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V.—THE PRODUCTION AND DETECTION OF LONG ELECTRIC WAVES.
1.—Electric Oscillations.

!

siderable distance, the lines of embracing
magnetic force due to the drifting electrons
are circles whose centres are in the wire and
whose planes are perpendicular to it.
In considering this effect called electric
displacement in dielectrics, Clerk Maxwell,
whose scientific thought on this subject was
epoch-making in its importance, saw that it
would be logical to conclude that an electric
displacement whilst it was being made or
removed was equivalent to an electric current
and should therefore produce a magnetic
field in the same way as does a conduction
current in conductors. We have then to
distinguish between conduction currents and
displacement currents in one sense, but in
another they are quite identical and both
involve the production of a magnetic force or
field embracing the current.

S already stated, we have reasons for
believing that in metals, carbon, or
other substances which are conductors
of electricity, there are free electrons which
are moving irregularly with very high speeds
in the interstices of the atoms of matter, or
jumping from atom to atom.
Conductive materials such as metals are
built up of atoms which easily lose one or
more electrons from their outer shells or orbits.
These detachable electrons are called the
valency electrons, and it is probably one or
more of these that become free to roam about
in the inter-atomic spaces.
From certain facts we can infer that in a
metal there are about as many free electrons
as there are atoms in any given volume. In
those substances we call non-conductors but
which Faraday appropriately named dielectrics,
such as glass, ebonite, paraffin wax, mica or
shellac, the number of free electrons is very
small, but under the action of electric force
certain of the electrons in the atomic orbits
or structure can be displaced or strained
elastically, so that when the electric force is
removed they spring back to their old positions
in the atoms.
We can thus cause in metals and conductors
generally, by means of electric force, a drift of
the free electrons which is called an electric
i
current, but in dielectrics we can only produce
an electron displacement or strain. The
drift motion of the electrons in the case of
the electric current creates, as we have seen,
a magnetic force which is distributed round
the conductor in closed
lines embracing
it. Fig. 47. A Leyden Pane or Electrical Condenser.
...
.
In the case Of a straight wire conveying an consisting of a sheet of glass or other dielectric
electric current with return wire at a con- partly covered on both sides with tin foil or sheet ineta.
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•Let us next consider a compound circuit
comprising a sheet or layer of dielectric, say
glass contained between two sheets of metal,
made in fact like a sandwich, the meat being
the glass and the two slices of bread the metal
sheets. Such an arrangement is called a
condenser or Leyden pane (see Fig. 47).
Suppose we give to one sheet of metal a
charge of negative electricity. This implies
that we force into it an excessive number of
free electrons over and above those naturally
present in it.
Owing to their mutual repulsion the result
is that the displaceable or mobile electrons in
the sheet of glass are all strained or displaced
as far as possible away from this electron
super-charged metal plate. Also the free
electrons in the other metal plate move as
far away as possible from the super-charged
plate. If this extra electron charge has been
given by an electrical machine or by a battery,
it implies that at the opposite pole of this
battery or electrical machine there is a deficit
of electrons. Hence if we connect this last
named pole with that plate of the condenser
which has not been charged with extra electrons,
a number of electrons equal to the excess in
the other plate will return to the batter}7 or
electrical machine, whilst the plate itself is
left with a deficiency of free electrons.
As regards the condenser the state then is,
that in one metal plate there is an excess of
free electrons, in the other plate a deficit and
in the intermediate dielectric plate of glass the
mobile electrons are strained or displaced
from their normal positions in their atoms,
and this clastic displacement represents a
store of potential energy, just as does a
stretched or bent steel spring. The condenser
is then said to be charged or have energy
stored up in it. The energy, of that charge
is measured by half the product of the charge,
reckoned in extra electrons, of one plate and
the potential difference or voltage between
the two plates.
The reader should note that in electrical
phenomena the potential difference of two
points is the exact analogue of the temperature
difference in thermal or heat phenomena, and
of difference of level or pressure in the case
of hydraulic effects or flow of water.
In the next place let us suppose that the
two metal plates of the condenser are con
nected by a metal wire. The result is that
electrons begin to drift through this wire
from the plate which has an excess of them to
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the plate which has a deficiency of them, and
at the-same time the electrons in the dielectric
or glass plate which are strained or displaced,
begin to return to their normal positions.
The return of electrons is, however, not
merely by a uni-directional motion.
Suppose that instead of connecting by a
wire two conductors having respectively an
excess and a deficit of electrons in them, we
were connecting by a wide pipe, in which
was a tap suddenly opened, two vessels, in
one of which there was an excess of air
under pressure, and in the other a partial
vacuum or deficit of air. On opening the
tap the air in the full vessel would rush over
into the empty one, but owing to the mass
or inertia of the air it would at first overrush
and then rush back again and equilibrium of
pressure would only be established after a
series of to and fro rushes of air each less
than the last. These are called aerial oscilla
tions.
In exactly the same manner, if we connect
suddenly the two plates of a charged con
denser, the electron equilibrium or equality
is only established after a series of rapid
movements of electrons to and fro in the wire
which gradually die away. These are called
electric oscillations and are in fact brief currents
of electricity alternately in one direction and
then in .the opposite, which decrease at each
reversal. This is termed a damped train of
electric oscillations. It can be represented
by the ordinates or heights of a periodic
but decrescent curve, as in Fig. 48, in which
horizontal distances represent time and vertical
distances the current in the connecting wire.

Fig. 48. A Graph or delineation of a damped
electric oscillation.

There are then two terms which must be
defined as regards the condenser and the
connecting wire and these are capacity and
inductance.
If wft wished to measure in a certain way
the capacity of an airtight vessel we might
state it as the weight or quantity of air that
the vessel would hold when pumped full up
to one atmosphere of pressure or, say, 14! lbs.
per square inch. In the same manner we define
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the ^electrical capacity of a condenser as the
quantity of electricity it holds when the potential
difference of its plates is one volt or one unit.
The exact relation between the quantity
of electricity Q or number of excess electrons
in the negative plate, the potential or pressure
difference V of the plates and the capacity
C is expressed by the equation.
0= Q
V
or numerically, capacity is measured by
quantity divided by voltage. The consistent
units in which these things are measured are,
voltage in volts, quantity in coulombs, and
capacity in farads. As, however, the capacity
of a condenser of one farad is extremely large,
its millionth part, called a microfarad\3 is
usually taken as the unit of capacity. We
have seen that the quantity called a coulomb
is equal to six million billion electrons; so
that a condenser has a capacity of one micro
farad when, if six billion excess electrons are
put on one plate the potential difference of the
plates becomes one volt or about 2/yds of
that of the poles of a single dry Leclanche
battery cell.
In the next place as regards the wire with
which we connect the plates of the condenser.
It has two special qualities which can be
measured in appropriate units. These are,
first, resistance, and secondly, inductance.
The electric resistance of a conductor is that
quality of it in virtue of which the electric
current energy is converted into heat in the
wire.
Now this heat consists in part in the energy
of irregular motion of the free electrons in
the wire, and the electric current is the regular
or uni-directional drift or movement of the
free electrons in the wire, which is superimposed on the irregular motion.
As the electrons are struggling along in one
direction in the wire under the guidance and
pressure of the electromotive force urging
them, they are continually bumping up
against the atoms of the metal and against
one another and having their own course
changed and some of the energy of their
drift or regular motion converted into energy
of irregular motion or heat.
The greater this irregular motion, that is,
the higher the temperature of the wire, the _
less in general is the effect of the electromotive *
force in producing a uni-directional drift,
This means to say that for a given electro-
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motive force the current is less; in other
words, the electrical resistance is greater.
On the other hand, the lower the tempera
ture of the wire the less is the irregular motion
of the free electrons and the greater is the
uni-directional drift under a given electro
motive force. Hence the electric resistance
of pure metals is found to decrease with fall
of temperature.
The matter is, however, a little more com
plicated than the above statements imply.
We may regard these free electrons in the
metal as the molecules of a kind of gas, and,
as in the case of gas molecules, their irregular
velocities are different, some moving fast and
some slow. The velocity is distributed in
accordance with Maxwell’s law for gas mole
cules and the electrons have a certain mean
free path between collisions with each other
and with the atoms. It is only during the
time of this mean free path that the impressed
electromotive force is able to act upon them
and impose the drift motion in one direction,
which constitutes the electric current.
If we call N the number of electrons per
cubic centimetre and u the drift velocity of
each parallel to the axis of the wire and X
the electric force acting on the electron, then
the electric current I per square centimetre
is measured by the product Neu.
If t is
the time between two collisions and m the
mass of each electron, then the drift velocity
acquired in the free time between two collisions
. 1 v e
is - A — t — u
Again, if l is the mean.
2 m
free path and v is the average irregular velocity
of the electron, we may take l to be equal to
the product vt3 and if the drift velocity u
is small compared with v} then the current /
ls given by t^e equation
J— 2 2mv1
Rut mv2 is twice the kinetic energy of the
electron due to the irregular motion,
if we regard these free electrons as forming
a kind of gas, then from the kinetic theory
of gases we know that the average energy of
a gas molecule is proportional to the absolute
temperature T, that is, to the temperature
measured from the absolute zero, which is
2730 below zero centigrade,
Hence, to convert temperatures measured
on the centigrade scale into absolute temperatures, we add 2730 to them if the centigrade
temperature is above zero centigrade, viz.,
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the melting point of ice, and if the centigrade
temperature is below zero centigrade we
subtract it numerically from 2730 to obtain
the absolute temperature.
>
Thus
I5°C = 288° abs.,
but — 1800 C = 930 abs.
If then we consider the same holds good
for the free electrons, we see from the previous
equation that the ratio of electric force X
to current /, which is a measure of the electric
resistance of the cubic centimetre of the
metal, is proportional to the absolute temperature, and therefore falls with it.
Experiments made in 1893 by the author,
in conjunction with Sir James Dewar, showed
that in the case of pure metals when cooled
in liquid air to about 8o° absolute, there was a
fall in electric resistance approximately propordonal to the decrease in absolute temperature, but other experiments made subsequendy
by Sir James Dewar with liquid Hydrogen,
giving low temperatures, and later on at
still lower temperatures by Prof. H. Kamerlirigh Onnes of Leyden, in Holland, with
liquid Helium at a temperature of about 40
absolute, showed that the resistance of pure
metals at very low temperatures does not
decrease continually according to the same law.
For many metals the electrical resistance tends
to a minimum constant value at temperatures
near the absolute zero. On the other hand,
in the case of certain metals in a state of
great purity such as mercury, tin, thallium
and lead, the electric resistance at temperatures
near 50 absolute suddenly falls from a finite
value to a nearly zero value. Thus, in the
case of lead at about 70 absolute the resistance
very suddenly decreases, and at a temperature of
2-45° absolute its electrical resistance is only
50-millionths of that which it has at 2730
absolute, or at o° centigrade, the melting
point of ice. In this condition the metal
becomes, as Onnes calls it, a super-conductor.
In this state very large currents may be
passed through the intensely cooled metallic
wire without creating in it any heat, because
it has little or no resistance.
Moreover, if a powerful magnetic field
is made to traverse a ring of lead in the state
of super-conductivity and then is withdrawn,
an electric current, called an induced current,
is generated in the ring which lasts for several
hours, whereas at normal temperatures it
would not last more than a fraction of a second.
A wire, which is a conductor of electricity,
possesses, however, another quality called
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inductance, also due to the properties of these
little free electrons which swarm in it. We
know that a heavy object such as a motorcar or railway train, when once set in motion
cannot be instandy stopped. In consequence
of its mass (m) and velocity (z;) it possesses,
as already experienced, kinetic energy measured
by hnv2.
This energy has to be used up
ia overcoming friction or some resistance,
or in doing some form of work before the
velocity can be reduced to zero. We have seen
also that an electron in motion posseses
electric mass, and hence when in motion
^as a st°Fe
kinetic energy,
Accordingly an electric current in a conductor, which is^ a procession of electrons
poving together in one direction, acts as if
** were a massive body, and cannot be instandy
started or arrested. If 1 is the current in a
conductor at any instant, then the energy
stored up by it in the form of an electro
magnetic field is measured by the quantity
\Li2 where L is called the inductance or
electric inertia of the circuit.
The current energy depends upon two
factors, viz., the current i and the inductance
L, just as the kinetic energy of a moving mass
depends upon the mass m and the velocity v. .
By analogy we can see that if the electric
current energy hLi2 corresponds to motional
energy bnv2, then the product Li corresponds
to niv or to the momentum of the moving
body. The product of inductance L and
current i is called the electric momentum.
Again we have shown that when a mass is
set in motion by a force, the latter is measured
by the rate at which it produces or destroys
momentum. Hence again by analogy, when
an electric current is changing, the electro
motive force corresponding to this change
must be measured by the time rate of change
of the electric momentum or of Li. It can
be shown that this electric momentum is a
measure of the number of its own lines of
magnetic force which are self-linked with the
circuit.
It is convenient to denote die rate at which
a quantity is changing with time by a dot put
over the letter which denotes the quantity
itself. Thus if P stands for the population
of a country at any moment, P stands for the
rate at which it is increasing, and — P for
the rate at which it is decreasing by births,
dea’hs, and immigration or emigration.
Let us return then to the consideration of
the case of the charged condenser which is dis-
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charged by connecting its plates by a wire.
The instant the plates of the condenser are
joined by the wire a current begins in it which
is a flow of electrons. These electrons come
out of the condenser plate which is charged
with extra electrons. Let q be the quantity
of electricity represented by these electrons,
then — q denotes the rate at which they are
decreasing, and this is the same as the rate
at which they are flowing through the wire,
which is the current x in that wire. But if
C is the capacity of the condenser and v the
voltage or potential difference of the plates,
then Cv = q and — q = x where — q denotes
the time rate of decrease of the condenser
charge.
But we have seen that when the current is
changing the product Lx denotes the effective
electromotive force or voltage corresponding
to that change. Therefore we must have
Lx = v and combining this with the previous
equation we have a relation between the
current x and its rate of rate of change ex
pressed by the equation
1
— LC x = x or x
x— o
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a small angle 6, then the rate at which this
angle is changing with time, denoted by 6, is
called the angular velocity, The product of
the moment of inertia and angular velocity
or mlrO is called the angular momentum.
The rate at which the angular momentum is
changing, denoted by mP03 is a measure of
the torque or couple causing or retarding
rotation.
But we can obtain another expression for
this torque or couple as follows :—The couple
causing oscillation is the product of the length
of the pendulum / and the resolved part of
the weight of the bob at right angles to the
length, viz., mg Sin 0, where g is the accelera
tion produced by gravity. If, however, the
angle of displacement is small, then in place
of Sin 6 we can write 0, and the torque is
mglO. Equating the two expressions for this
torque, viz.:—
ml26 = mg10
we have 0 =*y 0
It will be seen that this expression for the
angle of deflection of the vibrating pendulum
at any instant is of exactly the same type as
that for the current in the case of the dis—
1
charging condensers,- viz., x = 7-7 x, only

where xm denotes the rate of rate of change
of x.
It has also been pointed out that when a
charged condenser is discharging through a
wire of very small or negligible resistance the for the pendulum the quotient g/l takes the
discharge is oscillatory, that is, consists in a place of 1/LC for the condenser.
flow of electricity or movement of electrons
We can now obtain an expression for the
backwards and forwards in the wire.
time of vibration as follows: When the
It is important to obtain an expression for pendulum is at the extremity of its swing, it
the number of these oscillations per second is for the moment at rest and its potential
in terms of the quantities L and C.
energy .is measured by the product of the
Whenever we meet with a mathematical mean torque and the angle of extreme dis
expression or equation of the type placement or by bnlgO2.
3c 4- Ax — o it always means the x is some
thing which fluctuates in a manner similar
to the motion of the bob of a very long pendu
lum, or which executes a simple harmonic
motion like the prong of a tuning fork.
We must therefore obtain a mathematical
expression for the time of vibration of a simple
pendulum consisting of a small bob of mass
m hung at the end of a slender rod or wire
of length /.
X
$
\
When such a mass swings or vibrates about
a point like a pendulum the product of the
i!
mass m and the square of the length / of the
i! \i/
rod or ml2 is called the moment of inertia of
>p
_
the arrangement.
If the pendulum at any moment during its Fig. 49. Diagrammatic representation oj the swing
of a bob of a penchdum.
swing is deflected from the vertical through
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But if s is the semi arc of displacement or
the distance of swing on either side, then
.s = W, so that the potential energy is
„
a u -i.
i
ci 9
measured by the value of
I
Again, if we describe a circle with centre
at the mid point Ad of the swing and radius
•equal to the swing (see Fig. 49), and suppose
that a point P in this circle moves round
it with a uniform velocity equal to the velocity
■of the bob at the middle point of its swing,
then it is easy to see that the displacement
•of the bob at any instant is given by the
projection of this point on the diameter of
this circle, and if the swing is small this
•diameter, dd1 of this circle coincides nearly
with the arc aa1 of vibration. Hence, if T
is the time of one complete revolution of this
point P, T is also the time of one complete
■oscillation of the pendulum.
The velocity of the bob at the lowest point
of its swing where it is a maximum is therefore
•expressed by 2-s/T, where i? is the circular
constant 3-1415... or ratio of diameter of
the circle to its circumference. Hence the
maximum kinetic energy of the pendulum
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To make use of this formula in practice we
have to measure C and L in appropriate units,
In wireless telegraphy and telephony condensers are used the capacity of which It is
convenient to measure in microfarads. Also
^ inductances of coils of wire employed are
conveniently measured in units called millihenrys.
. * create oscillations in such a condenser
circuit, one mode is to cut the discharging
w*r.e at some place and furnish the ends with
polished metal balls called spark balls, placed
about one or two millimetres or so apart,
The other ends of the two wires are connected
permanently with the condenser plates (see
^*8- 5°)*
then connect these balls with
terminals of an electrical machine or
induction coil in operation ; the plates of the
condenser will be charged, one as already
explained, will have an excess of negative
electrons forced into it, and the other will have
a deficit.

0000

must be equal to \m

and this must by

the principle of conservation of energy be
equal to the maximum potential energy at
the extremity of its swing, viz., \,n^.
Therefore we have

^ =4- or T = ^1T

n

Tz
l
as an expression for the time of vibration.
If we represent the reciprocal of T or the
number of swings per second or per unit of
time by the letter n, then this is also called
the frequency of the oscillations, and from the
above equation we have for the simple
-nendulum
T

w_.LJir
LV V l

A little thought will then make it evident
that since the previous discussion has shown
that 1/LC for the condenser circuit corresponds to g/l for the pendulum, the frequency
-of the oscillations of a condenser of capacity
C discharging through a wire of low resistance
and of inductance L is given by thc"expresson

1
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Fi*f/ r^^f^rotuUnt^c^caia^.
B
Spark Balls.
'
G
Condenser.
MM Metal plates of Condenser.
The small air gap between the spark balls
reraains a Perfect inau‘ator unti‘ the ele.<;tron
Pr“ has Jcached a certain voltage,
fP^ing on the distance between the balls,
At this point electrons burst out of the negative
bal and bV tbeir imPact th.£y 10",sef the air
nio .ccules or hberate from them electrons by
colhsion. I he ionized air is a conductor or .
electricity and hence at that instant the balls
are as good as put in contact and the discharge
circuit is completed. The electric oscillations
of the condenser electrons then take place
as already described, and as these oscillations
die gradually away the air between the spark
balls resumes its insulating power. The
process then repeats itself and we have a
series of groups of die-awaj' oscillations
called trains of damped oscillations.
In a later section we shall describe the
manner in which oscillations called undamped
or continuous oscillations can be created.

i
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To give some idea of what these units mean
we can say that the electrical capacity of a
Leyden jar, formed with a glass bottle or jar
of about a pint in capacity, might be somewhere
about one-thousandth of a microfarad. The
electrical capacity of the whole earth con
sidered as a spherical conductor insulated in
space is only about 800 microfarads. The
capacity of a mile of submarine cable is about
one-third of a microfarad.
If we make our measurements in these units
the formula for the frequency of oscillation
in a condenser circuit rakes the following form :
oscillations

- per second -

5,000

(microfarads) X
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Thus, for instance, if we had a charged
Leyden jar having a capacity of 1.500th of a
microfarad and discharged it through a yard
or two of connecting wire, which might have
an inductance, say, of 1 500th millihenry, the
frequency by the- above formula would be
2 J millions. This means that the time of one
complete oscillation current would be four
ten-millionths of a second.
A circuit of this kind is called an oscillatory
circuit and every such circuit has a natural
time of vibration in which its electric charge
oscillates when disturbed just as every pendu
lum of a given length has its own natural
time of vibration if it is set swinging.

milWienrys^

{To be continued.)
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2.—Electric Radiation from Oscillatory
Circuits.
It has already been explained that an electro
magnetic wave is created when an electron
suddenly changes its speed or is started or
stopped in motion.
In the discharge wire of an oscillatory
• circuit, and also in the dielectric or insulator
of the condenser, electrons are dancing back
wards and forwards with great rapidity, whilst
the oscillations are taking place. Hence an
oscillatory current must create electric waves
which may be regarded as vibrations propa
gated outwards along the lines of electric
force proceeding from electrons.
If, however, we consider the kind of circuit
just described in which the metal plates of
the condenser are very near to each other and
only separated by a thin sheet of dielectric, we
shall see that when one plate has its largest
charge of extra electrons and the other plate
its greatest deficit, which happens twice at
each complete oscillation, then, owing to the
proximity of the plates, the lines of force which
start from electrons nearly all terminate
within a short distance upon positive ions or
atoms which have lost an electron. Very few
of these electrolines stretch far out into space.
Hence, when vibrations are started along these
electrolines by the sudden movements of the
electrons, very few of these vibrations are
propagated entirely away from the condenser.
In other words, the arrangement radiates
badly because it does not get rid of much of
the stored energy in the form of electric
vibrations or waves propagated along electrolines, which extend far into external space,
The oscillatory circuit above described is
sometimes called a closed or nearly closed

oscillatory circuit and it is a poor dearie
radiator.
In 1887, H. Hertz invented a type of oscillator which has very great radiative power.
Instead of placing the condenser plates
near together he placed them as far apart
as possible by attaching them to the outer
ends of two metal rods placed in line with
each other, their inner ends being provided
with spark balls in proximity to each other
(see Fig. 51).
1.

f?

B B

DC

R

P

I

TO
INOUCTION
COIL

Fiy. 51. A Hertz Oscillator or Radiator.
PP Metal Plates.
RR Metal rods.
RB Spark balls.

When these rods arc connected to the ter
minals of an induction coil or electrical
machine in operation, the plates are charged?;
one has an excess of free electrons, and is
therefore negatively charged, and the other
has a deficit, and is positively charged. When
the electric pressure reaches a value determined
by the length of the air gap between the balls,
the conductivity of the air breaks down, it is
• ionized, a spark passes and electric oscillations
take place, that is, free electrons vibrate
backwards and forwards in the wire or rods,
If we consider the distribution of the lines
of electric force (electrolines) proceeding
from the electrons in the negatively charged
side of the oscillator rods before the spark
discharge takes place, it will be seen that a
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large proportion of these lines must stretch of light, and had predicted the possible
far out into space on all sides of the oscillator existence of electromagnetic waves, and given
rods starting from the rods in a direction reasons for the opinion that visible light
nearly at right angles to them (see Fig. 52).
and therefore also radiant heat consist of
When the spark discharge takes place the electromagnetic waves of very short waveelectrons crowded • together in the super- length,
charged (negative) rod begin to move suddenly
Maxwell had not, however, described any
towards the other deficiently charged rod so mode in which these long electromagnetic
as to equalise the electron distribution or waves could be created or detected. The
pressure.
late Professor G. F. Fitzgerald suggested that
Maxwell’s electromagnetic waves might be
created by the oscillatory discharge of a Leyden
jar. He had also theoretically investigated
the production of electromagnetic radiation
1
1
by a high frequency alternating electric
current in a closed loop of wire.
The late Professor D. E. Hughes had un
doubtedly succeeded experimentally in gene
rating Maxwell’s electric waves, and what was
I*
more important he had empirically discovered
Fig. 52. Vibrations being propagated along electro- a way of detecting them without clearly

I !

EginWoitnWg

- lines (l) proceeding from electrons (e) in oscillation.

understanding what he was doing.

Hughes

original apparatus is now exhibited in the
Science and Art Museum at South Kensington,
London,
Hertz invented a simple but not very sensifive method of detecting these Maxwell
waves by using a circle of stiff wire, which
was interrupted in one place by a small pair
of spark balls (see Fig. 53), forming the earliest
type of what is now called a frame aerial.

This sudden motion of the electrons produces a “ kink ” or bend or loop on the electrolines on account of the inertia of the latter as
already explained in a previous section. The
kinks on all the similarly directed electrolines
run together into a transverse loop of electric
force (see Fig. 52) which flies outwards in
the direction of the electrolines.
The lateral motion of a line of electric
force produces a magnetic force which is at
right angles to the direction of the line of
electric force and to that of its motion. Hence
the moving loop of electric force is accom
panied by moving loops or lines of magnetic
force; the end on view of these last named
lines are represented by the dots in the diagram
in Fig. 52.
Fig. 53. A Hertz resonator ring.
This combination of lines of electric force
and lines of magnetic force at right angles,
both sets moving at right angles or perpendicu- Hertz used this “ resonator ” as he called
larly to their own direction is called an electric it in the following manner. He placed at
one station his open circuit- oscillator (see
wave.
This wave moves with a velocity of 300,000 Fig. 51) with its rods in a horizontal position,
kilometres per second in empty space or in When this oscillator was in action it sent out
air, which is the same as the velocity of light, electromagnetic waves in which the electric
Otherwise stated, its velocity is 1,000 million force was in a horizontal direction and on the
feet per second.
axial line nearly parallel to the oscillator
Twenty-two years before Hertz began his rods. Also the motion of these created
experiments, Maxwell, in 1865, had theoreti- magnetic force disposed in a vertical direction
cally arrived at the conclusion that electric and in the same plane as the electric force,
and magnetic forces were propagated through The resonator ring was then placed at a certain
space, not instantly, but with the velocity distance away from the oscillator with its
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plane vertical and its spark gap turned
so that the line joining the resonator spark
balls was parallel to the line joining the
spark balls of the oscillator (see Fig. 54).
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Fig, 54. (a) Sparks are seen at resonator balls
when the oscillator is in action.
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Under these conditions small sparks are
seen at the receiver balls. These are due to
the fact that the lines of magnetic force of
the electric wave sent out by the oscillator
cut through the two sides of the resonator,
but do not cut them simultaneously. The
result is to produce in the circuit of the ring
two opposite but unequal electromotive forces
which create a current in the ring, and hence
a spark at the resonator balls.
This effect needs a little further explanation,
and we must therefore explain on the electron
hypothesis the nature of the physical operations
which produce the induction, as it is called,
of electric currents.
Faraday’s greatest experimental achievement
was his discovery in the autumn days of
1831 that a magnet moved near to a con
ducting circuit in such manner that the lines
of magnetic force proceeding from the poles
of the magnet “ cut across ” the wire circuit.

position

7
Fig, 55. A diagram showing the manner in which
expanding lines of magnetic force round a primary
circuit PP cut a secondary circuit SS

(5) No spirits seen at resonator balls ivhen oscillator
is in operation.

3** POSITION
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(c) .Vo sparks seen at resonator balls when oscillator
is in operation

It is necessary to interpret this effect in
terms of the electron theory. Consider two
straight copper wires stretched parallel to
each other (see Fig. 55). We have seen that
an electric current consists in a procession
of free electrons in the wire, which though
agitated by an irregular motion, yet all struggle
forwards in one direction. We have also
pointed out that when an electron moves it
creates circular lines of magnetic force which
lie in planes perpendicular to its line of motion.
Again it has been mentioned that these lines
of force do not spring into existence suddenly
at all distances from the electron but are
gradually propagated outwards with the velocity
of light just as the circular ripples produced
on a pond by casting into it a stone, gradually
expand outwards in circles of ever-increasing
size (sec Fig. 55).
Consider then the case when we start a
direct current in a wire PP. The electrons
in one of the wires then begin to drift forward.
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The circular lines of magnetic force LL,
■which are thereby generated, grow out from
the primary wire PP, enlarging gradually in
size. These lines therefore in time “ cut
across ” the other parallel wire 55.
t In a previous section it has been pointed out
that when a line of magnetic force moves
parallel to itself it creates an electric force
which is in a direction at right angles to the
line of magnetic force and to the direction of
motion of the latter.
We can memorise the relative directions by
holding the forefinger, the thumb and the
middle finger of the right-hand in directions
mutually at right angles (see Fig. 56). Let
the direction in which the forefinger points
be the direction of the line of magnetic force,
that means the direction in which the pole of
a magnet which points to the earth’s North
Pole would be moved along it.
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Since the secondary wire contains free
electrons, the result is that as the lines of
magnetic force generated by the motion of the
electrons in the primary wire “ cut across ”
the secondary wire, a momentary electric
force will be created in it, which will move
the free electrons in the secondary wire in
the opposite direction to the movement of
those in the primary wire. This is called
an induced secondary current at “ make.”
It only lasts for a short time, namely, whilst
the circular expanding lines of magnetic force
are taking up their permanent positions in
space.
Suppose then that the current in the
primary wire is stopped or that the drifting
electrons in it are brought to rest. This
implies that the magnetic field round the wire
vanishes. It does not, however, vanish at
all distances at the same instant, but the
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THUMB,
MOTION OP THE
LINE OF
MAGNETIC FORCE.

MOTION OP LINE OF
MAGNETIC FORCE.

RIGHT HAND,
Fig. 06.

The Fleming Right Hand Rule, connecting electric force, direction of flow of current and
direction of motion lines of magnetic force.

Let the direction of the thumb represent circular embracing lines of magnetic force
the direction in which the aforesaid line of are, so to speak, sucked back into the wire.
magnetic force is moving transversely to its In so doing it will be evident that some of
own direction. Then the direction in which them again “ ciit across ” the secondary circuit,
the middle finger points will be the direction but in an Opposite direction to that in their
in which a negative electron, in a conductor, outward course.
across which this line of magnetic force moves,
It will be clear then from the above explana
will be urged by the electric force created tions that the result of this contraction is to
by the motion of the line of magnetic force. create a momentary electric force which drives
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the free electrons in the secondary wire in
the same direction as that of the drift motion
of the electrons in the primary wire. This is
called the induced current at “ break ” of
primary current.
It will be seen then that if the primary
circuit is traversed by an alternating electric
current, that is if the free electrons in the
primary wire surge backwards and forwards
like the ebb and flow of the tide in the mouth
of a tidal river, the result will be to produce
a similar alternating current in the secondary
wire or surging motion of its free electrons
which keeps in step with the primary current,
but is always in an opposite direction as regards
flow.
It is not necessary that the two wires
should be straight; they may be both coiled
in spiral fashion round a rod or tube of wood
or insulating material, only then each wire
must be covered with silk, cotton or enamel,
to insulate the turns from each other (see
Fl'g- 57)-
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ducting wire, the free electrons in the latter
are urged in one direction along the wire for
the same reasons as explained in the case of
the expanding magnetic field of a primary
wire.
This fact is the starting point for the construction of all forms of dynamo electric
machines in which a current is generated by
moving a coil of wire in a magnetic field of
force,
*cc-: 'Vs\
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Fig. 5S. Lines of Magnetic Force round a Bar
Magnet delineated by sprinkling iron filings on
a sheet of paper laid over the magnet.
Fig. 57. An induction Coil consisting of two

insulated wires wound round a bundle of fine iron
An arrangement of this kind is called an
Induction Coil or Transformer.
When the alternating current is a low
frequency current, viz., about 50 to 200 or so
reversals of current per second, we can
increase the effect by inserting in the tube
on which the wires are coiled a bundle of
fine iron wires called an iron core. In the
case of high frequency current no iron core
of the above kind is of advantage.
The induction of electric currents by
moving magnets proceeds from similar causes,
A permanent magnet, whether bar or horseshoe, carries about with it a field of magnetic
force, the direction of the lines of which may
be rendered evident in the well known manner
by sprinkling iron filings upon a sheet of
paper laid over the magnet (see Fig. 58).
If then the magnet is moved in any manner
so that its lines of force “ cut across ” a con-

The ordinary spark induction coil, so much
uscd in Roentgen or X-ray work, consists of
a bundle of fine iron wires which is wound
over with a number of coils of cotton-covered
copper wire through which passes the current
from a battery which is rapidly interrupted or
started and stopped by means of an appliance
called a “ break.” Over this primary coil is
wound in sections an immense length of very
fine silk-covered copper wire called the
secondary coil. When the primary coil is
traversed by the primary current the lines of
magnetic force due to it are linked with the
secondary circuit or pass through it. When
the primary current is suddenly stopped these
lines contract or shrink up again into the
primary circuit. In so doing they “ cut
through” the secondary circuit and create
in it a very high electromotive force, urging
the free electrons in the secondary circuit
violently in one direction. So much so tlfat
they burst forth at one end of the secondary
circuit and create a spark discharge.
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The electric force or force moving the free
electrons in the conducting wire is proportional
to the product of the magnetic force (H) of
the moving lines of magnetic force and to the
velocity v of these lines resolved perpendicu
larly to the wire.
If the wire has a length / centimetres
then the electromotive force produced by
these lines cutting or crossing the wire is
proportional to the triple product Hvl.
It docs not matter whether the copper wire
moves transversely to the field at rest, or
whether the lines of magnetic force themselves
move, as in the case of an electric wave, so
as to cut across a stationary conducting wire.
In both cases we have an induced electro
motive force created.
We can now return to the consideration of
the . Hertz oscillator and its corresponding
receiving circuit.
It has been explained that when the free
electrons in the oscillator rods dance back
wards and forwards with great rapidity, the
result is to propagate outwards along the
electrolines proceeding from the free electrons
in them, “ kinks ” or vibrations which may
be conceived to travel along the electrolines
just as a “ kink ” or wave travels along a
stretched cord fixed at one end when a sudden
jerk is given at the other end.
The “ kinks ” produced simultaneously on
a number of electrolines which are in the same
direction run together into a travelling loop
of electric force which moves with the speed
of light in the direction of the electrolines
and is accompanied by lines of magnetic force
the directions of which are perpendicular to
the electrolines and to the direction of motion
of the latter (see Fig. 52).
! Suppose next we set up at any distant place
another oscillator exactly like the transmitting
oscillator comprising two plates at the outer
extremities of two rods placed in line and with
a gap in the middle which can be bridged over
by some form of conductor. Let this receiving
circuit, as it is called, have its rods placed
parallel to the rods of the transmitting oscillator.
Being of the same form as the transmitter, this
receiving circuit has the same natural time
period of oscillation. In other words, it is
“ in tune ” with the transmitter.
Hence, as the lines of magnetic force in
the electric wave passing over it cut across
the rods they will create in them an alternating
electromotive force. If the receiving circuit
is not in tune with the transmitter, the latter
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would produce very little effect in creating a
current in the former. If, however, it is in
tune, the repeated action of the incident
waves will soon create an alternating current
in the receiver.
The action is closely analogous to the effect
of jumping upon a springy plank supported
at the two ends like a bridge. The plank
has mass and elastic resistance to bending.
If a boy stands in the middle of the plank
his weight causes it to bend slightly. The
plank has, however, a natural time of oscillation.
If the boy jumps up and down, but not in
time with the natural period of oscillation of
the plank, he will not produce much effect
in increasing the deflection. If, however, he
times his jumps so as to agree with the natural
time period of flexural vibration of the plank,
he will soon find that the bending of the plank
at each jump becomes so large that it will
probably be in danger of breaking. It is for
this reason that a regiment of soldiers are
generally ordered to “ break step ” on crossing
a suspension bridge, because if it should so
happen that the time period of their marching
feet should agree with the natural period of
flexural oscillation of the bridge, the safety
of the structure might be endangered.
For the same reason we can set in strong
oscillation a pendulum consisting of a massive
bob suspended by a string by means of little
puffs of air or feeble blows with a feather, provided we administer these impulses at
intervals of time exactly equal to the natural
time period of oscillation of the pendulum.
This fact in its widest form covers the principle
of the resonance of two vibrating bodies,
and is of very great importance in connection
with wireless telegraphy and telephony.
We have seen that when two circuits are
adjacent to each other an alternating current
in one circuit will induce an alternating
current in the other circuit. Suppose these
two circuits each consist of a condenser of
a certain capacity C in series with a wire having
a certain inductance L. The natural time
period of the circuit is then, as we have shown,
proportional to the square root of the product
of the capacity of the condenser and the in
ductance of the wire or to v' C.L.
This last is called the oscillation constant
of the circuit.
If then the two circuits have equal oscillation
constants, even though in one the capacity
is large and the inductance small, whereas
in the other the reverse is the case, these cir-
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cuits will be in tune with each other, and if
Thus in the case of Hertz’s original experi
placed in proximity free oscillations created ments, he used the transmitting rod oscillator
in one circuit will induce strong oscillations above described, and a nearly closed receiving
of equal frequency in the other circuit. It circuit made of a circle of wire with a smalL
should be noted, however, that when a pendu spark gap in it.
lum or other system capable of vibration
This rod oscillator is a very good radiator,
receives a single blow or impulse it will, and sends out all its accumulated electric
if then left to itself, vibrate in its own natural energy in one or two vibrations at most.
time period. So in the case of an electric
On the other hand the closed receiving
oscillatory circuit, a single strong electromotive circuit is a very poor radiator, yet when
impulse due to an electric wave falling upon struck by the electric waves from the trans
a properly-tuned receiving circuit will set it mitter it is set in prolonged oscillation, and
in prolonged oscillation provided that this there may even be 500 oscillations of current
in it before they completely die away.
receiving circuit is not too good a radiator.

(To be continued.)

390

THE WIRELESS WORLD AND RADIO REVIEW

Dkckmbkk .23, 1922

Electrons, Electric Waves, and Wireless
Telephony—XII.
By Dr. J. A. Fleming, F.R.S.
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3.—Detection of Electric Waves.
It will be clear, then, that to detect electric
waves passing through space we have to place
at that point an oscillatory circuit which is
generally of the open circuit or rod type,
which must have the capacity of its two parts
with respect to each other and the inductance
of its rod or wire so adjusted that the natural
period of oscillation of the oscillator agrees
with that of the wave to be detected. Next,
that oscillator must be placed with its rods
parallel to the direction of the electric force
in the wave. If it is a nearly closed or loop
receiving circuit, its plane must be coincident
with that in which the electric force component
of the wave lies.
The incident electric waves then produce
in tin's receiving circuit a feeble oscillatory
current of the same type as that in the trans
mitting circuit.
To complete the detection we have further
more to associate the receiving circuit with
some device called a detector, which is in
effect a very sensitive kind of ammeter or
voltmeter for detecting high frequency electric
currents, and enables us to detect the presence
in the receiving circuit of a very feeble electric
oscillation.
There are only two types of such detector
at present much used, viz., the crystal detector
ar.d the thermionic valve detector, but we
shall mention first the coherer, as this form of
detector enables us to show with great ease
many of the properties of electric waves
which are illustrative of wave phenomena
in general.
It had been known for a long period of
- time that metallic filings formed a conductor
of a peculiar kind, and that a glass tube loosely

filled with such metallic filings had a con
ductivity which varied in a very irregular
manner.
Professor E. Branly, of Paris, drew attention
in 1890 to the fact that an electric spark
taking place near such a tube of loose metallic
filings caused a sudden increase in its electric
conductivity. The same thing appears to have
been noticed previously in 1887 or 1888, by
Professor D. E. Hughes, the inventor of the
microphone.
Sir Oliver Lodge observed in 1893 the im
proved conductivity a loose or microphonic
metallic contact produced when an electric
oscillation passed through the contact and
named the device a coherer.
Without entering into historical develop
ments we may say that the coherer in the
form given to it by Marconi, consists of a very
minute quantity of metal filings, preferably
nickel, with a small percentage of silver,
which is contained between two silver plugs
included in a glass tube.
The tube is exhausted of its air. The plugs
are connected to two platinum wires sealed
through the glass.
For certain laboratory and experimental
purposes the author has used with advantage
another form made as follows: A small
ebonite box, like a little pill-box, has two
nickel or silver wires passed through holes in
the sides so that the wires are not quite in
line (see Fig. 59). The wires where they pass
through the box must be parallel to each other
and about two millimetres or not more than
i/i2th of an inch apart. They must otherwise
rest on the flat bottom of the box. A very
small quantity of fine clean nickel filings is
then laid between them and this quantity has

1

Deckmbeu 23, 1922

THE WIRELESS WORLD AXD RADIO REVIEW

******

‘‘97

to be adjusted until the greatest* sensitiveness attract a pivotted piece of soft iron (see
is obtained. The length of wire which pro Fig. 6o), called an armature, and pull it over
jects beyond the box on each side is about against a metal stud which effects a contact
three inches. A little stopper of ebonite is and completes another electric circuit, which
provided to close the top of the box. The contains a more powerful battery of many
two wires and the tilings connecting them are cells and some instrument such as an incandes
joined in series with a single dry voltaic cell, cent lamp, an electric bell, or a printing tele
and with the wire circuit of a device called a graph instrument, which can give a visible,
relay.
audible or legible signal. The relay is there
fore a device by which the starting or stopping .
of a very feeble electric current can cause
another very' much stronger electric current
to be also started or stopped.
Let us suppose then that we have two
R
--metal rods each a few inches long, placed in
B
line with polished metal balls on their inner
ends, with a small spark gap between them,
so as to form a Hertzian oscillator.
R
P
It is desirable that this oscillator should be
7
contained in a metal box with one end open /
(see Figs. 6i and 62).
Fig. 5S. A. type of coherer used try the Author in
By means of an induction coil or electrical
Hertzian wave experiments.
machine, electric sparks are created between
HR Metal wires.
B
Ebonite box.
the balls. This results, as already explained,
F
Nickel filings between the wires in the box. in the production of electric oscillations in the
rods and in radiation of electric waves from
A relay consists of a pair of soft or pure them.
The wavelength of the waves radiated is
■ iron bars round which are coiled many con
volutions of fine silk-covered copper wire, approximately twice the overall length of the
through which the electric current from the
battery cell can be sent. The iron then
becomes a magnet and the arrangement is
called an electromagnet. When the iron
bars are thus magnetised, which can be done
sufficiently with a very feeble electric current,
the poles of the electromagnets are caused to
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Fig. 60. A telegraph relay with, outer case removed.

:1 telegraph relay,
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two rods. Hence to obtain short Hertzian
waves, that is, not more than, a few centimetres
in wavelength, the spark balls and the rods
must not exceed in length half the desired
wavelength.
It is necessary to connect these rods to the
spark, producing appliance, which is generally
a small induction coil, through tightly wound
up spirals of indiarubber-covered wire, called
choking coils. The object of this is to hinder
the electric oscillations generated in them
from passing back into the induction coil.
Another precaution is to have the spark balls
highly polished, as this helps to produce that
suddenness of the electric discharge which is
a necessary condition for creating electric
waves.
The receiving arrangements, comprising the
metallic filings, coherer, and the extended
wires, are placed in another metal box, open.
at one end, the two boxes being arranged with
open ends facing each other and at a little
distance, and the oscillator rods parallel to the
collecting wires of the receiver (see Fig. 62).

It is very important that the wires which
lead away from the coherer to the relay and
voltaic cell and from the relay to the indicating
device, whether lamp or bell, should be enclosed in a metal tube and all joints made
tight. The object of this is to prevent the
electric waves radiated from the transmitter
affecting die coherer otherwise than by
entering the open mouth of the receiver box.
To control the emission of waves from the
transmitter it is necessary to insert in the
primary circuit of the spark-producing coil a

ttj 5SX£ti;c< sot

Fig. 01. Apparatus for experiments with short
Hertzian electric waves.
Oscillator rods in open mouth box A.
Coherer in box B.
Electric beU.
••
%

\
General view of the Author's apparatus for showing experiments with short electric waves
illustrating their similarity to light waves and the opacity or transparency of various substances.
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switch or key so that we can create a spark
of. short duration between the spark balls by
closing this switch for an instant.
A train of electric waves having a wavelength
of a few inches then emerges from the open
mouth of the transmitter box and enters
that of the receiver or coherer box. These
waves set up electric oscillations in the collecting
wires, which causes the metal filings in the box
to become highly conductive. The metal
particles cling or cohere together. The voltaic
cell in series then sends a current through
them and through the relay, which in turn
operates the detecting device and lights up
the indicating lamp or rings the electric bell.
This signal then shows that an electric wave
has entered the receiving box. If we stop the
transmitter spark and give the coherer box
a smart tap or blow, this causes the metallic
filings to cohere or fall back again into a
badly conducting condition and the indicator
lamp then goes out or the bell stops ringing.
Provided with this apparatus we can then
demonstrate a number of the interesting
properties of electric waves having a wave
length of a few inches.
In the first place if we hold between the
transmitter and receiver boxes a sheet of
metal, even a sheet of tin foil or silvered paper
we find that the metal is opaque to these
waves, and that the receiver is not affected.
The reason is because the electric waves
falling on the metal sheet set up in it oscillatory
electric currents, and these are exactly in
opposite phase ; that means moving in opposite
directions to the currents in the oscillator
rods which generate the waves. These cur
rents in the metal sheet in turn create waves
-which, however, being in opposite phase, just
nullify the effect of the incident waves on the
receiver.
All good conductors are therefore opaque
to this type of electric wave.
On the other hand bad conductors are
transparent. If we hold a sheet of glass,
ebonite or even a thick plank of dry wood
between the oscillator and the detector,
these electric waves are found to pass through
it quite easily.
They pass also through many folds of dry
cloth. If, however, the cloth is made wet,
even a wet duster will do, it is found to be
opaque to them. For this reason the human
body, hand, or head, are also opaque, and stop
these electric waves on account of the water
in the tissues. A number of interesting
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experiments may be made with flat glass
bottles about 6 inches square and an inch
in thickness. It will be found that the empty
bottle is quite transparent to these waves.
If. filled with water it is quite opaque. If
filled with paraffin oil, olive oil, turpentine or
other insulating liquid it is found to be trans
parent.
Methylated spirit is transparent if quite
free from water, but the water-adulterated
mixture is semi opaque.
We learn from these experiments that,
generally speaking, good conductors are opaque
to long electric waves, and good insulators
transparent,

Fig. G3. A grid formed by winding wires round a
wooden frame.

This is not the case so strictly speaking
for the very short electric waves which consti
tute visible light. In the latter case many aqueous solutions of salts called electrolytes,
because they can be decomposed by an electric
current, are transparent to light, and yet are
good conductors. The reason is because in
light waves we arc dealing with electric
displacement currents which are reversed
hundreds of billions of times per second,
and many substances which are good conduc
tors for low frequency currents are not good
conductors for such extra high frequency
currents. Another interesting experiment can
be shown with a grid of wire. If we wind
copper wire round a wood frame so as to
lay a number of parallel wires about half an
inch apart across the frame in one direction
■ (see Fig 63), we find that this grid is opaque
to the electric radiation when the frame is
held between the receiver and transmitter
with the grid wires parallel to the oscillator
rods, but is transparent when it is turned
into a position such that the wires are perpendicular to the oscillator rods, the plane
of the frame in both cases being perpendicular
to the line joining the spark balls and the
coherer.
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The reason is because in the former case
electric currents are set up by the electric
waves in the grid wires, and in the latter case
they are not
The waves emitted are therefore said to be
plane polarised; that means the vibrations are
confined to one particular plane. This is
the case with light waves when they have been
transmitted through certain crystals such as
tourmaline.
We can next exhibit the reflection and re
fraction of these invisible electric waves, and
show that they behave like waves of light.
If we turn the transmitter and receiver boxes
with their open ends in nearly the same
direction, but placed not quite near each other,
it is possible to find positions in which the
emitted waves do not enter the receiver box
and affect the coherer. If, however, we hold
a sheet of metal we can reflect the invisible
electric beam into the mouth of the receiver
box and so. affect the coherer.
Moreover, we can do the same thing with
a wet duster, and also with the grid of wires
provided we hold the grid in such a position
that its wires lie in the same plane as the rods
of the oscillator.
We shall see later on in speaking of wireless
telephony that we can in this manner construct
reflectors for electric waves which are not
very cumbersome or costly, and especially
do not offer much surface to wind.
We can also refract or bend the direction
of thfse waves by means of prisms made of
paraffin wax (see Fig. 64).
c

f
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Fig. G4. An experiment with the apparatus shown
in Fig. G2 to illustrate the refraction of short electric
waves by a paraffin prism.

Again it is possible to produce, as Hertz
did, interference effects and to cause two
sets of waves to augment or to destroy each
other just as in the case with waves on water
• or waves in air.
In short, we can exhibit with this invisible
electric radiation similar phenomena to those
with which we are so familiar in the case of
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light, viz., opacity, transparency, reflection,
refraction, polarisation, and , interference.
Great experimentalists, following Hertz’s initia
tive, have therefore built up a body of irre
futable proof that in this invisible electric
radiation of long wavelength we are dealing
with an agency identical in nature with light,
except that it cannot affect our eyes but can
only influence certain artificial eyes called
aerials and detectors.
This is perhaps the best place to mention
the range of these known and also of the un
known wavelengths which are comprised
by this electric radiation. It will be con
venient to adopt a term from the science of
music and call an cctave of radiation all
those waves which are included between a
certain particular wavelength and a wave
length of exactly double or else half that
length."
We may, then, compare the electric waves
of different frequency, extending over a great
range, with the keyboard of some large organ
in which each key corresponds to a different
wavelength. In the case of an organ a compass
of eight or nine octaves includes all the
range of musical sounds, but in the case of
electric waves we are acquainted with wave
lengths extending over nearly 50 octaves,
ranging from the longest ethereal billows of
20,000 metres in wavelength down to the
tiny ripples of less than 1 Angstrom unit in
wavelength which constitute a certain class
of X-ray.
Beginning, then, with the longest electric
waves, we can say that the range of wavelength
of waves used in wireless telegraphy and
telephony extend from 20,000 metres to
10 metres, or, say, over 11 octaves of wireless
waves. Then beneath these we have the
Hertzian waves which range from about 10
metres to 5 centimetres in wavelength, or,
again, about 11 octaves.
Beneath these we have a range of electric
waves from about 5 centimetres in wave
length to 03 millimetres, or about 8 octaves
of radiation, which has not yet been created
and arc therefore unknown.
Again below these, we find the dark heat
waves stretching from 300 microns (/x) or
£ of a millimetre in wavelength to about
o‘8/x or 8,000 Angstrom units (A.U.). These
7 or 8 octaves of radiation can make themselves
evident by their heating action on sensitive
thermometers, but do not affect our eyes as
light. Extending in wavelength merely 1 octave
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from o-S/x to 0-4/7. in wavelength, we have
that small range of electric waves which can
affect the human eye as light. Beyond the
violet rays there is a range of 3 or 4 octaves
or more of invisible light, which cannot
affect our eyes but can impress a photographic
plate, and produce other effects. These are
called the ultra violet waves, and their wavelengths extend from about 4,000 A.U. down
to perhaps 50O A.U. or less.
Below these there is another gap of unknown or unproduced wavelengths, and then
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we come to the region of X-rays and Y-rays,
which are electric waves with wavelength of
the order of 1 A.U. or less,
We are therefore acquainted with the
properties of a vast gamut of electric waves
with, however, two gaps in it of unknown
waves, but covering on the whole about 50
octaves of radiation. For all we know there
may be in the economy of nature waves of
still greater or still less wavelength as yet
unproduced,
{To be continued.)
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Electrons, Electric Waves, and Wireless
Telephony—XIII.
By Dr. J. A. Fleming, F.R.S.
The articles appearing under the above title are a reproduction with some additions of the
Christmas Lectures on Electric Waves and Wireless Telephony given by Dr. J. A. Fleming, F.R.S.,
at the Royal Institution, London, in December and January, 1921-1922. The Wireless Press, Ltd.,
has been able to secure the serial rights of publication, and any subsequent re-publication,
The
articles are therefore copyright, and rights of publication and reproduction are strictly reserved.
4.—Production and Detection of Electric
Waves of Great Wavelength.
Our next step must be to explain the
manner in which electric waves of much
longer wavelength than those employed in
the above experiments can be created and
detected. Especially is it necessary to describe
the method of generating the type of electric
wave employed in wireless telephony.
It will be convenient to begin with a description and explanation of an instrument called
a thermionic valve, because this is used not
only to create but to detect these electric
waves of great wavelength.
It has been mentioned already in speaking
of the free electrons in conducting materials
that these atoms of electricity are in constant
irregular motion in the inter-atomic spaces.
Part at any rate of the sensible heat contained
in any substance which gives it what we call
its temperature, is due to the energy of
motion of these free electrons.
According to a certain theory called the
theory of equipartition of energy, these free
electrons should have the same average
kinetic energy as gas atoms would have at the
same temperature. We have seen that the
root mean square (R.M.S.) value. of the velocity
of molecules of oxygen gas is nearly 461
metres per second, and since the atom of
oxygen is 16 times heavier than the atom of
hydrogen, the R.M.S. velocity'ofhydrogen molecules is V 16 x 461 = 1844 metres per second,
But a negative electron has a mass of about
i/'i,700th of that of a hydrogen atom. Hence
the R.M.S. velocity of the free electrons in

conductor should be
^ 1700 x 1844 = 41 X 1844 = 75604 metres
per second, or nearly 47 miles per second.
If the temperature of the conductor is raised
this electronic velocity will be increased,
being nearly proportional to the square root
of the absolute temperature; that is, the
temperature reckoned from — 2730 centigrade,
jf then the temperature is very high, the
velocity of some of the free. electrons may
become so great that those near the surface
of the material are flung off from it.
This, indeed, is what happens when a wire,
say, of tungsten is heated to a bright incandes
cence in a high vacuum, as in the case of the
filament of an incandescent electric lamp.
It must be remembered, however, that every
electron which escapes leaves behind it a
chemical atom deprived of an electron, and
therefore having a positive electric charge of
equal amount. Hence unless we supply from
some source electrons equal to those that
escape, the metal, if insulated, would soon
acquire such a high positive potential as to
hold bade more electrons from escaping.
This emission of electrons, due to high
temperature, is called thermionic emission.
In order that it may take place continuously,
we have to surround the incandescent metal
with a metal enclosure and to connect the
positive terminal of a battery to this sheath
or piatCj and the negative pole to the hot
fiiament (see Fig. 65).
The arrangementJ then that is necessary is
to construct an ordinary high vacuum incandescent electric lamp, having a straight or loop
filament (F), preferably made of drawn
tungsten wire, because that material has a very
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high melting point and will bear heating to
2,000° C. or 2,500° C. without risk of fusion
(see Fig. 61).
Around this filament but not touching it,
is a metal cylinder (P), made of sheet nickel,
which is fastened to a platinum wire (A),
sealed airtight through the glass bulb. With
such an appliance it is very easy to show that
an incandescent metal filament in a vacuum
is giving off negative electricity by the following
experiment (see Fig. 65.).
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If then we connect the positive pole of
another separate voltaic battery to the terminal
of the metal cylinder, technically termed the
plate, and the negative pole to the negative
terminal of the filament, and if we insert in
that circuit an instrument called a milliammeter,
for detecting and measuring electric currents,
we find a current, that is a stream of electrons
moving, inside the bulb from the hot filament
to the metal cylinder. This is called the j
thermionic current.
Since the stream can only flow when the
cylinder is positively electrified and the
filament negatively electrified, because the
filament can only emit negative electrons, the
device enables us to permit electrons to move
F
in a circuit only in one direction. Hence it
.
was named by the author in 1964, who so
(%
used it for the first time, an oscillation valve,
and it is now commonly called a Thermionic
i
valve.
T
The great use of it proved to be to convert
high frequency alternating currents ofelectricity
into unidirectional or direct currents. If in
Fig. 65. A Fleming Oscillation Valve.
place of the battery we connect the plate of
Provide a gold leaf electroscope, consisting the valve with the filament through a circuit
of a pair of gold leaf slips contained in a glass outside the valve which contains some source
bell jar. Connect the terminal of this with of alternating electromotive force or high
the metal cylinder of a valve. Give to the frequency oscillations, then it will be evident
gold leaves and metal cylinder a charge of that when the electromotive force is in such
negative electricity by means of an ebonite a direction as to make the cylinder or plate rod, rubbed with flannel. If the filament of positive, an electron current will flow from the
the valve is not incandescent the gold leaves filament, but when the plate is negative it will
. should remain diverged, that is, the system keep the electrons from coming out of the
should retain an electric charge of negative filament. Therefore the electron current is
always in one direction through this external
electrons.
If then we make the filament incandescent circuit or plate circuit as it is called. The
by passing an electric current through it, we high frequency alternating current is then said
shall find that the negative charge is still to be rectified by the valve, when used as
follows :—
retained by the cylinder and gold leaves.
If, however, we give to them a charge of
positive electricity by means of a warm glass
rod rubbed with silk, the filament being cold
R
R
or not incandescent, we shall find that the system
still retains that charge provided the insulation
is good. The moment that,the filament is
made incandescent by passing a current
through it, the gold leaves of the electroscope
collapse, showing that a charge of positive
electricity is instantly removed from the
cylinder. This can only be due to the emission
of negative electrons from the incandescent
filament. It is convenient to make the
RR. Rod resonator.
filament of such a length that it is rendered Fig. 66.
C. Condenser.
incandescent by the current f om a storage
V. Oscillation valve.
M. Galvanometer or Milliammeter.
battery of two to six cells or, say, 4 to 12 volts.
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Let there be two metal rods placed in line
with each other in a region through which
electric waves are passing, and let these rods
be placed with their lengths parallel to the
direction of the electric force in the incident
waves and let their total overall length be
adjusted so that it is about 2} times the wavelength. In other words, let the natural
frequency of oscillation of the whole rod be
adjusted to be equal to the wave frequency
(see Fig. 66). Then let these be inserted
between the rods, a circuit comprising an
oscillation valve as above described, and also
a sensitive galvanometer, which is an instru
ment for detecting a direct electric current.
If then an electric wave falls on the receiving
rods it will create electric oscillations in them,
but the thermionic valve will only allow the
currents in one direction to pass and to affect
the galvanometer.
If the electric waves are produced by spark
discharges in a transmitter, as expalined in
a previous section, then these waves and the
oscillations they produce in the recieving rods
come in little groups with intervals of silence.
These are called damped trains of oscillations.
When rectified by a Fleming valve they are
then converted into little gushes of electricity,
all in one direction, which come at intervals
of time equal to the intervals between the
spark discharges.
We can then employ as the detecting
instrument a telephone receiver, made as
explained in the next section.
A telephone does not permit the passage
of a high frequency current through it, but
it is caused to emit sound if an interrupted
direct current is sent through it, having the
frequency of the interruptions between, say,
100 and 10,000. Accordingly, on listening
to the telephone receiver when it is joined in
series with the plate circuit of a thermionic
valve, in which a series of damped electric
oscillations are being created, we hear a musical
sound as long as the groups of oscillations
continue. The frequency of this sound is
the same as the frequency of the groups of
oscillations, that is, of the sparks creating
them.
An improvement on the original single
cylinder or two-electrode valve was effected
by the. interposition of another cylinder of
metal gauze, ora spiral of metal wire between
the filament and the cylinder of solid metal.
This gauze or spiral cylinder is technically
termed a grid, and a thermionic valve with a
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cylinder (plate) and grid is called a threeelectrode valve (see Fig. 67).
This triple-electrode valve is remarkable
for the astonishing number of ways in which
it may be used to detect as well as create
electric oscillations. We shall first briefly
describe its use as a detector of feeble damped
electric oscillations, which come in groups or
trains,

Fig. 67.

A three-electrode Thermionic Valve.

For this purpose we connect the negative
terminal of a voltaic battery B, say, of 40 or
50 cells to one terminal of the filament of a
valve, which we shall assume has a filament
rendered incandescent by a small separate
battery b of three cells (see Fig. 68). The
latter is called the filament heating battery, *
a\/
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Fig. 6$. One method oj using a Thermionic Valve
to detect damped electric oscillations setup in an
,
aerial A.

and the former the plate battery. This last
has its positive terminal connected to the
cylinder or plate of the valve and the circuits
of a receiving telephone receiver T are included
in this circuit; the terminals of the telephone
are usually also connected to the plates of a
small condenser.
In the next place the grid is connected to
one terminal of a small condenser c, called
the grid condenser, and this condenser has
its terminals also connected by a very high

M
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resistance /, called the grid leak, which often
By making these sparks endure for various
consists of a piece of ebonite on which has periods of time, short or longer in accordance
been rubbed some plumbago or so-called with a certain code of alphabetic signals,
black lead.
the auditor listening in at the receiving telephone
The second terminal of the condenser is will hear sounds of corresponding duration
connected through one coil of an induction and can spell out the letters received. In
coil with the filament of the valve, the other this manner wireless telegraphy on the spark
circuit of this induction coil being included system is accomplished,
in the circuit in which oscillations are generated
Before we can discuss other methods of
by the electric waves to be detected. On the employing this triple electrode valve for detectother hand the filament of the valve and one ing feeble electric oscillations it will be necesterminal of the grid condenser can be connected sary to explain briefly the nature of its characto the receiving aerial wire as shown in Fig. 64. teristic curve.
The operation then is as follows. When
We insert in the external plate circuit of a
electric waves fall on the receiving or aerial thermionic valve a battery with negative pole
wire they create in it oscillations, and these- connected to the filament and an instrument
in turn charge the receiving condenser in called a milliammeter for measuring small
one direction or the opposite, and this causes electric currents by the deflection of an indicatthe grid to be charged with electricity either ing needle over a divided scale. These currents
positive or negative. Again the battery in are conveniently measured in terms of a unit
the plate circuit is causing a stream of electrons called a milliampere, which is one thousandth
to issue from the filament, and these make part of an ampere, or about one-tenth of the
their way to the plate by passing through the current through an ordinary 200-volt ininterstices or holes in the grid.
candescent lamp.
If the grid is negatively electrified, which
We then make arrangements for giving to
means if there arc negative electrons on it, the grid a positive or negative potential by
then, owing to the mutual repulsion of elec- means of a battery of varying number of cells,
trons of like kind, these prevent the electrons
Let us begin with the grid in a neutral
from the filament from passing through the or unelectrified condition, viz., at zero potengrid to reach the plate. If, however, the grid tial.
becomes positively electrified by the oscilla
tions from the aerial, then the negative electrons
from the filament neutralise that positive
*5
charge. Hence the effect of the oscillations
in the receiving wires is to cause the plate13
/
current or flow of electrons from the filament
h
to be reduced, and therefore to check the
current through the telephone. It is then
necessary to provide a means by which the
negative charge on the grid can be continually
"3
2 3
removed. This is achieved by the grid leak,
,
,
‘
which is a very high resistance of several
«9- Acha^ZZuvl°!
million ohms put across the terminals of the
grid condenser. This leak brings the grid
The thermionic current or flow of electrons
back to a neutral condition between the from the filament has then a certain strength,
arrival of each group of waves.
If then these called the normal strength, when reckoned in
waves are produced by a spark transmitter milliampercs. This current of negative clecof the Hertzian type, the impact of each group trons flows from the filament, through the
on the receiving wire causes a sudden decrease grid to the plate or cylinder of the valve,
in the thermionic current flowing through the and then back through the external circuit
telephone, and this, as explained in the next and the milliammeters to the filament. We
section, causes the telephone to emit a sharp can represent this current by the length of a
brief sound. If then the groups of waves vertical line OA drawn perpendicularly to
continue to arrive, these sounds run together a horizontal line on which we mark off lengths
into a musical note of the same frequency proportional to the voltage of the grid (see
Fig- 69). If then we make the grid slightly
as the spark of the discharger.

J
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negative, say by i, 2, 3, volts, etc., we shall
find that the plate or thermionic current
gradually decreases, and this may be reprcsented by lines of decreasing height drawn
at equal intervals of distance to the left of the
central normal line. If we make the grid
positive by 1, 2, 3 volts respectively, we find
that the plate current increases, but not
indefinitely. It reaches soon a maximum value
which cannot be exceeded. The plate current
is then said to be saturated. If we join the
tops of the vertical lines denoting the plate
currents we obtain a curve called the plategrid characteristic curve of the valve.

(C.W.), which continue without interruption
except in so far as they are deliberately interruptcd or varied in amplitude to make the
signals or speech sounds.
We have then to explain how these continuous
waves are detected, but must preface this
explanation by a description of the manner
in which this three-electrode valve can be
used to generate electric oscillations, which of
late years had become of enormous importance,
It has been explained that if the grid potential
varies from positive to negative by removing
from or adding to it excess electrons, the plate
current or stream of electrons from the fila
ment will also vary, increasing when the grid
is positive and decreasing when it is negative.
Hence if we cause the grid to alternate in
potential it will make the plate current also
o
o<
fluctuate in such fashion as to be equivalent
p
C,=
0
O'
to the superposition of an alternating current
o
on a direct current.
o
If we insert in the plate circuit the primary
B
coil of an induction coil, then the terminals
of its secondary circuit will provide an alter
nating voltage which exactly imitates in wave
from the alternating potential of the grid,
6
Fig. 70. Method of using a Thermionic Valve to but .can. be made to have much greater

■«P

create undamped electric oscillations. P. Plate of
valve. O. Grid. F. Filament. B. Plate battery.
b. Filament battery.

We see* therefore, that if we give the grid
a certain positive voltage corresponding to the
point at which the curve just begins to bend
ever, and if we superimpose on this steady
voltage an alternating high frequency voltage
due to an oscillation, the plate current cannot
be much increased when the latter voltage
is positive, but it is decreased when the
alternating voltage "becomes negative.
Hence the superposition of an alternating
voltage on the grid then always decreases the
plate current and causes a telephone in that
circuit to emit a sound which is a musical
or continuous sound if the oscillations take
place in intermittent groups.
The above methods of using the threeelectrode valve as a detector apply only to
that class of electric waves in which the waves
arrive in little groups ortrains with interspa: es of silence between the groups; in
other words, to the reception of trains of
damped electric waves.
•
On the other hand, in the great bulk of
wireless telegraphy and entirely in wireless
telephony, we make use of ccntmuous waves

amplitude.
A little thought will make it evident that
if we couple back the terminals of the

secondary circuit of this induction respectively
to the grid and the filament in the right
direction, we can cause variations in the plate
current to give the grid the proper alternating
voltage to sustain those variations in the plate
current, so that the apparatus continues to
operate to produce high frequency continuous
oscillations in the plate circuit,
We have it in our power to control the
frequency of these oscillations by putting
condensers Cj, C2, of suitable capacity across
the terminals of the primary and secondary
circuits of the induction coil, these circuits
being tuned to the same frequency (see
Fig. 70).
We are able therefore to use the valve
as a generator of undamped oscillations
and it has the property of creating electric
oscillations, the wave form of which is exactly
a simple periodic curve like the sound wave
form of a tuning fork or open organ pipe .
gendy blown. Moreover, we can harness
together a number of these generator valves
so as to employ a battery of them to create
very large oscillatory currents of any required
frequency and simple or pure wave form.
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Generator valves are now made for this the two wires being wound on one bobbin or
purpose, which have glass or silica bulbs about tube. In addition, we insert in the plate
the size of a football, and 50 or 60 of these circuit a battery B with its positive pole
valves can be arranged on panels to create connected to the plate and its negative pole
very large high frequency currents.
to the filament (see Fig. 72).
The illustration Fig. 71 shows such a
If now we apply to the grid a feeble alternalarge valve panel as is used in the great Marconi ting electromotive force, this will make the
Wireless Telegraph station near Carnarvon, grid alternately positive and negative in
on the flank of Snowdon, for world-wide potential. This will, as above explained, cause
wireless telegraphy.
the plate current to fluctuate, and this current
Another discovery of great practical value in passing through the primary coil of the trans
connection with this subject was that if the former T2 will create a secondary electromotive
grid and the plate circuit are coupled together force in the adjacent coil which can be made
inductively, as above described, but if the -by suitable proportioning of the circuits to
primary and secon
have the same fredary circuits in the
ia quency, but much
plate and grid cir
greater amplitude
cuits respectively
are placed so far
apart that they are
just, but not quite,
on the point of
selfgenerating
sustained oscilla
10 times as great.
tions, the system
becomes very if
sensitive to' the
effect of any
additional electric
~ ' and has thetefore
impulses produced
by incident electric
waves. The valve
is put into a con
the secondary terdition in which it
minals of the plate
is just on the point
transformer may
of self-oscillation
have an R.M.S.
and the effect of the y--:'• •,•
value of 5 or 10
feeblest waves of
^
times
greater.
.v(»- the frequency for
The thermionic
Fig. 71. Valve Transmitting Panel at Marconi Station
which its circuits
valve is then said
near Carnarvon.
are tuned will then
to amplify voltage
be to create oscillations as long as the waves are 5 or 10 times.
arriving. This is called regenerative coupling.
It is then obvious that we can apply this
We shall discuss its special application in amplified E.M.F. to cause fluctuations in the
connection with wireless telephony in a later potential of the grid of a second valve similarly
section. Meanwhile it is important to notice equipped with a transformer in its plate
that the thermionic valve has an exceedingly circuit, and so amplify a second stage again,
valuable use as an amplifier of oscillations of say 5 or 10 times. Likewise a third valve may
be used, and the result is a magnification of
high or low frequency.
We have pointed out that any variations in potential by three valves, which is, say,
the electric potential of the grid are accom- 10 x 10 x 10 that of a single valve (see Fig. 73).
• panied by corresponding variations in the
This arrangement of three valves coupled
plate current.
by transformers is called a three-stage amplifier.
Suppose we insert in the plate circuit one There is hardly any limit to the degree of
coil of a transformer consisting of two insu amplification obtainable in this manner by
lated wires, one superimposed on the other, a number of valves in series.
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We can not only amplify the high frequency
oscillations called radio-amplification, but we
can amplify the rectified groups of damped
oscillations which have a low frequency, and
this is called audio-amplification.
The great achievements of modem wireless
telegraphy, such as the transmission of radio
messages to the antipodes and their detection
at distances of 10,000 or 12,000 miles, are
altogether and entirely due to the invention
of the thermionic valve and to the power
it has given us of amplifying to any extent
extraordinarily feeble electric oscillations pro
duced in aerial receiving wires by electric
waves. Before concluding this section a
brief reference must be made to the use of
crystal rectifiers as a means of detecting feeble
electric oscillations.
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thermionic valve. Groups of electric oscillations can thus be rectified into intermittent
gushes of electricity in one direction and thus
affect a telephone receiver,
We are not able to say exactly at the present
time what is the reason for this curious lopsided
electric conductivity in certain crystals, but
it must depend upon an asymmetry of structure,
The same property is possessed by a native
sulphide of molybdenum called molybdenite,
as found by Professor G. W. Pierce.
Also the contact point of many pairs of
crystals or minerals has the same property.
If we place in contact a piece of zincite
which is a natural oxide of zinc, and a piece
of chalcopyrite, otherwise called copper pyrites,
which is a sulphide of copper and iron, it is
found that certain contact places have a rectify
ing power upon electric oscillations.
Again the contact point of a bit of plumbago
(black lead pencil) and galena or sulphide
of lead has a similar rectifying power. These
crystals or contacts can therefore be used in
senes with a telephone receiver to rectify
or convert into direct currents groups of electric
oscillations. These then become audible as
sounds in a telephone receiver, which are
either continuous sounds cut up into Morse
code signals in wireless telegraphy, or speech
sounds as explained further on in wireless
telephony.

Fig. 72. A valve amplifier circuit with transformer
couplings.

T*,

o o
o o
o
o

<0

It has been found that certain crystals
possess the power of conducting electricity
better in one direction than in the opposite;
that is to say, in certain directions through
the crystal there is an unsymmetrical conduc
tivity. This is particularly marked, as first
shown by General Dunwroody in the United
States, in crystals of carborundum. This
material is a highly crystalline compound of
carbon and silicon, chemically called a carbide
of silicon, and made in an electric furnace
by heating to a very high temperature a
mixture of powdered coke and sand. Certain
of these crystals of carborundum, if mounted
between metal clips or supports, are found
to offer less resistance in one direction than
in the opposite to an electric current. Hence
such a crystal, when inserted in a circuit in
which electric oscillations are produced, rectifies
them or converts them into a direct current
just as does the two-electrode or Fleming
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Fig. 73. Arrangement of two Thermionic valves
coupled in series by induction coils to amplify
electric oscillations.
t^ie common crystal receiving sets now
bein& sold for broadcasting wireless telegraPhy> *be crystal is a specially treated piece
^ galena, and against it is pressed a flexible
copper wire called a “ cat whisker.”
{To be continued)
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VI.—TELEPHONY AND SPEECH TRANSMISSION.
1.

Nature

of

Articulate Sounds.

EFORE we can discuss the application
of the scientific facts and principles
previously described in the development
of practical wireless telephony it will be
desirable to preface it by a little further con
sideration of the physical nature of articulate
sounds and some description of the instruments
employed in the transformation of the energy
of aerial vibrations involved into or from
correspondingly varying electric current energy.
It has been explained that aerial waves consist
in a state of compression at some point in the
air, associated with an accompanying state of
rarefaction, which states are not stationary at
one place, but are propagated through the air
with a velocity of about 1,100 ft. per second at
ordinary temperatures. The production of
these compressional and rarefactional regions
is the result of oscillatory movements of the
air particles moving to and fro along the line
of propagation of the wave. If the motion of
the air molecule resembles that of the bob of a
long pendulum it is called a simple harmonic
or simple periodic motion. The corresponding
aerial waves are called simple harmonic waves,
and the sensation they produce when acting
on the human ear is that of a pure or simple
tone such as that given out by a tuning fork or
open organ pipe gently blown.
We have also explained that the oscillator}'
motion of the air particle may be of a more
complicated nature, such that the displacement
of the particle or the air pressure at any
point and at various times, can only be represented by the ordinates or heights of a complex
curve called the wave-form curve, the horizontal distances representing the flow of time,
The wave form of a pure musical tone, or

simple harmonic wave, is a curve called a sine
curve (see Fig. 74).
It has been mentioned that, however com
plicated or irregular a wave form curve may
be, it can always be imitated by adding together
the ordinates of suitably placed simple harmonic
curves of various amplitudes and of wave
length in the ratio of 1, J, -J, J, etc., or some
selection of such waves.
These last are called the harmonic con
stituents of the complex curve.
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Fig. 74. A Simple Sine Curve, or Simple Harmonic
Curve, being the reave form of a pure musical tone.

The equivalent statement in terms of
sensations of sound is that any continuous
sound having any quality corresponding to a
certain wave form can be reproduced by
simultaneous pure sounds or tones of suitable
amplitude and phase difference. If, then, we
consider the nature of the sounds made in
articulate speech we find that very broadly
they may be divided into two classes, viz.,
(i) Continuous sounds, which are uttered by
placing the mouth cavity, lips and tongue, in
certain positions, and then forcing air out from
the lungs. These sounds can be emitted as
long as the breath lasts,
If we except certain sibilant hissing or
rolling sounds, such as those indicated by the
letters s, slu th and r, we may call the remaining continuous sounds vowel sounds. In every
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language there are a large number of such
sounds of different quality, and therefore,
physically speaking, different wave forms.
In English there are about 19 or 20 sounds
which are expressed by different modes of
sounding the so-called vowel letters a, e3 i} o3 u,
or combinations of them, such as au3 ou3 ei3
ce3 ce3 etc.
Then we have also (ii) discontinuous or
consonantal sounds, which for the most part
are various abrupt modes of beginning or
ending the utterance of a vowel sound. All
spoken languages are made up of certain vocal
elements called syllables, which, combined
together or alone, make words. A syllable
comprises generally a vowel sound, which may
be begun or ended with a consonantal sound
or some other continuous sound of short
duration. Physically speaking, and outside of
ourselves, such syllabic sounds consist in short
trains of damped aerial waves of complex wave
form and of a certain amplitude and wave
length, determining the loudness and pitch of
the sound, the said trains being begun or ended,
perhaps, in an abrupt or irregular manner
corresponding to the consonant. The acquire
ment of a language consists in learning to
associate particular vocal sounds, or groups of
them, with certain objects, actions, or ideas.
The art of speech consists in being able to
so control the vocal organs, larynx, lips, tongue,
mouth cavity, breath, as to create the types of
air wave trains which are by custom associated
with certain ideas, things, actions, or wants.
The human ear, by education, acquires an
extraordinary power of distinguishing between
the wave forms of aerial waves which strike the
tympanum, and noting the manner in which
this wave train begins and ends. If, for
instance, we pronounce the monosyllabic
words day3 die, do3 dough, or tea, tie3 too, toe3
we are, in fact, creating short rapidly damped
wave trains of aerial waves differing somewhat
in wave form and in the manner in which the
wave train begins. Each of these words is
associated in our minds with a thing or idea,
and a word is therefore a more or less com
plicated sound of a certain finite duration and
wave form which, when made, raises in the
mind of a hearer an idea or conception similar
to that in the mind of the speaker.
In order that the word shall be correcdy
interpreted by the hearer, it is necessary that it
shall be uttered with sufficient loudness and
sufficient clearness. This implies that the
sound waves must have adequate amplitude and
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sufficiendy well defined wave form both in the
terminal and medial portions of the wave train.
The. proper pronunciation of the terminal
consonants in each syllable is important. Far
too many people mumble or clip their words
or run them together in speaking.
It is astonishing how few of those whose
trade it is to speak in public, such as clergymen,
barristers and politicians, are properly trained,
in the art of elocution.
2. Telephone Transmitters.
The problem of transmitting speech to a
distance, that is, the art of telephony, consists
in arranging means by which the aerial vibra
tions consdtuting speech sounds which are
uttered at one place can be reproduced at a
distant place with sufficient amplitude and
correctness of wave form to be heard and
understood.
Although various attempts and suggestions
for the solution of this problem had been made,
no one had completely solved it until Alexander
Graham Bell invented, in 1875, the speaking
telephone, and this, coupled with the inven
tions of Edison, Hughes and others, as regards
the carbon microphone transmitter, gave us,
practical telephony capable of operation in
everyday life.
Except in matters of detail,
it is remarkable that the fundamental principles
of the apparatus remain to-day what they
were forty-six years ago.
Bell realised at a very early stage in his
experiments that to achieve telephony by the
aid of an electric current, the current in the
wire must vary in strength with time exactly
in accordance with the variations in air pressure
made by the voice of the speaker at a point
neat his mouth. This means that the current
must be an undulatory current.
Bell’s solution of the problem of telephony
was a remarkable stroke of genius, involving
as it did the production of a novel yet most
simple appliance which could act both as
transmitter and receiver. He placed on the
pole of a bar, or poles of a horseshoe-shaped,
permanent magnet, soft iron pole pieces wound
over with insulated wire. Very near to these
pole pieces was fixed a circular flexible disc of
thin iron about 2j ins. in diameter (see Fig. 75).
When the coils of wire are traversed by a
fluctuating electric current the magnetic poles
are either weakened or strengthened a little.
The disc, or diaphragm, as it is called, is
therefore cupped, or bent in a little more, or
else springs back suddenly. The amplitude
of motion of the centre of the diaphragm is ia

i
;

i
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any case extremely small; never exceeding
i/ioorh of a millimetre, yet the blow it
inflicts on the air is sufficient to create an air
wave, and therefore an audible sound, and the
movements of the disc respond so quickly to
changes in the current that the receiver can
impress upon the air waves of a complex wave
form which yield intelligible speech sounds.

Fig. 75. Section oj a Bell Magneto Telephone.
On the other hand, if we speak to the
diaphragm the changes of air pressure made
by the speech waves against the disc press it
in or out. When the iron disc is moved
nearer to the magnet poles it increases the pole
strength slighdy, and this creates an induced
electric current in the surrounding coils of
insulated wire, the variation in which copies
to a certain extent the mouon of the disc.
Hence, if two similar telephones have their
coils joined by a pair of transmitting wires,
speech made against the diaphragm of one
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telephone is faintly repeated by the diaphragm
of the other, and the arrangement conveys
audible speech to a distance,
It was, however, soon found that although
the above-described Bell telephone is a
remarkably good speech reproducer, it is not
very effective as a transmitter, and it was soon
replaced in this respect by the carbon micro
phone resulting from the discoveries and
inventions of Edison and of Hughes.
In this transmitter the movements of the
disc or diaphragm created by the speech
sounds is made to compress more or less some
granules of graphite or hard conductive carbon,
and this pressure varies the electric con
ductivity of the mass of granules. Hence, if
this carbon forms part of the electric circuit
of a voltaic battery, changes of current will
take place in that circuit corresponding to the
movements of the diaphragm.
Without entering into details of development
we may describe one or two modern microphone
transmitters as used in telephony, both with
wire circuits and in wireless telephony as well.
In its usual form one of them is termed a
“ solid back ” transmitter. It was invented
by Mr. A. C. White in America. It comprises
an ebonite trumpet-shaped mouthpiece, which
may be replaced by a large metal cone, the
function of which is to collect the sound waves
and converge them on to a thin circular
diaphragm or disc of aluminium, about 2b ins.
in diameter, and about 1/50 in. in thickness.
This diaphragm is clamped at the edges
between rubber rings, and the speech waves
collected by the mouthpiece or trumpet set
the disc in vibration, pressing it inwards in
concave form to an extent which depends on
die amplitude of the sound wave and on the
wave form of the latter, or else causing it to
bulge out again. Behind this diaphragm is a
small flat circular metal box carried on a rigid
cross arm. The bottom of this box is covered
with a thin disc of hard carbon like a wafer.
The lid or top of the box is a thin mica disc,
to the inside of which is clamped a similar hard
carbon disc. There is a very shallow space
between the two carbon discs, which is pardy
filled with small granules of graphitic carbon
or coke (see Fig. 76). Wires are connected to
the two carbon discs, and the centre of the
mica diaphragm is connected by a metal screw
with the centre of the aluminium diaphragm.
Hence, when the latter is set in vibration by
the speaking voice it causes a similar movement
of the top carbon disc, and the carbon granules
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A trumpet-shaped mouthpiece is used to
collect the sound waves and converge them on
the diaphragm, and between the inner end of
this trumpet and the carbon diaphragm is a
disc of oiled silk to keep the moisture of the
breath from entering the microphone chamber,
In most carbon granule microphones trouble
sometimes arises from the " packing ” of the
granules, and from the sticking together of
these granules, either due to moisture from the
breath entering the granule chamber or from
heat produced by the current.
cs£
The slight compressions due to speech move
ments of the diaphragm then fail to make the
necessary variations in resistance.
Great
W ' ingenuity has therefore been expended in the
invention of liquid microphones, such as those
of Q. Majorana and J. Vanni, or by using
!
continually renewed supplies of carbon granules
cr It
as in the falling carbon powder microphone of
Marzi. Nevertheless, the only type of tele
phone transmitter which has obtained extensive
eMTtar
use in practical telephony is the carbon granule
i microphone.
In arrangements for wireless telephony
employed before the application of the ther
mionic valve as a generator of continuous
Fig. 76. .4 solid bach granular Carbon Microphone waves, it was necessary to modulate rather
Transmitter.
large currents of 5 or 10 amperes by a micro
Another successful form of carbon trans phone transmitter.
The carbon granule telephone transmitters
mitter is the Ericsson (see Fig. 77). In this
in ordinary use, such as those above-described,
will not operate satisfactorily with more than
_
my* about half an ampere of current passing through
✓
them. Hence many arrangements were sug
gested for using a number of transmitters in
:
?«
parallel or together, but it is extremely difficult
ixsir
to secure an equal division of current between
the instruments so that all the microphones
shall take an equal share of the duty of
!
a
modulating it. These arrangements need not
B
be described, as they are now rendered
unnecessary by the powers and remarkable
Fig. 77.
Ericsson Carbon Microphone Trans properties of the thermionic valve as described
later on. It is, however, necessary in nearly
mitter.
all cases to associate with the microphone an
case the diaphragm which is acted upon by the induction coil for the following reasons,
speech sounds is a thin carbon disc 2.5 ins. in
The variation in resistance of the carbon
diameter and 0.04 in. in thickness. Behind this granule microphone is, in general, only a
diaphragm is a carbon block, and a small fraction of its normal resistance, which may be
interspace between the two is filled with small from 30 to 100 ohms. Suppose, then, that
carbon granules. These are prevented from such a microphone, in series with a few cells
falling out by means of a ring of felt which of a battery, is placed in a circuit which has a
encloses the circular carbon block. The normal much higher electrical resistance than the
resistance of this transmitter is 100 ohms, and microphone itself. It will be evident that any
it varies in operation between 50 and 170 ohms, variation in resistance of the microphone
are more or less squeezed together, and their
electrical resistance varied in the same manner
as the movements of the outer diaphragm.
The electrical resistance of the carbon
granules may be about 30 ohms in their normal
condition, and it falls in resistance under the
influence of the compression due to speech
waves, but the actual variation of resistance in
telephonic work is not more than about
5 or 10 ohms above or below the normal.
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produced by speech made against the dia
phragm will only vary the total resistance of the
circuit by a much smaller percentage than that
by which the resistance of the carbon micro
phone itself is varied (see Fig. 78).

o
o
o
o
iji o
o
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numerous improvements in details of con
struction. In place of a single steel bar
magnet as originally used, two bar magnets
made of tungsten steel are used, which are
fixed parallel to each other at a little distance
apart, and connected at one end by an iron
distance piece. Or else an elongated horse
shoe magnet is employed (see Fig. 79). On
re

i?:
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Fig. 78.
A diagram illustrating a simple telephone
circuit. M is the carbon microphone transmitter,
B is the battery, T the telephone induction coil,
and R is the receiving telephone.

This difficulty is overcome by the use of an
induction coil as first suggested by Edison.
We provide a small induction coil T, consisting of
two insulated wires wound over a small bundle
of iron wires (see Fig. 78). The resistance of
one primary wire may be about 1 ohm, and the
resistance of the other, or secondary wire, may
be about 25 ohms. If, then, we join in series
the primary wire and the carbon microphone M
and a battery B of a few low resistance cells, it
will be evident that any variation in the resist
ance of the carbon microphone due to
vibrations of its diaphragm will create variations
in the current flowing through the circuit of
nearly equal percentage to the variations in
microphone resistance. Then any changes in
the current flowing through the primary
wire of the induction coil will create corres
ponding variations in the electromotive force
induced in the secondary wire.
The line wires are attached in ordinary wire
telephony to the terminals of this secondary
circuit, so that the current transmitted is an
induced current, and this passes through the
receiver telephone R at the listening end.
In the case of wireless telephony, as will be
explained later on, the secondary electromotive
force is used to vary the potential of the grid
of a thermionic valve called a control valve.
A method which avoids the use of an
induction coil is to join a number of microphone
transmitters in series so that they are all
equally affected by the voice, but the total
resistance variation is then the sum of the
variations of each microphone separately.
The construction of the Bell magneto
receiving telephone has been the subject of
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79.. British Post Office type of Magneto
Telephone receiver.

the free outer poles are fixed L-shaped soft
iron pole pieces on which coils of insulated
wire are wound. The magnets are contained
in a non-magnetic metal tube, which is wider
at the outer end. On this outer end is fixed
a thin disc made of a steel called “ Stalloy,”
which contains about 2.75 per cent, of silicon.
This steel disc is about 2} ins. in diameter, and
i/iooth in. in thickness. This diaphragm is
so fixed that there is an interspace of about
0.016 in., or about 1,60th of an inch between
the flat ends of the pole pieces and the inner
surface of the metal disc. The lines of magnetic
force which spring from one pole of the magnet
pass across this air gap through the iron
diaphragm, and back across the air gap to the
other magnet pole. The circular diaphragm
is therefore sucked or cupped in at the centre,
due to the magnetic pull of these poles. If,
then, an electric current is sent through the
coils of wire wound on the pole pieces it will
either increase or else weaken this attraction.
If we call H the magnetic force due to the
magnet alone, and h the magnetic force due to
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the current in the coils, then the force can
vary from H-j-h to H—h} according to the
direction of the current. The attraction or
pull on the diaphragm varies as the square of
the magnetic force or flux, as it should be
called, and hence the attractive force varies
between (H+tv) and (H—fr). The difference
is 4 Hh, and hence depends on /fas well as h.
It is therefore important to have magnets in
the receiver as strong as possible. The material
generally used for them is steel containing
5 or 6 per cent, of tungsten, and i or 2 per cent,
of chxomium. The finished magnets are
made very hard by quenching from a red heat
in ice-cooled water to give them the power of
retaining magnetism. Recently a type of steel
has been invented at Sheffield called cobaltcrom,
containing about 15 per cent, of cobalt and
15 per cent, of chromium. It has a much
higher magnetic coercive force than tungsten
steel. Moreover, it stores up about double the
magnetic energy for the same volume of metal.

@

:J!k
Fig. 80. Watch form of Magneto-Telephone receiver
with]the diaphragm removed to show the magnet and
the coils.

It has the great advantage that it does not
require hardening from a red heat in a liquid,
and hence the finished magnets are not so
liable to be warped out of shape in quenching.
It,is important that the small air gap between
the magnet poles and the diaphragm should
remain of perfectly constant width. The
coils of wire wound on the soft iron pole-pieces
are made of fine silk-covered copper wire,
and may be of resistance between 60 ohms
and 4,000, according to the purposes for which
the receiver is used.
In wireless telephony the type of receiver
generally employed is called a double head
telephone. It has two receivers of watchshape, attached by flexible joints to a steel
or aluminium head-band, which passes over
the top of the operator’s head and holds the
two receivers against the ears.
The receivers are in circular watch-shaped
cases, made ofebonite or aluminium (see Fig. 80,
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The magnets are flat rings of steel, with
L-shapcd soft iron pole pieces screwed to them,
on which are wound rectangular shaped coils
of extremely fine silk-covered copper wire
(No. 40, or even No. 60, standard wire gauge),
so as to obtain a very high resistance of 2,000 to
4,000 ohms. The two receivers on the headband
have their coil circuits in parallel (see Fig. 81).

Fig. 81.

Double head telephone receiver with spring
head band (S. G. Brown).

In the case of loud-speaking receivers the
construction is the same as in the portable
receivers, but the magnets and diaphragms are
larger, and a trumpet-shaped sound projector,
like the horn of a gramophone, is attached.
A very good example of this type of instrument
is the loud speaker of Mr. S. G. Brown, by
which telephonic speech can be heard by several
hundred persons at once in a large theatre
(see Fig. 82).

Fig. 82.

Loud speaking Telephone of S. G. Brown.

I
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Mr. Brown has also invented very excellent
forms of double head telephones which are in
extensive use for wireless telegraphy and
telephony. He has devised a form of aluminium head-band and self-adjusting swivel
receiver holders which are comfortable to
wear on the head, and by which the receivers
are kept gently pressed against the ears
(see Fig. 81). The electrical construction of
the receivers, as used for wireless telegraphy,
is somewhat different to the standard magneto
pattern. In place of an iron diaphragm there
is an iron reed, or strip of iron, the natural
vibration frequency of which can be adjusted
by a screw within limits. To this is screwed
an aluminium diaphragm, which is coned and
spun into a special fitment, which is covered by
an ebonite cap with holes in the centre (see
Fig. 83). The resonance frequency of this
receiver can therefore be adjusted to suit the
musical note of the wireless signals in
telegraphy.
In the case of receivers for wireless telephony
this adjustment is not required, but the
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resonance frequency is adjusted to agree with
the mean or standard telephone frequency,
generally about 8oo or 900 cycles per second,
The coils of receivers for wireless telephony
in use with valve or crystal receiving sets are
now always wound with a direct current
resistance of about 4,000 ohms,

„
Fig. S3. Interior Construction of the resonance
telephone receiver of S. G. Brown, showing the
vibrating steel reed.

{To be continued)
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Electrons, Electric Waves and Wireless
Telephony—XV.
By Dr. J. A. FLEMING, F.R.S.
The articles appearing under the above title are a reproduction with some additions of the
Christmas Lectures on Electric Waves and Wireless Telephony given by Dr. J. A. Fleming, F.R.S.,
at the Royal Institution, London, in December and January, 1921-1922. The Wireless Press, Ltd.,
has been able to secure the serial rights of publication, and any subsequent re-publication,
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articles are therefore copyright, and rights of publication and reproduction are stricllv reserved.
VI.—TELEPHONY AND SPEECH TRANSMISSION.
3. Efficiency and Properties of the with that which it would have for the same
Telephone Receiver.
current at a different frequency.
r~IJ-VHE remarkable fact about a Bell magIn. connection with telephone work we
| neto telephone is that 1 he mere vibrations require to give numerical values to the loudness
ofa small flexible circular iron disc should 2;, various sounds heard in the telephone.
be capable of impressing on the air waves having This is stated in terms of their audibility.
the very irregular wave form necessary to If we pass an alternating current through a
create speech sounds. When we consider the telephone of any frequency between, say, 100
complicated nature of our own human organs and 2,000, we hear, on listening to the receiver,'
If, we
of speech and the manner in which the larynx, a more or
, less musical sound.
_ ,
t apply
throat muscles, variable mouth cavity, lips, acr?ss
terminals of the telephone a
tongue and teeth, are all brought into operation resistance called a shunt, which has no mducto create articulate sounds, it is wonderful tance, and gradually decrease this resistance,
that die mere to and fro motion of a small thin w<f
at ^ reach a point at which the
iron disc can do nearly the same thing in telephone sound is only just audible, because
creating speech. Another striking thing is the P3? of the current is shunted away from its
very small electric currents which are capable
J*
resistance of the telephone coils
of creating audible sounds in a telephone
^ ohms, and the resistance of the shunt is
receiver, and the extremely small amplitude or then X ohms, then the audibility of the sound
extent of motion of the telephone diaphragm when the shunt is removed is expressed by
in creating such sounds. P. E. Shaw measured,
number (R+ty/S. Strictly speaking, we
in 1905, the amplitude of diaphragm motion .
^ sa^ impedances and not resistances,
for a just audible sound in a magneto Thus, suppose the te ephone had an impedance
receiver, and found it to be about one- of, I(?° ohm?>, and that we had to shunt the
fourteenth part of a millionth of a centimetre, telephone with 2 ohms to just make the sound
or about one-thirty-fifth part of a millionth of heard in the telephone inaudible to a normal
ear, then the so-called audibility of that sound
an inch.
The diaphragm of a telephone has, however, when the shunt is removed would be
a certain natural frequency to which it best 102/2=51.
Shaw found that if the audibility of a just
responds. It resembles a violin string or
harmonium reed in that there is no particular perceptible sound is taken as unity, then the
natural frequency at which it will vibrate and audibility of a loud sound would be about
yield its fundamental note if it is struck and M005 an^ that of an overpowering sound
left to itself. This frequency is called its 7,000 or more. Broadly speaking, we may say
resonance frequency, and in telephones with that the intensity of the sounds emitted may
iron diaphragms about 2 ins. in diameter and vary from 1, which denotes a just audible
i/50th in. thick,.the resonance frequency is sound, to i,ooo, which denotes a fairly loud
about 800 or 900. Hence, if we pass through sound,
the telephone coils an alternating electric
The displacement or amplitude of motion of
current having this resonance frequency, the the diaphragm may vary from about half a
amplitude of motion of the'diaphragm will be micron (= 5 X io'5 cm.), which is about the
increased from 10 to 30 times when compared wavelength of a ray of yellow light, to 8 or 10

I
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microns, which is about i/iooth of a millimetre.
Even in the case of loud telephonic sounds it
is very small.
As regards the currents required to produce
sounds of various audibilities, Weiner Siemens
long ago found that with a particular Bell
telephone, the interruption of a current of
i/5°,oooth of a milliampere, when passed
.through the coils, caused the diaphragm to
emit a just audible sound or tick. With more
modern receivers the starting or stopping of a
current of not more than i/6th of the above
could be detected. If, however, alternating
currents are used, the current producing a just
audible sound would depend upon whether
the frequency of that current agreed with the
telephone resonance frequency or not.
Another very remarkable quality of the
magneto telephone is its astonishing ineffi
ciency as an energy transforming device. We
employ a magneto telephone to transform the
energy of the varying electric currents sent
through it into energy of aerial sound waves.
But the fraction of the energy it so transforms
is at most about 11,oooth or 110th of 1 per
cent., and, except at resonance frequency,
may be only a few parts in 100,000.
The greater part of the electric power given
to the coils of a telephone receiver is expended
in producing heat in the wire coils and in the
diaphragm, in mechanical work in bending-the •
diaphragm-and moving it to and fro, and in
magnetic energy
losses in it, and at most one
.
or two parts in 1,000 Of all the power applied
is Utilised in the production of the speech sound

waves.
There is therefore a vast field for possible
improvements, and it is curious that, with the
exception of the hot wire telephone or
Thermophone receiver of De Lange and
O. Fischer, invented in Holland, there has
been no great departure from the principles of
Bell’s invention made 47 years ago, although
very considerable improvement has taken place
in details and in manufacture.
Much research has also been conducted on
the properties of the magneto telephone
receiver. Many interesting monographs have
been published by Prof. A. E. Kennelly and
his associates in the Massachusetts Institute of
Technology, U.S.A. Kennelly has made
measurements, at various frequencies and with
different receivers of-standard types, of the true
resistance, the reactance, and the impedance of
the telephone coils.
In general the resistance of a telephone is
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reckoned as the resistance to direct currents.
Thus we speak of a 6o-ohm telephone, meaning
one of which the coils measure 6o ohms with
direct current. The speech currents are,
however, alternating currents with a frequency
varying from ioo to 2,000, and a mean value of
about 800 or 900, corresponding to the
resonance frequency of the telephone. The
resistance R with high frequency currents is
much greater, perhaps double or more, cornpared with the direct current resistance,
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Fig. 84. Curves obtained by Dr. A. E. Kcnnelly
for the Motional Resistance, Reactance and Power
absorption of a Magneto-Telephone receiver. Note.
The angular velocity signifies G.28 times the frequency
of the alternating current.

Again, if we measure the inductance L of the
coils at any frequency w, then the product
2-nL=wL is called the reactance of the coils,
and the quantity \'RiJrW-L2 is called the
impedance.
If the resistance, reactance, and impedance
of a telephone receiver are measured at the
same frequency—first when the telephone is
emitting sound, and secondly with the diaphragm damped so that no sound is emitted—
and if we subtract the second measurements
from the first, the difference gives us the
so-called motional resistance, reactance, and
impedance of the telephone. If these are
measured at different frequencies and the values
plotted as the ordinates of a curve corresponding
to the various frequencies as abscissa, we
obtain a set of interesting curves (see Fig. 84).
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The motional resistance at frequencies far
from the resonance frequency is small, then it
rises to a maximum, and then suddenly falls
to zero at resonance, and passes to a negative
maximum. The motional reactance is always
negative and a maximum at resonance. The
motional power is a maximum at resonance;
that means when the frequency of the
alternating current used in the measurement
agrees with the natural frequency of the
telephone diaphragm.
On the other hand, if we plot the motional
resistance horizontally and the motional
resistance downwards vertically (see Fig. 85),
we obtain a circle called the motional impedance
circle, the diameter of which measures the
impedance of the telephone at resonance
frequency. The angle which any chord of this
circle makes with the horizontal line is called
Fig. 85. Circle of motional impedance constructed the depression angle. and this angle is double of
by plotting the motional resistance horizontally OR ^ ang)e by which *<■ magnetic flux in the
the diameter oj the circle measuring the impedance of telephone magnet lags behind the magnetising
the telephone.
force.
(To be continue l.)
I

■
■

:

I

!

;
'

523

THE WIRELESS WORLD AND RADIO REVIEW

January 20, 1923

Electrons, Electric Waves and Wireless
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By Dr. J. A. FLEMING, F.R.S.
The articles appearing under the above title are a reproduction with some additions of. the
Christmas Lectures on Electric Waves and Wireless Telephony given by Dr.J. A. Fleming, F.R.S.,
at the Royal Institution, London, in December and January, 1921-1922. The Wireless Press, Ltd.,
has been able to secure the serial rights of publication, and any subsequent re-publication,
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articles are therefore copyright, and rights of publication and reproduction are strictly reserved.
VII.—THE PRINCIPLES OF WIRELESS TELEPHONY.
1.—Production of Continuous Electric
Waves.
T is now possible to gather up the threads
of all previous explanations and utilise
them is making an exposition of the principles and mode of operation of the wireless
telephone, which is certainly one of the most
wonderful of all the achievements of technical
science.
To conduct wireless telephony as contrasted
with telephony with line wires, W'e have to
replace the line'wire by some agency which
will enable us to transmit energy and yet
permit us to employ the usual type of microphone transmitter and magneto-receiver used
in ordinary telephony with wires at the sending
and receiving stations. It has been found that
w’e can do this by substituting for the connecting wire a stream of undamped or continuous high frequency electro magnetic w'aves.
We must, then, first explain how these waves
are created.
There is only one method practically
employed at present in small plants, or those
of moderate size, and that is by means of the
thermionic valve. We have already explained
that an incandescent tungsten filament in vacuo
emits a torrent of electrons, and that these in
the three-electrode valve make their way
through the apertures of the surrounding grid
and fall upon an anode or collecting plate,
To make them do this the anode must be kept
at a high positive potential so as to attract to it
the negative electrons. This is done by means
of a battery, dynamo, or other source of direct
electromotive force. The anode must be
connected to the filament by an external
circuit which includes the above-mentioned
source of electromotive force, but also a coil
of w'ire called the plate circuit coil. This plate
circuit coil has also its terminals connected to

I
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a condenser of a certain capacity, so that the
coil and condenser, taken together, provide a
-circuit in which electric oscillations can take
place with a certain natural frequency determined by the capacity of the condenser and
the inductance of the coil in accordance with
rules already given,
If, then, the grid is connected to the filament
through another circuit which also includes a
coil of wire, and if this last coil, called the grid
circuit coil, is placed near to the plate circuit j
coil and in a certain position, any change in the
current in the plate circuit coil will create an
induced electromotive force in the grid circuit
coil, and this in turn will alter die grid potential
and charge the grid either negatively, that is
put more electrons into it, or positively, that is
take free electrons from it. When the grid is
made negative it will reduce the electron
stream flowing from die filament to die plate,
and reduce the current in the external plate
circuit or coil. By a proper mode of connection it is possible to make the changes of grid
electrification of such sign and nature as to
sustain the fluctuations of the plate current,
which, in turn, by the mutual inductive action
of the plate and grid coils, create the appropriate variations of grid potential,
The grid and plate coils are then said to'be
coupled for production of oscillations. The
plate current then consists of a steady direct
current, on which is superimposed an alternating current, or the plate current fluctuates in strength. The power required to produce
these oscillations comes from the battery in the
plate circuit, but the power is transformed
from direct current (D.C.) power to alternating
current (A.C.) power.
The action of the thermionic valve in this
respect has been compared with a steam
engine. The steady pressure of the steam is
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applied to push forward the piston, but to make
the piston oscillate or move backwards and
forwards alternately, the steam must be
admitted to the cylinder by means of the slide
valve, first on one side of the piston and then
on the other. To make die engine self-acting
we have to connect the slide valve by some
mechanism with the piston so that modons of
the piston move the slide valve in die proper
manner to maintain the oscillations of the
piston. The steam may be compared with
the electrons emitted by the filament; the grid
is analogous to the slide valve, and the external
plate current to the motions of the piston.
The above analogy is, however, very
imperfect, and a much better one is as follows :
If we connect together in series a Bell magneto
telephone, a carbon granule microphone trans
mitter, and a couple of cells of a battery, a
current will flow through the carbon and
through the coils of the telephone. If we hold
the diaphragms of the transmitter and receiver
near together the receiver will emit a shrill
musical note, and continue to emit it as long
as the two instruments are close together.
The reason is as follows. Small noises in
the room set the diaphragm of the transmitter
in vibration. This causes compression of the
carbon granules, and in turn varies the current,
and this makes the receiver emit a sound.
This sound actuates the transmitter, and this
again reacts on the receiver. Hence con
tinuous sound waves are emitted by the system,
and the power to produce them is drawn from
the battery.
Just as this coupled receiver and transmitter
generate low frequency oscillations of electric
current in their circuit, so the coupled ther
mionic valve circuits react on each other and
Create high or low frequency electric oscillations in the plate circuit according to the
capacity and inductance in the circuit. To
radiate electromagnetic waves we have to
utilise these oscillations to produce similar
oscillations in an aerial wire, ot radiative circuit,
The simplest method, then, of producing
undamped or continuous waves (C.W.) by a
thermionic valve is by an arrangement as
follows :—
Let V (see Fig. 86) be the valve of which P
is the plate or anode cylinder, G the grid, and
F the filament. Let By be the battery which
provides" current for incandescing the filament,
and r the regulating resistance. Let the grid
be connected with the filament through a coil
of wire L2, called the grid coil, and let the
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plate P be connected with the filament through
another coil Ll and a key K and high voltage
battery B.2 giving a voltage of 200 to 400 volts or
more. The negative terminal of B.2 must be
in connection with the filament. This battery
B2 must be shunted by a condenser C2. The
coil L2 is also shunted by a condenser C,. If
the degree of coupling or closeness of the
coils /n, L.? is adjusted, and the direcdon of
their mutual inductance correct, then, as already
explained, continuous oscillations will be set
up in the circuit of L, which are superimposed
upon the steady or direct current produced by
the battery B2. The frequency («) of these
oscillations will be determined by the capacity
of the condenser C, and the inductance of the
coil Lx in such fashion that—
5033
n=
\ ClLl
The capacity Cj must be measured in micro
farads or fractions of a microfarad, and Lx
must be measured in millihenrys, or fractions
of a millihenry, and the square root of the
numerical product of C{ and Ll divided into
the number 5033.
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Fig. -86. Arrangement of Circuits for producing
continuous electric waves (C.IF.) by a thermionic
valve.
The condenser
is connected to the coil Lx
by-sliding contacts bI3 b3 so that the inductance
L, <?an be varied. Also the condenser C2 is an
adjustable capacity indicated symbolically by
the arrow crossing two parallel black lines,
In actual practice the coil L2 is made by
winding enamelled copper wire in close turns
on an ebonite or fibre tube about 4 or 6 ins. in
diameter. The enamel is then scraped or
rubbed off a narrow strip parallel to the length
of the cylinder, and enables rubbing contacts
of brass to be slid along a bar and so make
contacts at places bl; b2) b33 64, as desired with
the copper wire. The condenser C2 is made of
a number of semi-circular plates of aluminium
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spaced a little way apart, which are attached to
an axis. These plates are so fixed that they
can be turned to sandwich in, more or less,
between a number of fixed semi-circular plates.
The fixed and movable plates are the two
plates of the condenser, and by rotating the
movable plates so as to bring them more or less
in between the fixed plates, the capacity of the
condenser is varied (see Fig. 87).
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By Courtesy of Marconi's Wireless Telegraph Co., Ltd

Fig. S7. An air condenser of variable capacity
formed with a set of fixed semi-circular metal plates
and similar movable plates, which latter can be brought
more or less into proximity to the former by rotating
the ebonite head of the axis carrying the movablexpiates.
A7.23.—Part of the condenser in this illustration is
shown cut away so as to enable the structure to be
seen and understood.

2. Radiation of Continuous Waves.
We have next to make provision for using
these oscillations to create continuous electric
waves. We have seen that when high fre
quency oscillations are set up in a straight rod
or wire with metal plates at the end, called a
Hertzian oscillator, the result is to radiate
electromagnetic waves which we have explained
to be vibrations propagated along the electro
lines proceeding from the free electrons in the
wire, the rapid to and fro movements of which
are the electric oscillations in that wire.
This radiation is effected by connecting to
the contact bx an aerial wire Ay which consists
of two or more copper wires which rise vertically
into the air a certain height, and then run
horizontally a certain distance, and are insulated
at the far or free end (see Fig. 86). At die
same time we connect another point b,x on die
inductance coil A, through a current-reading
instrument A, called a hot wire ammeter, to a
plate E sunk in the earth, or it may be the
water-pipes« of a building.
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The aerial A has a certain electrical capacity
with respect to the earth, and may be regarded,
therefore, as another condenser joined across
a section of the coil Lj between the points bx
and bA. By suitably choosing the points of
contact b3 and bv we can tune together the
oscillatory circuits composed respectively of
the condenser of capacity C1 and the section Lx
of the-inductance coil, and also the capacity C3
of the aerial and the section Lx + A, of the
inductance coil by making the adjustments so
that the product ClLl is equal to the product
Qj O^i + ^1)'
If, then, we close the key K, the battery B2
will send a stream of electrons from the
filament of the valve to the plate, and.they will
find their way back through the coil Lv If the
grid then becomes slightly negative the electron
stream from the battery will be reduced, and
by the inductive action of the coils Ll and A2
this reduction of plate current can be made to
give the grid a slight positive charge, and this
then increases the electron stream. Accord
ingly fluctuations are set up in the plate
current. The object of the condenser C2
shunted across the high voltage battery is to
provide a path for the high frequency oscilla
tions thus created in the plate circuit. The
varying potential of the terminals of the
condenser Cx then sets up sympathetic oscilla
tions in the aerial wire, and this results in
electromagnetic waves being radiated from it
in an uninterrupted stream. The ammeter A
placed, just above the earth plate E then .
indicates a steady high frequency current,
which is called the aerial current.
In the actual apparatus the two coils Lx and
A2 are wound on ebonite tubes or in flat spirals,
and so arranged that they can be brought near
to or separated from each other to vary the
mutual inductance. This coupling must ex
ceed a certain value if the oscillations are to
be created by the thermionic valve and electric
waves radiated from the aerial. We can deter
mine the frequency of the oscillations when
we know the wavelength required or used from
the simple relation—
frequency X wavelength = velocity of wave.
The velocity of electromagnetic waves through
air is nearly 300,000 kilometres per second.
Hence, to produce a wave of 300 metres wave
length requires oscillations at the rate of one
million per second in' the aerial. The standard
wavelengths for amateur wireless telephony and
for “ broadcasting ” lie between 350 and 425
metres. Hence a 400 metres wave requires
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750,000 oscillations per second in the aerial,
Let us then suppose that we have set up
at some place, an aerial and continuous wave
(C.W.) generating valve plant, as above
described. \Yc can suppose it set in operation
and to radiate continuous waves say of 400
metres wavelength. These waves are called
the carrier waves.
Next, suppose we have at some other place
a receiving station at which there is an aerial
properly tuned to the wavelength of the wave
sent out by the generating station, and that
this receiving aerial is coupled to another closed
oscillatory circuit comprising an inductance
■coil and a condenser with the capacity adjusted
to tune it to the aerial circuit (see Fig. 88).
The waves from the transmitting station
would strike the aerial of the receiving station
and would set up in it feeble electric oscilla
tions of the same frequency. These would
generate other similar oscillations in the as
sociated closed condenser circuit,
The
terminals of this last condenser would then
alternate in potential alternately being positive
and negative.
Suppose, next, that we connect to these
condenser terminals to the plate of a twoelectrode rectifying valve in series with a
telephone, as in Fig. 88.

«.. „M/a
mrm
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in the external grid circuit of the valve in the
transmitting apparatus the secondary circuit
of a small telephone induction coil / (see Fig.
89), and in the primary circuit of the coil a
carbon microphone M and battery B3. a*
If
we speak to this microphone mouthpiece the
result will be to create in the grid circuit a
fluctuating electromotive force, which will
have the wave form of the speech sound, and
will have a low frequency or audio-frequency
as it is called, because it falls within the limits
of the frequencies used in audible speech,

V*
O

o
o
<0

o
o

oL,
o 6

o o

r"i">

-----G
F

-rmw-—

o
o
o

■jljl——[llt-

i

II

l«l«l
B,

c2

Fig. $9. Circuits of a simple form of wireless telephone transmitter showing the speaking m icrophone M
coupled inductively through an induction coil 1 to the
grid circuit L2 of the thermionic valve.

The effect of this will be to increase or
diminish the amplitude of the carrier waves
radiated. In other words, the speech made to
the carbon microphone M will modulate the
v
o >o
amplitude or heighc of the carrier waves exactly
po ps
o o
------ 1
in- accordance with the frequency and wave
o
5rc
o o
Iilil-Jlv' f°rm °f the aerial vibrations made by the voice
T
B ^
of the speaker.
Let us then consider what the effect of
this will be on the receiving apparatus just
Fig.' 88. Simple form of receiving circuit for Wireless described. Any increase or decrease in the
Telephony. A is the aerial, P the aerial tuning
coil, C is the tuning condenser and V a Fleming amplitude of the carrier waves will increase or
rectifying valve, T is the telephone. IT represents the
arriving carrier waves.

decrease in the same proportion the direct
or rectified current which flows through the

The valve when its filament is incandescent
would permit negative electricity or electrons
to pass from the filament to the plate inside
the bulb, but not in the opposite direction,
Hence, the telephone coils would be traversed
by a steady unidirectional or direct current.
This kind of current produces no effect on
the telephone except to create a slight “ tick ”
or sound at the moment the steady current
begins or ends. Suppose .then that we insert

magneto telephone in series with the rectifying
valve. Hence, if speech is made to the
microphone transmitter inserted in the grid
circuit of the transmitting valve, the current
in the sending aerial, and the amplitude of the
carrier waves and therefore the current through
the Bell telephone in the receiving current, will
vary or change in nearly the same manner as
the changes of air pressure made by the voice
of the speaker near the microphone,
(To be continued)
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3. Practical Forms of Wireless Telephone
Apparatus.
In actual practice the apparatus is a litde
more complicated. The high voltage required
for the plate of the transmitting valve is not
always obtained from a battery but from a
direct current dynamo, which gives a voltage
of several hundred, or even a couple of
thousand volts.
Then the modulation of the plate current
is not accomplished by placing the microphoneinduction coil in the grid circuit of the oscilla
ting valve, but in that of another valve called
the control valve.
Lastly, the high voltage of the plate of the
generating valve need not be obtained from a
direct current dynamo, but by rectifying a low
frequency alternating current.

secondary coil S of an alternating current
transformer T to the filament F of the valve
(see Fig. 90), and if we supply the transformer
with low frequency alternating current, then
the plate of the condenser which is directly
connected to the anode or metal cylinder of
the valve will become charged with negative
electricity,
1+ DC -|
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Fig. 91. Arrangement of circuits for rectifying both
components of an alternating current supplied by a
transformer T by means of txco Fleming valves.
The condenser C then supplies a direct current.
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Fig. 90. Arrangement of circuits for rectifying
an alternating current supplied from a transformer T
bycans of a Fleming valve and Condenser C.

These modifications will best be understood
by the description of certain typical forms of
wireless telephone transmitter in actual use.
It Will perhaps be advisable first to explain
the manner of using a two-electrode or Fleming
valve to rectify high voltage alternating electromotive force, or change it to direct voltage.
If we connect to the plate P of a two-electrode
valve one terminal of a condenser C, the other
terminal of which is connected through the

The reason is as follows. When the
direction of the E.M.F. in the transformer
circuit s is such as to make the plate P of the
valve positively electrified, electrons are drawn
out of the incandescent filament F, and
neutralise this positive charge of the plate.
The upper plate of the condenser C is then,
left negatively electrified. When the E.M.F.
of the transformer reverses and the plate P
becomes negative, it repels the escaping
electrons and stops the emission from the
filament. Hence, if the condenser C has a
large capacity it will become a reservoir of
electricity, and we can continually draw off
from it a supply of negative electrons from its
upper plate. As these electrons are supplied
in gushes by the transformer, it is found
advantageous to insert a spiral of insulated

i
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wire wound on a bundle of iron wires, called
a choking coil or choker, as shown in Fig. 90.
This serves to convert the intermittent gushes
of electrons into a steady stream, which can
be drawn off the d c terminals marked -f and —.
In the above-described arrangement we
only utilise and rectify every alternate phase,
or half of the alternating current energy. By
the use of two rectifying- valves and a transformer with a connection to the centre of its •
secondary circuit, as shown in Fig. 91, we can
rectify both phases, and convert all the alternating power of a transformer into direct
current power. The two valves can have their

Company for radio-telephony. This consists
of a cabinet in shape like a harmonium case
or small piano, about 4 ft. high and wide, and
2 ft. deep. It contains all the transmitting and
receiving gear effective for wireless telephony
over a range of about 100 miles by day, but
greater by night. This range corresponds to
use with aerial wires of twin T type, 220 ft.
long and 100 ft. high, with a natural wavelength of 360 metres. A view of the front and
tack of the cabinet is shown in Fig. 92.
The transmitting part comprises three
thermionic valves, two of three electrodes
and one two-electrode rectifying valve. A
picture of one of these valves is shown
.in Fig. 93.
In the actual transmitter, a view of
which is shown in Fig. 92, one of the
' three-electrode valves is the power or
generating valve ; the other is the control
valve; and the two-electrode valve is
.1
used for rectifying the alternate current
supplied by a transformer in one of the
,y*V
I3
low'er cupboards, taking its primary
current from a rotary converter, which
!
I
transforms direct electric current into
alternating current at a frequency of
150 cycles and 85 volts E.M.F.
The diagram of connections is shown
in Fig. 94. It will be seen that the
alternating current supply (A.C.) is fed
into an alternating current transformer
called the power transformer, and also
into two smaller transformers which step
down the voltage, and supply current
at 12 volts for heating the filaments of
the three valves. The electromotive
force of the power transformer is
—i'-i"
rectified by the two-electrode valve on
the right-hand side of the diagram,
and used to charge two reservoir con
By Courtesy of Marconi's Wireless Telegraph Co., Ltd.
densers connected to a smoothing
Fig. 92. Half-kilowatt Valve Transmitting Set for
choking coil, and these condensers supply
Wireless Telephone as arranged by Marconi's Wireless
a steady or direct high voltage to the
Telegraph Company, Ltd. The transmitting valves arc
plates or anodes of the two threeshown in the centre panel and the receiving valves on
electrode valves on the left of the diagram.
the right-hand bottom panel.
The valve marked “ power valve ”
filaments rendered incandescent by the same has its plate and grid circuits coupled through
filament heating batter}’ B. The reservoir a reaction coil, and high frequency oscillations
condenser C has choke coils inserted in its are therefore created in the coil Ll, to the
exit wires marked d.c. -f- and —, and from upper end of which is attached the aerial wave
these w can draw off direct current with a A, and its lower end to an earth plate.
Continuous or undamped carrier waves are
steady E.M.F.
The above appliances are all combined in accordingly radiated from the aerial,
the half-kilowatt wireless telephone cabinet
The amplitude of these waves is controlled
designed by Marconi’s Wireless Telegraph by the microphone M in conjunction with the
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control valve (middle). It will be seen from
the diagram that the grid of this control valve
is connected to tne secondary terminal of a
transformer, in the primary circuit of which is
a 3-cell battery and the carbon microphone M.
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wave form ofthe speech sounds impressed upon
the amplitude or height of the carrier waves
and the. transmitter affects in like manner the
current in the distant receiver circuits.
This plant is designed ro operate with wave
lengths of i,ooo or 2,000 metres, and it is

Y*
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Bycsortfsy of Marcoui’s Wireless Telegraph Cc., Ltd.
FUj. 94. Diagram of connections in, the transmitter
pan of the half-kilowatt wireless telephone apparatus
shown in Fig SO.

called a half-kilowatt plant because it employs
about 500 watts in electric power to operate it.
In more powerful transmitters the power valve
is duplicated, or there may be three or more
'A '7power valves, and two or more control valves.
The necessary high voltage for the anodes or
&
plates of these valves may be obtained from
•
high voltage (1,000—2,000 volts) direct current
dynamos, and in the case of aeroplanes the
small high tension dynamo is driven by a little
windscrew or windmill caused to rotate by the
rush of the aeroplane through the air (see
-F‘S- 95)This dynamo may have two separate arma
tures, one providing a current of about 0.1
ampere at 1,50c volts for charging the valve
anodes, and a low voltage armature providing
a current of 5 amperes or so at 7 or S volts for
incandescing the filaments of the valves.
An ingenious part of the equipment for
By courtesy of Marcor»’s Wireless Telegraph Co., Ltd
aircraft in the aircraft plant of Marconi’s
Fig. 93. Large Three-do:!rode Transmitting Therm- Yyjreless Telegraph Company is the arrangeionic Valve for gcneralm^high /«*»««* continue ment of reniote controj) ;n wfcidi ail the valves
and supply circuits of the transmitting part of
the arrangement are brought into operation
On speaking to this microphone the electric merely by pressing a switch on the handle of
potential of the grid of the control valve is the speaking microphone, which is the only
varied in accordance with the wave form of the part the aeroplane pilot or observer need
aerial speech waves, and this in turn fluctuates touch, or lias within reach.
the plate or electron . current in the control
The layout of apparatus shown in Fig. 95
valve. These variations in the plate current gives some idea of the apparatus as installed
are caused ro affect in like manner the potential in an aeroplane. Connections are made by
of the plate of the generating valve, and there- ■ means of heavily insulated cables having plugs
fore the amplitude of the carrier waves emitted at their exiicmities, the instruments to which
from the aerial. Accordingly we have the the connections have to be made being pro-

I
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vided with sockets to receive them. The
transmitter is similar to an ordinary telephone
transmitter in shape, with the exception that

565

there is no receiver attached, its place being
taken by die head receiver telephones worn in
the operator’s cap.

i
By L-jureesy of Maro.-ui’s Wireless ts]?grapa *_e., Ltd.

|

Fig. 05. Aircraft Wifeless Telephone set as made by Marconi's Wireless Telegraph Company. In
the centre of the diagram as the bottom is shown the small direct current dynamo driven by a wind
-screw which supplies she high plate voltage for the generating valves.
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(To be continued)
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4. Reception of Wireless Telephonic
Speech.
We have then to describe the arrangements
in the practical receiving apparatus. The use
of a single rectifying valve or a crystal in the
receiving circuit as already described is only
suitable for short ranges of 10 or 20 miles,
or so, from fairly powerful transmitters. In
actual wireless telephony over great ranges it
is necessary to employ amplifying valves to
magnify the oscillatory currents in the receiving
circuits.
We have already explained that this amplifica
tion can take place on the high frequency
currents set up in the aerial wire and associated
circuits by the carrier waves, or it may be
effected after rectification of the high frequency

\i/*
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Fig. 9G. Arrangement of two or more amplifying
valves for magnifying the feeble oscillations in the
aerial wire A. Vv F2, are the thermionic amplifiers
Tv T2, the coupling transformers and Bu B2, the
plate batteries.

currents into low frequency or speech frequency
varying currents. The former is_termed radio
amplification aiid the latter audio-amplification.
In the case of radio-amplification the feeble
currents set up by the carrier waves in the
aerial wire A (see Fig. 96), are caused to induce
other similar currents in an associated and
tuned coupled circuit, comprising a condenser

C and inductance coil S. A three-electrode
valve has its grid and filament respectively
connected to the terminals of the tuning
condenser C.
The variations of potential thus produced in
the grid cause similar changes in the plate cur
rent of that valve supplied by the high tension
battery as already explained.
This plate current may include the primary
coil of a transformer consisting merely of two
insulated wires wound on a bobbin, but
without any iron core.
The secondary circuit of this transformer may
have its terminals connected respectively to the
grid and filament of a second valve, and the
same arrangements may be made for a third
valve. If, then, the first valve and associated
transformer magnify the grid-potential varia
tions say 5 times, the coupling of two valves
and transformers will magnify it 25 times, and
a third set 125 times, and so on.
We can, in this manner use several amplifying .
valves for radio amplification.
If we employ two-coil transformers as shown
in Fig. 96, we need then only one high tension
battery or dynamo to supply the high potential
for the anodes or plates of all the amplifying
valves. It is then necessary to explain in
the next place the methods by which the threeelectrode valve operates as a detector of
oscillations. The reader will bear in mind
that the carrier electric waves which arrive
from the sending station are high frequency
electric waves of a certain wavelength and
amplitude, or wave height. The effect’ of
speaking to the microphone in the transmitting
plant is to alter the amplitude of these waves,
but not their wavelength. The amplitude
varies in accordance with the wave form of the
speech sound, so that we may say that the
oscillations produced by the carrier waves in
the receiving aerial consist of very rapid or high
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frequency electric currents, which also have
slow or low frequency variations of amplitude
superimposed. These slow variations of cursent correspond to the speech waves made at
she sending end. The radio-amplification
increases or magnifies these currents all in the
same ratio. _
We have then to impress these slow
'variations upon a receiving telephone. It
•would be no use, however, to insert a telephone
receiver in the plate circuit of the last radio•amplifying valve, because a telephone receiver
•contains a coil of wire of many turns wound
•upon the iron pole pieces of a magnet. Such
•a circuit has a very large inductance, which
means that rapid changes of current cannot
take place in it. Hence the telephone coil will
not permit the passage through it of a high
frequency alternating current. It offers too
much impedance, as it is called, to such a
•current. Moreover, the mean value of these
high frequency oscillations of varying amplitude
-is constant. We have therefore to insert in
-the valve receiving arrangement a rectifying
valve to change these high frequency currents
of fluctuating strength or amplitude into
pulsating electric currents always flowing in one
direction. This can be done by taking
advantage of the form of the characteristic
curve of the valve.
It has already been explained that when we
•give to the plate or anode of the valve a positive
1 potential, electrons are drawn away from the
filament, and this electron stream is generally
increased by giving the grid a still greater
positive charge. There is, however, a limit to
this electron current which is fixed by the
temperature of the filament, and it cannot be
increased beyond a certain amount at any given
filament temperature. This limiting current
I is called the saturation current at that tem
perature. Corresponding to this saturation
stage the characteristic curve has, therefore, a
Lend or change of direction. In the same
manner, if we give the grid a gradually
-increasing negative charge, and thus steadily
•diminish the electron flow from the filament,
we find the characteristic curve at the lower
ed bends over. Suppose, then, that we give
the grid of a valve a negative potential, say
•about 4 volts compared with the filament, and
then superimpose on this steady grid voltage
feeble high frequency alternating voltage,
It will be clear that when the small alternating
potential makes the grid negative, the thermionic
current or electron stream from the filament
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cannot be. much reduced because the grid has
already been made strongly negative. When
the alternating potential applied to the grid is
positive, then the electron stream is sensibly
increased. The result, then, of imposing a
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Fig. 97. Diagrammatic representation of rectifi
cation and the mean value of the rectified currents

■which operate the diaphragm of the telephone.

feeble alternating potential on the grid in
addition to a steady negative potential is to
increase on the whole the electron stream
from the filament.

'
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If, then, the alternating potential suffers audio-amplifying valves and put the telephone
changes of amplitude, as it does when the receiver in the plate circuit of the last valve,
carrier electric, waves are changed in height by as shown in the diagram in Fig. 98.
speaking to the microphone in the transmitter,
A multiple valve receiver may therefore comthe electron stream of the detecting valve will prise two or three radio-amplifying valves,
experience similar increases in mean strength, a detector valve, and one or two audioalthough there are also rapid variations in the amplifying valves. The Marconi Company
current. The actual changes produced in the have designed a seven-valve receiver, in which
currents will be best understood by a series of six of the valves are radio-amplifying, and the
diagrams.
seventh and last valve the detector valve (see
In Fig. 97 in the upper diagram (a) the Fig. 99).
ordinates of the curve represent the high
frequency current in the receiving circuit as
magnified by the radio-amplification. This
current has low frequency variations of
tJamplitude superimposed upon its high fre
^ CP
quency, but die mean value of the current is
:
3E
always the same. The second diagram (b)
shows the effect on this current of the detecting
*v ^
valve, the grid of which has a steady negative SSSTL*
Si \
charge given to it. Since the electron current
/
omcTo* vaivi
cannot then be much decreased, the effect of
r iiamikt cu»»tKT coroi
By Courtesy of M. W. T. Co., Ltd.
the additional negative charge given to the
grid produced by the superimposed alternating Fig. 9S. Scheme of circuits of a seven-valve therpotential is extremely small, but the effect of mionic receiver with amplifying valves and delector
the positive charges is to increase the electron or rectifying valve.
current.
A simple form of valve-receiving circuit
The mean value of the current therefore
fluctuates, as shown by the ordinates of the comprises a single detector valve, the grid of
dotted line in diagram (b). If then the plate which is connected to one terminal of the
circuit of the detecting valve has included in tuning condenser in the receiving circuit, and
it the coils of a receiving telephone, the rapid also a single audio-amplifying valve with a
variations of current would produce no effect telephone receiver in its plate circuit. The
in the telephone, but the slow variations of the necessary negative potential is given to the grid
mean current cause the diaphragm of the of the detector valve by means of an arrangetelephone to vibrate, and its motions correspond ment called a potentiometer.
A long fine wire wound on a suitable support
to the slow or audio-variations in the amplitude
of the' carrier waves. Hence the receiving has its terminals connected to a few cells of a
telephone will reproduce the speech sounds battery, which may be the filament heating
made to the transmitting microphone, the battery. By means of a sliding contact we can
energy being conveyed by the carrier waves as connect a point on this wire to the grid, and
above described. We can also employ one or by changing the position of this slider apply tomore amplifying valves to increase the ampli- the grid a negative potential, or two or three
tude of the rectified low frequency speech volts of more, as required, to bring the plate or
current variations, which is termed audio- electron current of the valve to that point on
amplification.
the characteristic curve which corresponds toFor this purpose one or more three-electrode the beginning of the lower bend of the curve,
valves are placed after the detector valve, and
In order that telephonic speech may be
have induction coils inter-connecting their grid transmitted without distortion, it is essential
and plate circuits exactly as in the case of the that the radio-amplifying valves should have a
radio-amplifying valves. These induction coils . characteristic curve which is nearly straight or
or transformers may have cores composed of flat in the central part. It is only under this
bundles of fine iron wires, which increases condition that the complicated changes in the
their effect, and has no disadvantage in the . plate current will follow exactly the corncase of the transformation of low frequency plicated changes in grid potential, and hence
oscillations. We can thus employ two or three amplify without distorting the wave form of the
OITtCTO* VAIVI
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Fig. 00. A vscjo o/ a seven valve receiver as made by Marconi's Wireless Telegraph Company.

oscillatory currents. This result is achieved are coupled inductively to produce liigh
by certain precautions in the design of the frequency oscillations in the plate circuit and
amplifying valves.
radiate carrier waves from an associated aerial
We have already explained that in a valve as in Fig. ioi. We have then to modulate the
transmitter for wireless telephony there must amplitude of these carrier waves by means of
he a valve, the plate and grid circuits of which a carbon microphone in accordance with the
r
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By courtesy of—.M. VV. L\ Co.. Ltd
Fig. 100. Airctaji receiving set comprising three high frequency amplifying valves, a delecting valve
and one low frequency amplifying valve connected io the head telephones through an induction coil.
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wave form of the speaking voice. One way of
The steady or direct current from the high
doing this is by coupling a microphone M voltage battery marked H.T., can, however,,
inductively, that means by means of an indue- pass through the choking coil. When speech
tance coil or transformer to the plate circuit of is made to the microphone the potential of the
the generating valve as shown in Fig. ioi. grid of the control valve is varied, and also
I his method has disadvantages in practice, low frequency variations are produced in the
plate current of the control valve. These
x i/
changes of current strength produce large

c

■J
T

M

Lmw
L

Fig. 101. Circuits of a simple form of Wireless
telephone transmitter with the microphone M
inductively connected to the ]jlatc circuit of the valve.

T HLT

£
A better method of varying die amplitude of
the carrier waves by means of the speech
microphone has teen called choke control. It
. has been found very suitable for the telephone
transmitters of aeroplanes on account of its
great simplicity.* It employs a power and a
control valve, which both derive dieir filament
heating and plate currents from the same low
and high voltage batteries (see Fig. 102). The
plate or anode of the control valve is connected
to one end of a large inductance or choking coil
having an iron core, marked L in the diagram,
The high frequency currents set up in the
aerial wire by the power valve cannot pass
through this choking coil, but find their way
to earth through a condenser C.

I

Fig. 102. Arrangement of circuits in a wireless
telephone valve transmitter called a “ choke control
because it employs a choking coil L or large inductance.
variations in the potential at the upper end of
the choking coil L, which increase or diminish
in a very marked and corresponding manner
the plate current of the power valve. These
surges react through the inductive coupling of
the grid and plate circuit of the power valve
upon the grid potentials. Hence the effect of
speaking to the microphone is to make large
percentage changes in the amplitude of the
high frequency oscillations set up in the aerial,
and therefore upon the amplitude of the
radiated waves.

* See Major C. E. Prince, O.B.E., “ Wireless Telephony on Aeroplanes.”—The Journal of the
Institution of Electrical Engineers. Vol. 58, p. 377. May, 1920.
(To be continued)
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5.

Duplex Wireless Telephony.
Another matter of considerable importance
in connection with wireless telephony is the
arrangements necessary to allow the two
correspondents to “ cut in ” and interrupt
each other in course of a conversation. We
know that when two people are conversing
through a single speaking tube they have to
be careful not to interrupt each other, for if
both try to speak at once, or both listen at once,
only confusion results. On the other hand,
in the ordinary use of the exchange telephones
we listen and speak at the same time. The
listener can cut in with an interjection or
question, or assure the speaker he is hearing,
or ask for a word or sentence to be repeated.
In the first forms of wireless telephony this
cutting in was impossible. The aerial wire at
each station had to be switched over from the
transmitter to the receiver as required, and
each correspondent had to be certain his
distant colleague was ready to listen before he
began to speak. This difficulty is to some
extent obviated by the use of two slightly
different wavelengths for sending and receiving,
and the separation of the sending and receiving
stations at each post by a certain distance.
This was done in the case of the wireless
telephone demonstrations across the North
Sea conducted by Marconi’s Wireless Tele
graph Company between Southwold on the
east coast of England and Landvoort, near
Haarlem, in Holland, in 1921.
The distance between these places is 112
miles. At each place a transmitting and
receiving station was established about 700
yards apart. Let us call these stations Tj and
Rj in England, and T2 and R2 in Holland.
The station 7\ telephones to station R2 with
a wave of 98 metres wavelength, and the station

To transmits to R} with a wave 94 metres
wavelength. This difference of wavelength
(4 metres) was found to be sufficient to prevent
the transmitter “ jamming ’’ the near-by
receiver on the same side. At each trans
mitting station there was a valve transmitter
made as above described, and a transmitting
aerial 18 metres high, in which was created an
aerial current of 5—8 amperes, which was
modulated by an ordinary telephone exchange
microphone.
The total power taken up by the transmitter
was about 5 kilowatts, and of this 10 per cent.,
or 0.5 kilowatt, was radiated from the aerial in
the form of carrier waves. Underground
wires were brought from the receiving station
to the transmitting station, so that the actual
speech ahd hearing on each side of the sea was
i
conducted from one place, and the receiving }
valves could have their filament currents'and
i
high voltage circuits switched on from the
speaking station. In this manner ordinary *j
telephonic conversation was carried on per
fectly.
The problem of duplex wireless telephony,
meaning by that the ability of the two con
versationalists to speak and hear at the same
time and “ cut in ” as they please, cannot be
considered as completely solved by the twowave and separate station system, because such
method could not be applied in the case of
aeroplanes or ships for want of space. Accord
ingly the problem has engaged much attention.
The difficulty of it will be realised when it is
noted that in many cases where wireless
telephony is of the utmost importance, as in
speaking to or by aeroplanes from or to the
ground station, only a single aerial is practicable
on the aeroplane, and therefore the act of
sending sets up strong oscillations in it, which,
1
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if they have access to the receiving apparatus
tuned for the same frequency, may completely
jam the latter and set it out of order. Hence
the real problem is to find a method of connecting the receiving apparatus to the aerial
in such a fashion that the strong oscillations
set up on sending shall not have access to it.
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permanent oscillations defeats the very thing
that it is desired to achieve, viz., the immunity
of the receiver from the effect of the transmitter. We cannot, therefore, say that, as far
as the confined space of aeroplanes is concerned,
the problem of duplex telephony has been
completely solved. As far as ground stations
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Fig. 103. J. type of quiescent aerial with valve
transmitter in which the microphone M supplies the
plate voltage in the act of speaking.

One solution which has been suggested, but
which is only an imperfect solution, is that
often called the quiescent aerial. In this case
the permanent high frequency oscillations are
not maintained all the time in the sending aerial
and modified in amplitude by the speech
microphone on speaking, but the high
electromotive in the plate circuit of the
generating valve is applied only by the
microphone when it is actually in operation
by speech being made to it (see Figs. 103
and 104). The method, however, is not very
successful unless a certain supplementary
steady voltage is applied by a battery in the
plate circuit of the generating valve. The
reason for the imperfection is that the transformer in connection with the microphone
takes a little time to build up the voltage in the
plate circuit of the valve which is necessary to
set up oscillations, and there is therefore a
want of response unless there is a certain
minimum of constantly maintained oscillations
in the aerial, and the employment of these

■=kr E
Fig. 104. .4 type of quiescent aerial with valve
transmitter. The microphone M controls the supply of
plate voltage in the transmitting valve Vt.

are concerned, it' is worthy of notice
that for not very great ranges with no very
great differences in the wavelengths, for
example, two wavelengths of no and 113
metres, and the transmitting and receiving
stations only 100 yards apart, it has been found
possible to conduct good duplex telephony.
6. Directional Short - wave Wireless
• Telephony.
Another question of great practical interest
in connection with wireless telephony is the '
employment of very short electric carrier waves
of a wavelength of only 12 or 15 metres, and
of reflecting mirrors to make a beam of electric
radiation like an electric searchlight. This
“ wireless beam ” limits the lateral spread of
the waves so that it conduces to privacy of
speech. We have already explained in the
section dealing with Hertzian waves that these
waves can be reflected like rays of light from
suitable surfaces.

I
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In the case of an electric searchlight the arc
lamp is placed in the focus of a parabolic
silvered glass mirror, and this reflects all the
rays falling on it in a direction parallel to the
axis of the parabola (see Fig. 105). In the same
manner, if we bend a large sheet of metal
round two formers of wood so as to make a

Experiments of this kind were made many
years ago by Hertz and other physicists, and
in the early days of wireless telegraphy Senatore
Marconi employed parabolic mirrors in the
initial attempts to use Hertzian waves as a
means of signalling.
It is not, however, very easy to produce
continuous electromagnetic waves for the
purposes of wireless telephony of wavelength
much shorter than 10 to 15 metres. It is
essential then that the dimensions of the
mirror should be something of the order of
Ns
20 to 30 metres. If mirrors of solid metal
were employed, these would not only be heavy
to move, but would offer such surface to the
wind that they would be dangerous to erect.
It has been found, however, that if a number of
Fig. 105.
wires are stretched parallel to each other on a
parabolic cylindric mirror, and place a Hertzian frame, and at a small distance apart, this grid
linear oscillator on the focal line of the mirror, will reflect electric waves if the electric force
then, provided the dimensions of the mirror in the wave is parallel to the direction of the
arc not small compared with the wavelength, we wires,
shall project a beam of electric radiation, or of
Accordingly we can make a parabolic electric
Hertzian waves, parallel to the axis of the wave mirror which does not offer much surface
mirror.
to the wind as follows :—If we stretch a number ' :
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Fig. 106. The Parabolic Reflector at Inchkeitk, Firth oj Forth, Scotland, as used for directional
short wave wireless telephony.
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of wires parallel to each other round the edge
of two frames of parabolic form placed at a
distance, the wires being held in such positions
that they lie on a parabolic sectioned surface,
and if we place parallel to these wires, and on
the focal line of the parabolic surface, a
Hertzian linear oscillator, we can project a
wireless beam (see Fig. 106). It is easy to
construct such skeleton parabolic reflectors of
considerable dimensions, and since the wavelength of the waves radiated from a linear
oscillator, or two rods placed in line, is about
twice the total length of the rods, we only
require a linear oscillator of about 25 ft. or so
in length to radiate electric waves of 15 metres
wavelength.
Parabolic reflectors of this kind, with linear
oscillators in their focal line, have been
employed by Mr. C. S. Franklin in important
experiments made for Marconi’s Wireless
Telegraph Company on directive short wave
wireless telephony.* The carrier wave was
15 metres in wavelength, and the oscillations
were generated by a couple of power thermionic valves having a powder consumption of
700 watts, having 4,000 volts on their plate
circuits, producing a plate current of 175 milliamperes. These. valves created in a linear,
or Hertzian oscillator, continuous oscillations
of twenty million per second, and radiated
a power of about 300 watts in the form of
15-metre electric waves. This oscillator was
placed in the focal line of a skeleton wire
j_____________________________________
* For a full description of these experiments the
reader is referred to The Wireless World and Radio
Review, of May 20th, 1922, Vol. X, p. 219, and also
to the Paper read by Mr. C. S. Franklin before
The Institution of Electrical Engineers, May 3rd, 1922.

C29

parabolic mirror of about 30 metres aperture
and a corresponding receiving aerial in the
focal line of a similar reception mirror
employed in reception by a usual amplifying
valve detector
After some preliminary and successful
experiments at Carnarvon, a site was chosen
at Hendon, and another at Frankley, near
Birmingham, in February, 1921. These
stations are 97 miles apart. With this plant
telephonic speech was well conducted,
Measurements indicated that the energy
.received with the directive mirrors up was
about 200 times greater than when the mirrors
were not used. Also it was found that very
decided limitation to the lateral spread of the
waves was obtained, so that places much outside the line of transmission could not overhear
the speech.
It is quite practicable to employ still shorter
wavelengths of less energy. Carrier waves,
even as short as 4 metres in length, have been
' used for such reflector transmission of telephonic speech over seven miles. It is expected
that the employment of this “ wireless beam 5>
in nautical wireless telephony will prove to be
of great utility in giving ships direction and
location during fogs.
As these articles are intended to deal only
with the elementary principles of the subject,
and to be within the range of knowledge of the
general reader or would-be amateur in wireless
telephony, it is not possible or necessary to
extend them to cover more highly technical
matters, such as long distance wireless telephonv or the influence on it of such factors as
soil absorption or atmospheric disturbances,
which are sufficiently treated in various text
books.

{To he continued.)
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7. Wireless Telephone Transmitters.
valves used as amplifiers and valves used as
We may in conclusion make a brief reference generators of oscillations, which must be
to the construction of large transmitters explained. The valve as a generator must have
intended for broadcasting and to improvements a considerable output of power, that is, we
in thermionic valves employed as generators of must be able to draw off from the circuit
powerful oscillations. No other type of gene connecting the plate or anode of the valve and
rator is at the present time so suitable for this the filament an amount of electrical power
purpose. High frequency oscillations of great which is only limited by our requirements.
power can be produced by dynamo machines This implies that the so-called plate current
called high frequency alternators, but the must be, relatively speaking, large,
But the internal resistance of the valve,
regulation of their speed which is necessary to
produce carrier waves of perfectly constant that is, of the space between the filament and
wavelength and amplitude by them, requires anode cylinder, is also large, amounting to
some rather complicated apparatus, and it is some thousands of ohms, generally speaking.
not nearly so easy to modulate the amplitude Hence it requires a high voltage to drive the
by a speech microphone as is the case with the required plate current across the vacuous
thermionic valve. Again, we can produce space that is to compel the negative electrons
oscillations by means of an electric arc of a to move away from the filament and through
certain kind called a Poulsen arc, but this the apertures in the grid and strike the plate
type of generator is liable to irregularities or cylinder,
Then again, this impact of torrents or millions
which, though not seriously disadvantageous
to its use as a generator of oscillations for of electrons bombarding the anode cylinder or
radiotelegraphy, are a decided impediment in plate heats it very quickly and may in fact
the employment of it as a generator in wireless -soon make it red hot. Hence special con
struction is necessary7 to prevent this heat
telephony.
The thermionic valve, on the other hand, from cracking the glass or loosening the
gives or can be made to produce oscillations sealing-in wire which makes connection be
of perfectly pure simple harmonic wave form tween the anode cylinder and the external
and therefore carrier waves of the same type. plate circuit.
Furthermore, the thermionic valve as a
On referring back to Fig. 93, which shows
generator of oscillations is perfectly silent and the view of a large transmitting valve of a very
the amplitude of the oscillations produced by usual type, it will be seen that there is a
it very easily controlled by the speech micro large glass bulb which may be even of the size
phone. It is for all these reasons an ideal and shape of a Rugby football, has two re
oscillation generator for wireless telephony. entrant glass tubes at the ends which are
We have already described in a previous closed at the inner ends, and at the outer
section the manner in which the three-electrode ends are sealed to the bulb.
valve is employed to create electric oscillations
Around these re-entrant tubes are clamped
and these explanations need not be repeated metal collars, one of which carries the large
here.*
cylinder made of sheet nickel, which forms
There are, however, great differences in the anode, and the other of which in a similar
construction and power consumption between manner carries the inner cylinder of nickel
wire gauze which forms the grid of the valve.
* See article XXII., The Wireless World and This latter re-entrant tube carries also the
Radio Review, December 30, 1922 (page 433).
tungsten wire filament.
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The current is conveyed to and from this
filament by platinum wares sealed through
the glass tube and similar platinum sealing-in
wires are employed to connect the external
circuits to the cylinder and the grid. The
filament wires have to carry fairly large
currents up to 10 or 20 amperes, but the scalingin ware to the cylinder has only to carry
currents from about one-tenth to one ampere
or so, and the grid requires feeding with a
much smaller current.
'

Fig. 107. The arrangement before sealing in the
re-entrant glass tube carrying the filament and
the grid.

.

The electron power is supplied to the valve
in the form of direct current. Direct current
at rather low voltage, 20-25 volts or so, is
employed to incandesce the filament. Direct
current at high voltage, 1,000 to 10,000 volts
or so, is supplied to the plate circuit to create
the electron stream. We then draw off from
the plate circuit high frequency alternating
current.

667

In large valves 70 to 80 per cent, of the power
supplied can in this manner be recovered.’
The deficit is expended as heat in die valve,
Hence a large valve yielding say 5 kilowatts or
7 horse power would take in 7 kilowatts or
10 horse power, and the difference or 2 kilowatts is transformed into heat,
Thii heat must be radiated, and therefore
large valves get fairly hot. One of the problems
connected with large valve manufacture is
to obviate any danger from the cracking of
the bulb, which is liable to happen with glass
bulb valves.
It must be remembered that these valves
have to be very highly exhausted of their air,
in order that no sensible amount of air may
be left to be ionised by the electrons emitted
by the filament, for this w'ould create positively
electrified ions or molecules of oxygen or
nitrogen which have lost an electron, and
these would be attracted to the filament very
strongly, and would bombard it and soon
destroy it.
It would occupy too much space to describe
the methods by which the extremely high
vacuum required is made in these valves.
One result of this, however, is to create a very
great air pressure on the outside of the bulb
which, in a large valve, may amount to two or
three tons. Hence if such a valve breaks it
generally does so with a rather startling
explosive noise. Invention has therefore, of
late years, been directed to the problem of
constructing a high pow'er valve which shall
be less fragile and liable to accidents than a
glass bulb valve. In other w'ords, to make a
valve which shall be more of an engineering,
job than the present glass bulb type.
It has been found possible to make the bulb
of pure silica (flint) in place of glass. This
material has so small an expansion with tem
perature that a silica bulb can be made red
hot and then be plunged into cold w'ater
without cracking.
A still more important improvement, howrever, has come to us recently from the United
States in the form of a thermionic valve of
which the greater part of the bulb is formed
of sheet copper. The copper not only forms
part of the bulb but also constitutes the anode
cylinder, and can be kept cool by cold water.
The foundation of this improvement is the
technical discovery of a method of sealing
copper to glass in such fashion that it does not
crack away on cooling or subsequent heating

The reason the expensive metal platinum
has hitherto been used for wires which must
be sealed airtight through the wall of a glass
bulb is that platinum possesses three essential
qualities for this purpose. First, it has nearly
the same coefficient of expansion with heat as
lead glass. In the second place, hot platinum
is “wetted ” by molten glass; that is, sticks
to it, and lastly, platinum is not oxidized when
heated in a blowpipe flame, but retains a bright
and clean metallic surface.
No other metal has been found which
possesses all these properties, but the dis
covery was made some years ago that if copper
is kept unoxidized in a flame containing
reducing gases, it is when very hot “ wet led ”
by molten glass, which sticks to it. Copper,
however, has not the same coefficient of thermal
expansion as glass and the only way to attach
a copper tube to a glass tube of the same size
is to give the copper a sharp knife edge.
If then a sort of copper thimble is made,
closed at one end but with the edge of the
open end made sharp like a knife, this thimble
can be sealed airtight to a glass tube of the
same diameter as the thimble, and the joint
will not crack away in cooling and can be made
vacuum-tight. The glass tube terminate; in a
re-entrant portion
through which are
sealed wires to
which are sealed
the wires which
carry the ends of
the filament of the
valve and also the
leading-in wire for
the grid.
Fig. 107 shows
the arrangement
before sealing in
the re-entrant glass
tube carrying the
filament and the
grid.
Fig. 108
shows the completed instrument.
The copper tube
part (shown in
black in the dia
grams) forms at the
same rime the anode
cylinder and also
part of the bulb.
Externally it is
surrounded by a
Fig. 108. The complete
water jacket, as
instrument.
shown in Fig. 109,

by which it is kept
cool by circulating
water.
Valves of this
description, of a
size to yield 10 and
20 kilowatts output
or 14 horse power,
have been already
made, and valves
to yield 100 or 150
kilowatts may soon
be obtainable. At
the present time
broadcasting
m
connection
with
wireless telephony
is conducted by
large valve trans
mitters comprising
a number of glass
bulb valves, which
are connected so
that their plate
currents are added
together.
The high voltage
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Fig. 109. The valve, anode
inserted in a water circulated
cooling jacket.

required for the
plate currents is obtained by rectifying by
means of two-electrode valves as already
explained, a low frequency alternating current of
high voltage (7,000 to 10,000 volts). A single
ordinary carbon microphone, such as is used in
an ordinary wire telephone, is employed to
modulate the grid potentials of one or more
three-electrode valves called the control valves,
and the correspondingly modulated plate
current of the control valves which fluctuates in
accordance with the wave form of the speech
sounds made to the microphone, is employed to
modulate the output current of the generator
valves. The result is diat the height or amplitude
of the carrier waves radiated from the sending
aerial fluctuates also in accordance with the
speech currents sent through the microphone.
We have already explained the manner in which
these radiated waves create corresponding but
much feebler currents in the receiving aerials,
and are made to reproduce the speech sounds in
the receiving telephones. The development of
wireless telephony, and especially the public use
of broadcasting, introduces a new factor into
modem life which is bound in rime to make its
effect felt.
The purpose of these articles will have
been fulfilled if the broad general principles
of the art have been elucidated sufficiently
for the instruction of the general reader

