrons,
and the setting up of the magnetic field. As the speed of the
electrons increases, the reactive force of their field increases,
and finally, when the electrons have reached their final steady
speed, the reactive force.is equal to and exactly counter-balances
this component of the applied electromotive force. This second
component of the applied emf. thus becomes zero when the speed
of the electrons, and therefore the current, reaches its final steady
value. The electromotive force E which was at first applied
across the coil as the switch S was closed then reduces to the force
E’ which is equal to IR after the steady state has been reached.
The remainder of the energy of the electrostatic field originally
created by the electromotive force E has been transformed into
electromagnetic energy by the process explained above.

During the transformation, there was, however, an unbalance
between the eclectromotive and counter-electromotive forces,
and therefore also between the
driving and the reacting electro-
static fields which produced a re-
sultant electrostatic field. This
field acts upon any electric
charge or free electron which
may be present in the space

Fia. 16. occupied by it. If then, Fig. 16,

a second coil is wound exactly

parallel to the first coil considered, insulated from it and so

close to it as to almost coincide, this resultant field will act

not only upon the free electrons of the first coil, but also on

those of the second coil, setting up an emf. in it. And if this

coil is closed on some outside circuit, a current will be made to

flow in it. This phenomenon is called electromagnetic induction,

and the current or emf. in the dotted line circuit of Fig. 16 is
said to be induced.

I
-1
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As an illustration of this induction phenomenon, consider a
current I flowing through a wire AB, Fig. 17, under the effect
of the constant emf. of the battery E. Around each point of
the wire AB, there is a magnetic field, which may be represented
by its lines of force, as shown by the circles. At all points of
any one of these circles, the intensity of the magnetic field is the
same, each circle corresponding to a certain value of the intensity.
If now the emf. impressed across the wire AB is increased, the
current through the wire will increase in proportion, and so will
the intensity of the magnetic field at each point of the space

Fi1a. 17.

surrounding the wire. Thus, after the increase of current will
have taken place, all the lines of force of the magnetlc field will
have increased radii.

Consider now a point P, fixed in space with respect to the
wire AB. When the steady current I is flowing in the wire AB,
the electromagnetic field at the point P is along the direction h,
tangent to the magnetic line of force passing through point P.
From the above explanation of electromagnetic induction, and
from the remark concerning the change in the radius of the
magnetic lines of force, it may be seen that when the current I
is increased, the circle which passed through the point P is in-
creased in radius, so that the magnetic force h, without changing
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direction, is displaced in the radial direction M, perpendicular
to h. Also, it was shown that this displacement is accompanied
by the setting up of an electrostatic force f, which, being parallel
to the direction of the electrostatic field causing the increase in
current I, is seen to be perpendicular to M and h. If then
an electric charge is placed at P, it will be set in motion along
the line f, at the time of the motion of h along M, and in a direc-
tion depending on the polarity of the charge. If the current I
is decreased instead of being increased, the reverse effects will
take place.

This is easily remembered by means of the three-finger rule,
whereby the right hand thumb will point in the direction of the
force f when the index finger points in the direction of motion of
the magnetic lines of force, and the middle finger points in the
direction of the magnetic field at the point considered.

If the electric charge which is assumed to be placed at P is a
free electron in a wire A’B’, it will be set in motion under the
effect of the force f. Since all free electrons in the wire A’B’ are
under similar conditions, there will be a motion of these electrons
along the wire. This will accumulate a number of electrons at
one end of the wire, producing a negative charge at that end and
a positive charge at the other, thus establishing an emf. across
the wire. If the latter is connected to a closed circuit, an elec-
tric current will flow in it as a result of this emf.

Since the electricity in the wire A’B’ must move along the
direction A’B’, instead of moving directly in the direction of the
force f, the actual force producing this motion in the wire depends
not only on the magnitude of the force f, but also on the angle
B’Pf of that force with the wire A’B’. This is equivalent to say-
ing that it depends on the angle a, of the wire with the plane of
the magnetic lines of force. It may then be easily demonstrated
that the force along A’B’ which sets the electrons in motion is
proportional to

F = fsin o

It is thus seen that the electromotive force induced in the wire
A’B’ when magnetic lines of force are made to cut the wire is a
maximum when the wire is at right angles to the direction of the
lines of force and their direction of motion. It is equal to zero
when the wire is in the plane of the lines of force and of their
direction of motion. In this latter case, the force f would be
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normal to the wire and therefore could not produce any motion
of the electrons along the wire.

Mutual Inductance.—In order to induce an emf. or a current
in a circuit B, Fig. 18, by varying the current through a circuit
4, it is not necessary to have the circuits so close to each other
as to coincide, as was assumed in Fig. 16. The electromagnetic
field of circuit A extends out into space. Thus if the varying elec-
tromagnetic field of the inducing circuit A is made to link with
circuit B, induction will take place between the two circuits.

The induction effect will of

course be smaller the greater [ ° |
the distance between the two ——

circuits, since the intensity of ———

the field decreases with increas-

ing distance.

If a unit current is made to Fio. 18.
flow in circuit A4, then the flux M linking with circuit B is
called the mutual inductance of the two circuits. Likewise, if
a unit current is made to flow through circuit B, an equal flux
M will link circuit A.

From what has been said above, it is seen that the mutual
inductance of two circuits depends on their respective induc-
tances, on their relative positions, and on the permeability of the
medium.

If at each point, the direction of the wire making up the cir-
cuit is perpendicular to the direction of the field at that point,
the electrons in the wire will not be set in motion along the
wire, and there will be no induced emf. or current in the
circuit. In this case it is seen that the mutual inductance M
is zero. .

Electromagnetic Radiation of Energy.—It was explained in the
previous paragraphs that electrical energy could be transferred
from one circuit to another by varying the electric current in the
first circuit from its steady value. It was shown that the induec-
tion effect was due, finally, to a motion of the magnetic lines of
force of the current in the first circuit, these lines moving away
from or toward the inducing circuit, depending on whether the
current in it was increasing or decreasing. This increase or
decrease in the radius of the lines of force of the magnetic field
surrounding a wire carrying a variable current is in some re-
spects similar to the increase or decrease in the radius of the
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equipotential spheres of an electric charge at rest, but of varying
value, which case was studied in an early paragraph.

Thus, the magnetic line of force passing through point P,
Fig. 17, will not start expanding or shrinking until all the lines
within it have started to expand or shrink. Similarly, no line
external to the line of point P will start moving before the line
of point P.

The velocity of propagation of a disturbance in the magnetic
field is, as in the case of the electrostatic field, equal to the speed
of light. Thus, if point P, Fig. 17, is 300,000 kilometers away
from.the wire AB, the magnetic line of forces at that point will
be set into motion one second after the current in the wire has
varied from its steady value. The rate of variation of the field,
however, is proportional at any point to the rate of variation of
the current in the circuit. If then the current in a circuit is
alternately increased and decreased, or is alternately reversed,
such as is the case with an alternating current, there will be a
succession of waves of increasing and decreasing electromagnetic
energy traveling from the circuit outward into space. Whenever
these waves pass a point of space occupied by an electric circuit,
they will induce an emf., and if the circuit is closed, an electric
current as was explained previously, thus performing work and
effecting the transfer of energy from the wave emitting circuit to
the second circuit.

The induction effect may be quite considerable even at great
distances, since it does not depend on the absolute value of the
field, but simply on the rate of change, and on the magnitude
of the change.

UNDERLYING PrINcCIPLES OF RApI0 COMMUNICATION

The conclusions of the discussion of this chapter may be sum-
marized as follows:

1. It is possible to set up an electric current in a circuit by
establishing around this circuit a varying electrostatic or electro-
magnetic field, or both, having suitable direction.

2. These fields may be produced by varying the current in
another circuit, entirely separate from the first.

3. It is thus possible to transfer electrical energy from one
circuit to another one entirely separate from the first.

4. The transfer of energy from one circuit to another by this
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method depends on the magnitude and the rate of the field varia-
tion, and therefore on the magnitude and rate of the current or
charge variations producing them. The transfer ceases when
the variation stops.

These conclusions are applied to radio communication, where
the transfer of electrical energy is effected between the trans-
mitting and the receiving stations. On account of the considera-
ble distance which generally separates the two stations, the elec-
trostatic and electromagnetic induction effects must be very great
and of a regular well-defined nature in order to distinguish be-
tween the signals and auxiliary and disturbing induction effects
heard at the receiving station, which may result from natural or
other causes. For this reason, the following conditions are
established in all radio communication systems.

1. Alternating currents are set up in the transmitting circuit,
of very high frequency and of great intensity or voltage. This
insures a high rate of variation of the interlinked electrostatic and
electromagnetic fields and a great magnitude of these variations.

2. The transmitting circuit is given a shape suitable for pro-
ducing fields extending to great distances and generally in the
direction of the receiving circuits more than in other directions.

3. The receiving circuit is given such a shape and position as
to link it with as large a proportion of the field of the transmitting
circuit as possible.

In the following chapters, a detailed study will be made of these
several points.



CHAPTER 11
PROPERTIES OF OSCILLATORY CIRCUITS

OsciLLATORY Di1SCHARGE oF A CONDENSER

Physical Explanation.—Consider a condenser C, Fig. 19,
which may be connected by means of a switch to a battery E or
to a circuit of inductance L and resistance R. If the condenser
is first connected to the battery E by connecting 4 to A'and B
to B’, the condenser will in a short time become charged. That
is, an electric current will flow in the metallic circuit in the direc-
tion EB'BCAA’E, accumulating a negative charge on the upper
plate of the condenser and a positive charge on the lower plate,
as was explained in the previous chapter. This establishes an

Fia. 19.

electrostatic field about the condenser, and the charging current
will flow in the circuit until this field exactly counterbalances the
emf. of the battery. The condenser will then be fully charged,
and the amount of energy stored in it as potential energy is

¥ CV:

where C is the capacitance of the condenser and V the potential
difference between its plates.

Suppose now that the condenser, after having thus been
charged, is connected to the circuit LR, by disconnecting A from
A’ and B from B’ and connecting A to A’ and B to B””. Under
the effect of the electrostatic field of the condenser, or, which is

40
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equivalent, under the effect of the potential difference V between
the condenser plates, an electric current will start flowing in the
circuit CLR in the direction of CBB’RLA"”AC, opposite to the
direction of the charging current. This current is the result of
the motion of the electrons in the circuit under the effect of the
electrostatic field of the condenser. From what has been ex-
plained in the previous chapter, it is seen that these electrons
will not reach their final speed instantly, due to the reactive
force resulting from their motion. This reactive force manifests
itself in the form of an electromagnetic field around the circuit,
and this was shown to be proportional to the inductance L of
the circuit.

The speed of the electrons and therefore the current in the
circuit, will thus continuously increase at a rate depending on the
inductance of the circuit and the instantaneous impressed emf.
And since the condenser is discharging, the energy of the system
which was at first entirely stored in the condenser as electrostatic
energy, isbeing gradually transformed into electromagnetic energy.
This, however, is not the only transformation taking place, a
certain amount of energy being required to overcome the resis-
tance R of the circuit.

Thus the electrostatic energy which was originally stored in
the condenser disappears, and becomes transformed partly into
electromagnetic energy and partly into heat, the transformation
being complete when the condenser is discharged.

When this condition has been reached, the difference of poten-
tial across the condenser is zero, and there being no longer any
emf. in the circuit, the current flowing through it will stop. This,
however, does not occur instantaneously, on account of the elec- -
tromagnetic field of the circuit, which, it was shown, acts in
such a manner as to tend to prevent any change in the velocity
of the electrons moving in the circuit. This may be better
understood by considering that any change of current in the
coil L, by changing the magnetic field in that coil, will induce an
emf. in it which is in a direction tending to maintain the cur-
rent flow.

The electric current will thus continue to flow in the circuit
for some time after the condenser is completely discharged, and
will therefore charge the condenser again, but this time in a
direction opposite to the original one. This current being due
to an induced emf. in the coil L, is the result of an expenditure
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of the electromagnetic energy of the circuit. Thus the electro-
magnetic energy will gradually transform itself into electro-
static energy which will be stored in the condenser as the latter
becomes charged, and into heat as a result of the expenditure of
energy required to overcome the resistance R of the circuit.
When the entire electromagnetic energy has thus been trans-
formed, the circuit will again have a store of potential energy
in the condenser, but the condenser will be charged with a polarity
opposite to the original one.

The conditions are therefore similar to the original conditions,
except for the polarity of the condenser plates. Also, since the
partial transformation of electrostatic or electromagnetic energy
into heat was shown to be a permanent one, the amount of electro-
static or potential energy of the system is less than the original
store of potential energy.

The condenser being still connected to the circuit LR, it will
again start discharging, but in the opposite direction, and the
phenomenon will repeat itself with an electric current flowing in
the circuit in alternately opposite directions. The discharge of
the condenser is therefore said to be oscillatory. It is accom-
plished by an alternate transformation of electrostatic energy
into electromagnetic and of electromagnetic energy into electro-
static, each cycle being accompanied by a loss in the form of heat
of a part of the energy of the system. The oscillation will stop
when all the energy originally accumulated in the condenser has
been thus dissipated as heat in the resistance.

It is then evident that the number of cycles of the oscillation
is directly dependent on the value of the resistance of the circuit,
being greater the smaller the resistance.

It is possible that the resistance may be so high as to prevent
the discharge from being oscillatory. This may be explained
as follows: When the condenser first begins to discharge, the
difference of potential across its plates ir a maximum and the
current in the circuit is zero. The discharge of the condenser
brings about a gradual increase of the current and decrease of the
emf., the IR drop being of course proportional to the resistance
of the circuit. If then the resistance is high, the emf. may be
reduced so much during the discharge that it cannot bring about
further increase of the current through the resistance. And
since the emf. across the condenser continues to decrease as long
as the current is flowing, the current and emf. will then both
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decrease together and approach zero as the energy of the original
charge is dissipated in heat. There will thus be no store of
clectromagnetic energy finally set up in the circuit and the con-
denser will not be recharged. The oscillation then ceases after
only a portion of one cycle of discharge and recharge, and the
discharge is said to be aperiodic.

From the above explanation of the oscillatory discharge of a
condenser, it may be shown that the frequency of the alternating
current oroscillation is determined by the values of the capacitance
and inductance of the circuit. Neglecting the resistance of the
circuit, the first phase of the discharge is the transformation
of the electrostatic energy of the condenser into electromagnetic
energy in the coil, the transformation being accompanied by the
establishment of an electric current in the circuit. The time
required for the transformation is that required for the current
to grow from zero to its maximum value I. The amount of
energy originally stored in the condenser of capacitance C when
charged to a voltage V was }5CV2. The amount of energy
stored in the coil of inductance L when the condenser is entirely
discharged, that is when the current I is flowing, is 14LI*.
Neglecting the resistance, we have then

;cw - ;LIZ, or VA/C = In/L

Thus, the smaller the inductance L, the gredter the discharge
current I. And since, by definition, the current is equal to the
amount of electricity passing one point of the circuit per unit of
time, we have

vve = 1vi = vi| %
where Q is the original charge of the condenser. Thus the smaller
the inductance, the more rapidly will the charge or quantity of
electricity accumulated on the condenser flow through the circuit.
From the above expression, it is then seen that, for a given con-
denser, the time required to once discharge the condenser and
therefore the time to go through one cycle of the oscillation, and
finally the period of the alternating current oscillation vary
directly as the square root of the inductance. The frequency
therefore varies inversely as the square root of the inductance.
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It may be shown in a similar way that, for a given inductance L,
the period will vary as the square root of the capacitance, and
the frequency will therefore vary inversely.

The period and frequency of the free oscillatory discharge of a
condenser through an inductance are called the natural period
and natural frequency of the circuit. The value of these ex-
pressions in terms of the circuit constants will be given in a
later paragraph.

The oscillation current was shown to be of decreasing maxi-
mum amplitude at each reversal, due to the continual loss of
energy in the resistance of the circuit. The oscillation, in other
words, is damped. The measure of the damping, or the decrement
of this oscillation, which depends primarily on the resistance, is
defined as the ratio of two successive maxima of the current in the
circuit with the current flowing in the same direction. A quan-
tity frequently encountered in radio circuit calculations is the
logarithmic decrement, which is the napirian logarithm of
the arithmetic decrement just defined. The expression of the
decrement in terms of the circuit constants is given in a later
paragraph.

Summarizing the above discussion, it is seen that an alternating
current may be obtained in a circuit containing inductance and

capacitance by first charging

L the condenser and then let-
————Ef&?_l ting it discharge through the
a ¢ inductance. The amplitude
T ¢ I of this alternating current

will constantly decrease due

Fia. 20. to the resistance of the cir-

cuit. The frequency of the

alternating current is determined by the inductance and

capacitance of the circuit, and may be made as small or as

great as desired. In practice it has been possible to obtain by

this method oscillations of frequencies as high as several millions
of cycles per second.

On account of the damping, however, the actual duration of
an os cillation is in general not more than a fraction of a second.
If it is desired to have a succession of oscillations in the circuit,
it is then necessary to recharge the condenser after each oscilla-
tion has died out. This is done by inserting a spark gap in the
oscillatory circuit and charging the condenser by means of a
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source of alternating or pulsating current, as will be explained
in the following paragraphs.

The method is illustrated by the diagram of Fig. 20. The os-
cillatory circuit comprises the condenser C, inductance coil L,
and gap G. The two plates of the condenser are connected to
the two terminals of an alternator A generating a sine wave
alternating emf. If the gap G is large enough so that it will

ANANANYAS
AVARVARV

Fie. 21.

+

Condenser Voltage
Q

<

withstand the maximum voltage of the alternator without break-
ing down, the potential difference between the condenser plates
will at every instant be the same as the alternator emf. and may
be represented by a sine curve as in Fig. 21, from which it is
seen that the potential difference varies between the maximum
values + V and — V volts.

If the gap G, which is connected in parallel with the condenser
across the alternator terminals, is set so that a spark will jump
across it when a voltage V’, smaller than V| is impressed upon it,
the phenomena are of a quite different nature.

Condenser Dircharging

Condenser Cbarging
Gap Breaks Down

Fia. 22.

Thus in Fig. 22, when the alternator voltage rises from zero to
the value V’, the condenser voltage rises similarly, and an amount
of potential energy equal to 34CV’2 is stored in the condenser.
As the voltage reaches the value V' for which the spark gap G is
set, the latter suddenly breaks down; that is, a spark bridges the
gap, ionizing the gas between the electrodes and filling the space
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between them with metal vapors. This suddenly closes the
oscillatory circuit LGC and the condenser C discharges through
the inductance L. If the resistance of the wires making up that
circuit, and that of the spark across the gap G is not too great,
the discharge of the condenser will be oscillatory, as was explained
previously. This creates in the LGC circuit a damped alternat-
ing current of a frequency determined by the values of L and C,
and produces across the condenser C an alternating emf. of the
same frequency, as shown in Fig. 22. ‘When the entire amount
of potential energy originally stored in the condenser by the
alternator has been dissipated as heat in the oscillatory circuit,
the oscillation ceases, as was shown previously, and the current
stops flowing across the gap G, which is again open. The poten-
tial across the condenser then again follows the alternator vol-
tage, until the latter reaches the value — V' in the next half cycle,
when the phenomenon repeats itself.

It is thus possible to obtain a series of successive groups of
oscillations in the oscillatory circuit LC. The frequency of the
oscillations in each group is entirely determined by the constants
of the oscillatory circuit. The frequency of the groups of oscil-
lations i8, however, in the above explanation, equal to twice the
alternator frequency, there being one oscillation group for each
half cycle. It may be seen, however, that if the voltage 4, Fig.
22, impressed on the condenser after the discharge, is sufficient
to break down the spark gap, a new discharge will take place
before the end of the first half cycle of the alternator. The
frequency of the groups of oscillations is thus dependent on the
alternator frequency and on the spark gap adjustment. In
general, this adjustment is so made as to give but one discharge
for every half cycle of the alternator.

The periodical succession of oscillatory discharges is thus seen
to require the periodical charging of the condenser to a certain
potential. The alternator was chosen here in the explanation
of the phenomena, on account of the great regularity of the
cycle of its generated alternating emf. In a great many in-
stances, especially for low power circuits, an induction coil
(spark coil) is successfully used instead of the alternator. As
is known by the reader, the main difference is then that the
induction coil produces a pulsating secondary emf. instead of
an alternating emf. This does not affect materially the ex-
planation given above. The regularity of the discharges may
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not be as good as with the alternator, since it depends on
the vibration rate of the induction coil armature which varies
somewhat.

It should be noted that the decrement of an oscillatory circuit
containing a spark gap is dependent not only on the resistance of
the wires making up the circuit, but also on the resistance of the
spark which bridges the gap. This latter resistance is, in turn, a
function of the current passing through the gap, and increases
ag the current decreases. It may thus be seen that the total
resistance of the oscillatory circuit and therefore the decrement
of the oscillation, increases as the oscillation amplitude decreases.
The oscillation is thus damped more rapidly in a circuit having
a spark gap than in the same circuit without the gap but having
an approximately equivalent constant resistance.

Mathematical Explanation of the Oscillatory Discharge of a
Condenser.—A complete mathematical explanation of the oscil-
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latory discharge of a condenser will not be given here. A very
good solution of the problem may be found in Fleming’s *“ Princi-
ples of Electric Wave Telegraphy and Telephony.” The basic
idea of the mathematical treatment is as follows: ’

It was shown that the amount of electrostatic energy variation
of the oscillating system of Fig. 19 during a certain interval of
time is equal to the sum of the energy lost as heat and the elec-
tromagnetic energy variation during the same time. The alge-
braic sum of these three quantities is therefore equal to zero.

In the time interval dt, the variation of potential energy is

dGC:ﬂ) = Codv
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The variation of electromagnetic energy is
d(5Li%) = Lidi,
and the amount of heat produced is
Ridt.

The equation may then be written,

Cvdy + Lidi + Ri%dt = 0
where C, L and R are the constants of the oscillatory circuit, i
the current in the circuit at the instant considered, v the voltage
at the condenser, and d: and dv, the current and voltage varia-
tions during the period of time dt. Since the current 7 is by defi-

nition equal to the quantity of electricity dg set in motion in the
time df, we have

. _dg
Y@
and since
g=~Cv
we have
dg = Cdv
and
_dg _ ,dv
YSa T Yt
so that, finally, the equation may be wiitten
d |, Rdv v
ar Y Latoe ="
or

v(a’+lza+LlC) =0

An analysis of this equation will show that there are two cases
to be considered, according to whether the values of ¢ which will
make the quantity between brackets equal to zero are real or
imaginary.
If the values of a are real, that is, if

R? 1 o 4L

41‘5 —LC>OOI'R >4C’
the equations of v and 7 are not periodic functions of time, and the
discharge is then said to be aperiodic. The current and voltage in
the circuit may then be represented by curves similar:to those of
Fig. 23.
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If the values of a are imaginary, that is if
L
2 )
R*< 4 C

the equations of » and 7 are periodic and exponential functions of
time, and are therefore damped oscillations of frequency and
decrement something like that shown in Fig. 24 and given by
the expressions -

1 1 &
frequency = = ®
Quency = or VLC ~ 4Lt
R*C
decrement = 7 4/ 9
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In most radio circuits, the resistance R is small and the ratio
2

A has a negligible value, so that the frequency of the oscillation

is generally taken as
1

2xvV/LC

RESONANCE PHENOMENA
While induction phenomena are the means of transfer of energy
from one circuit to another and therefore the basis of radio
communication, resonance phenomena are used to increase the
induction effects at great distances, by making the circuits mare

. responsive, that is, of less impedance or inertia, to alternating
4

frequency =

(10)
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currents of one definite frequency. These phenomena are studied
in the following sections.

Series Resonance.—Consider the circuit of Fig. 25, comprising

a condenser C, a resistance R, and an inductance coil L in series

with a source of alternating current

S such as an alternator, which im-
L J presses an alternating emf. upon
Anernator (D) £ kg thecircuit. Analternating current

will then flow in the circuit. .
” In order to obtain the relation
between the impressed emf. and
the current flowing through the
circuit, an equation may be written expressing that the algebraic
sum of the emfs. across the inductance coil, the condenser and
the resistance, is equal to the impressed emf.

If 7 is the current at some instant ¢, and e the impressed emf. at
the same instant, then the emf. across the resistance will be
equal to Rz. The emf. across the coil L depends on the rate of
change of the current at the time ¢. If dt is an infinitesimal period

Fia. 25.

of time after the instant ¢, the emf. across the coil will be LZ;-
The emf. across the condenser is equal to the ratio of the charge
to the capacitance, and is therefore g And since the current in

the circuit is the rate of change of the charge, this emf. is seen to

j‘ dt

be equal to - .-

The equatlon of the emf. as a function of the current is then:
="Ri + L + fzdt

Since the electromotive force e is alternating, it may be ex-
pressed as a function of the time by the relation:
e = E o, sin(2nft)
where f is the frequency of the alternator.
Neglecting the transient terms which are of the form of a
rapidly damped oscillation, the relation giving the current in the
circuit as a function of the impressed emf. and the circuit con-

stants is then:
. E ) E

\/}e_+—2fo fC)z ~Z (11)
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the equation relating to effective or maximum values of current
and emf. This relation is similar to Ohm’s law for direct current,
the term Z being substituted for the resistance. This term Z is
called the impedance of the circuit.

From the above relation it may be seen that the inductive

. 1 .
reactance 2rfL and the capacitive reactance 2nfC vary inversely

when the frequency is varied. Thus, if the alternator frequency
f is gradually increased, the inductive reactance increases, while
the capacitive reactance decreases, the total reactance being at
all times equal to the difference of the two. This is represented
in Fig. 26 where it is seen that for a certain value of the frequency,

Reactance—>
t]
A
2
<
\
2,

apac
itive Reactance zt; C

[S]
(0] VG

Frequency—>

Fic. 26.

the inductive and capacitive reactances are equal, and the result-
ant reactance is zero. For that frequency:

1
from which
1=z
21r'\/ LC

This is seen to be equal to the natural frequency of the circuit
as defined in the previous section.

If then the impressed emf. has a frequency equal to the natural
frequency of the circuit, the impedance Z reduces to

Z=+R*+0=R

and the current in the circuit will then be a maximum. When
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this condition prevails, the circuit is said to be in resonance or
in tune with the impressed emf.

If the frequency of the impressed electromotive force cannot
be varied, the oscillatory circuit may be tuned by altering its
capacitance or inductance or both in order to make its natural
frequency coincide with that of the alternator. The effect of
tuning may be shown in a resonance curve, as in Fig. 27, where

the current flowing in the circuit is plotted
against the frequency of the alternator, the
maximum of the alternating emf. impressed
A on the circuit being kept at constant value.
At resonance frequency, the current is a max-

Ourrent ———>

imum, and equal to I = IE; This maximum is

therefore greater the lower
. e — the resistance of the cireuit.
) Frequency —— > ~ Figure 27 shows resonance
Fre. 27. curves for three circuits,
differing only in the value
of resistance, curve A corresponding to the circuit of lowest
resistance. It is easily seen by plotting these curves in per
cent of maximum current that the circuit of lowest resistance
will have the sharpest tuning. This means that it will present
much less impedance to the flow of currents of its natural
frequency than to currents of other frequencies. That is, since
the resonance curve is flatter or the peak less pronounced the
greater the resistance, the per cent difference between the current
flow at resonance frequency F and that at a frequency F + f or
F — fslightly different, will be smaller
the greater the resistance of the circuit.
Parallel Resonance.—The case of *""™'°&
Fig. 28 is different from that of series
resonance in that the inductance coil
and condenser are connected in paral-
lel across the source of alternating
current, the alternating emf. e of frequency f being impressed
simultaneously across the coil and the condenser.
Under the alternating emf. e impressed on the oscillatory ecir-
cuit by the alternator and equal to

e=E,, sin (2=ft)

Fia. 28.
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a current ¢ will be supplied by the alternator, which will divide
between the condenser and inductance coil branches of the cir-
cuit in inverse proportion to their respective impedances. Thus,
neglecting the resistance in series with the condenser, and re-
ferring to effective values, the total current in the alternator
circuit is
—_— - ...1_.__ ——
V/R* + (2xfL)*
This equation may be derived from the general equation (11),
as applied to each branch of the oscillatory circuit.

Temporarily neglecting the resistance R of the coil, the equa-~
tion reduces to

I= E( - 21rfC> (12)

I= E( - 21rfC) (13)

1
2nfL
If then the frequency f of the alternator is gradually increased,
the factor %lﬁ—/ will continually decrease, while the factor 2xfC

will continually increase. Their difference will therefore be-
come zero for a certain value of the frequency given by the
relation

1 ,
Il = 2rfC
and thus equal to
1
7= 2%LC

which is the natural frequency of the circuit. From equation (13)
it is then seen that the current furnished by the alternator is zero
at that frequency. This is shown by the curve of Fig. 29.

If now the resistance of the coil is not neglected, the current
supplied by the alternator at resonance frequency will be equal

to

E
I= 2
It should be noted that, although the alternator does not supply
any current at resonance, or only a very small current, it still
applies an alternating emf. ¢ across each branch L and C of the
oscillatory circuit. In each of these branches there is therefore
a current flow, but the current flows in the two branches in oppo-

site directions, so that the sum is zero in the external circuit.
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The physical explanation is that when for the first time the
alternator emf. applied to the circuit rises from zero to its maxi-
mum value, it charges the condenser to that maximum value.
The condenser then discharges through the inductance as ex-
plained previously, at the natural frequency of the circuit. But
if this is also the frequency of the alternator, then the emf. im-
pressed on the condenser by the alternator is always in phase
with the alternating emf. at the
condenser resulting from the
oscillation. If, however, the
oscillatory discharge took place
in the absence of the alternator,

3

£ the condenser emf. would con-

° stantly decrease, due to the re-
; sistance losses in the circuit.
E With the alternator always

o " Frequency—s>. _ Iaintaining the alternating emf.

Fro. 29. at the condenser with a constant

maximum value, it is seen that

thefunction of the alternator is synchronously to supply the
reststance losses in the oscillatory circuit, so that the current sup-

plied by the alternator is, as found, equal to I =IE?.

In the case studied here, the alternator thus sustains an un-
damped oscillation in the oscillatory circuit. The current then
supplied by the alternator depends only on the resistance of the
circuit. The current in the circuit itself, however, depends on the
value of inductance and capacitance and on the emf. impressed
by the alternator across the condenser. In this case, like in the
case of series resonance, the current flowing in the oscillatory
circuit itself is a maximum when the circuit is tuned to resonance
with the frequency of the source of alternating current.

CoUPLING

In order to set up an alternating current in a closed circuit,
it is not necessary to connect the circuit directly to an alternator
or other source of alternating current. Such a current may be
set up by placing the circuit in an alternating or pulsating mag-
netic or electrostatic field, so that it will intersect some of the
lines of force of the field. Two circuits acting upon each other
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under these conditions are said to be coupled. In the following
discussion, the two coupled circuits will be called the primary
and secondary circuits respectively, the primary being the circuit
producing the fields, and the secondary the circuit in which the
current or emf. is induced.

Various Kinds of Coupling.—Two circuits may be coupled to
each other in a number of different ways. From the above
definition of coupling, it is simply necessary that the two circuits
have a common magnetic or electrostatic field, or both. In the
first case, the coupling is said to be inductive or electromagnetic,
while in the second case it is capacitive or electrostatic.

ltli'l—{,_faﬁl—

T B A L, L B

Fic. 30. Fia. 31.

Examples of eleetromagnetic coupling are given in Figs. 30
and 31. In the first case, the primary circuit A and the second-
ary B have an inductance coil in common. Circuit A, which
is the generating circuit, may be any kind of alternating current
generating circuit, butis here shown asan oscillatory circuit having
a spark gap and excited as previously described. The amount
of coupling may be changed by altering the number of turns of the
common inductance coil included as a part of thesecondary circuit
B. The coilactsin thesame way as the ordinary auto-transformer.

In the second case (Fig. 31), the two circuits are entirely sepa-
rate but they have a certain amount of mutual inductance M, due
to the coupling of a part of their total inductance. In this case,
the degree of coupling may be altered by changing the relative
position of the two circuits. The system acts like a transformer.
but due to its being generally used for high frequency oscillations,
and with its coils often at quite large distances apart, the device
is called an “oscillation transformer.” In computations relating
to circuits coupled in this manner, it is often useful to consider
them as coupled directly, as in Fig. 30, the common coil having
an inductance equal to the actual mutual inductance M of the
circuits, and each circuit having a total inductance equal to its
actual total inductance.
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An example of capacitive or electrostatic coupling is given in
Fig. 32, where the condenser of circuit A forms a part of the
capacitance of circuit B. A case of electrostatic and electromag-
netic coupling is given in Fig. 33. The number of possible
arrangements is great and only the general classes of coupling
have therefore been indicated here.

f T

H—J
Fia. 32. Fie. 33.

Coefficient of Coupling.—While the mutual inductance, capaci-
tance or reactance may be an indication of the degree of coupling,
the factor generally used in the computation of ratio circuits is
the coefficient of coupling, which in the case of two coupled tuned
circuits is defined by the expression:

k= Xu

VXX
where X, is the mutual reactance of the two circuits, and X,
and X; are the inductive or capacitive reactances of the primary
and secondary circuits respectively.

Applying this definition to two inductively coupled tuned cir-
cuits of mutual inductance M and of respective inductances L,
and Ly, the coefficient of coupling is:

pe M

V/LiLg
It should be noted that the greater the value of M, the greater the
value of k for two given circuits, the maximum value of k being
1, when M = A/L,L,. This is the case of the circuits shown in
Fig. 30, where M = L, = Ls. The coupling is said to be close
or loose according to whether k is large, that is near unity, or small.

For two circuits capacitively coupled,

k= \/  CuCp
(Ca + Cu)(Cs + Cu)
where C, and C; are the total capacitances in each circuit and
Cu is the mutual or common capacitance.

(14)



PROPERTIES OF OSCILLATORY CIRCUITS 57

ResoNANCE PHENOMENA IN CoUPLED OSCILLATORY
CircuIrs

Circuits Loosely Coupled.—In taking up the case of two
loosely coupled circuits, it is assumed that the primary circuit
can induce a current in the secondary, but that this secondary
current cannot react upon the primary and induce an emf. or a
current in it. Consider a circuit A, Fig. 34, containing a fixed
inductance and capacitance and a spark gap, and in which oscilla-
tions may be set up as explained in the first part of this chapter
Consider also a second oscillatory circuit B, loosely coupled to
circuit A and having a fixed . y
inductance and a variable J’_—‘
capacitance, such as that A
provided by a variable air
condenser. With this ar- °
rangement, the frequency of
the oscillations in circuit A
will have a definite value, fixed by the circuit constants, while
the natural frequency of circuit B is adjustable by means of the
variable condenser. '

The effect of the oscillatory alternating c)ﬁent flowing in
circuit A at each spark across the gap G is then’to induce in circuit
B an alternating emf. of decreasing amplitude, and therefore to
produce in the circuit an alternating current of similarly decreas-
ing value. As was explained above, if the natural frequency of
circuit B were the same as that of the oscillatory current in cir-
cuit A, then the total impedance of B would be a minimum equal
to the resistance of the circuit, and the emf. induced by A in B
would produce in the latter the maximum current which would
be limited only by the resistance of circuit B. This condition may
be accomplished by tuning circuit B to resonance with circuit 4.
This is done by adjusting the variable condenser of circuit B until
the natural frequency is equal to that of circuit A. If an amme-
ter or galvanometer is inserted in circuit B, it will indicate a
maximum current when the two circuits are in tune.

There are certain remarks of interest to be made in ccnnection
with the behavior of the circuits under the above described con-
ditions. When circuit B is not in resonance with circuit 4, and
especially if the oscillatory current in circuit A is of a high fre-
quency, its reactance is quite considerable, so that the current
induced in it is very small. Circuit B then does not oscillate,
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and the current in it is simply the induced current from 4, and
it follows the latter exactly in its decreasing amplitude. In other
words, the current induced in B is said to be “forced,’’ and it has
the same decrement and characteristics as the current in cir-
cuit A.

Now if the two circuits are in tune, circuit B will oscillate, as
was explained in a previous paragraph on the resonance of asingle
circuit. For then, after the emf. induced in B by A has charged
the condenser in circuit B, the energy supplied by circuit A to
circuit B will be used in overcoming the resistance losses in that
circuit, and further charge the condenser synchronously, while the
condenser of circuit B will discharge in the manner previously
described. Conditions in circuit B are then the same as though
an alternator were inserted in series with it and generating an
emf. equal at every instant to the emf. actually induced in circuit
B by circuit A. This case was studied previously, except that,
since the oscillation in A is damped, a continually s