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Telegraphy without wires,
telephony without wires - these
were the miracles wrought after
a few centuries of growing
familiarity with magnetism
and electricity. In this
introductory volume to his
fascinating history of radio, Mr.
Dalton takes the story up to the
First World War, when
circumstances put a temporary
halt to the development of valve
apparatus. The mysterious
property of rubbed amber known
to the Ancient Greeks, Gilbert's
experiments with magnets,
Galvani's twitching frogs' legs
. . . and at last the transmission
of signals across space from
sparks and alternators and arcs
to coherers and crystal detectors.
Every step is full of interest to
anyone who has radio at heart as
a professional radio engineer, a
radio ham, a student - even a keen
listener who enjoys history.

■
5

<3
JZ

CO

2

£*
o
o

■

■

!

!

i
;

■

i

! :
1
!

■:

;

THE STORY OF RADIO
PART I

How Radio Began
W. M. Dalton, M.I.E.R.E.

A company now owned by
The Institute of Physics
Techno House
Redcliffe Way
Bristol BS1 6NX
England

First Published May 1975

© W. M. Dalton, 1975
All rights reserved. No part of this publication may be reproduced, stored in a
retrieval system, or transmitted, in any form or by any means, electronic,
mechanical, photocopying, recording or otherwise, without the prior permission
of Adam Hilger Limited.

ISBN 0 85274 241 X

>

A company now owned by
The Institute of Physics
Techno House
Redcliffe Way
Bristol BS1 6NX
England

Text set in 12/13 pt. Monotype Bembo, printed by photolithography,
and bound in Great Britain at The Pitman Press, Bath

<

I

Contents
Preface
Acknowledgements

vii

ix

1

Magnetism and Electricity
Magnetics—Frictional Electricity—Contact Electricity—Electro
chemistry — Electromagnetism — Thermoelectricity — Michael
Faraday—The Dielectric—The Electric Telegraph—Resistance—
Electroplating—Electric Motors and Work—Electricity and
Heat—Inductance—Energy—Absolute Electric Units—Light

1

2

Electrical Engineering
Submarine Cables—Multiplex Telegraphy—The Telephone—
The Arc Lamp—The Subdivision of Electric Light—Practical
Units—The Dynamo—Distribution—Electric Metering—A.C.
Supply—Electric Traction—Electricity in Industry—Multi
phase Alternating Currents

33

3

Wireless -Telegraphy
Conduction and Induction—Clerk Maxwell—Standing Waves—
Hertz—Marconi—Transatlantic Wireless—Arc and Alternator
Transmitters—Tuners—Detectors—Heterodyne Reception—
Radiotelephony—Consolidation

71

4

The Thermionic Valve
The Edison Effect—Discharges through Gases—Ionization in
Solutions—Electrons—X-rays—The Structure of the Atom—
The Oscillation Valve—The Audion Tube—Metal Filaments—
The Space Charge—Early Valve Circuits

115

Index

145
v

I

I

J

-

‘

:

Preface
This book was probably started in self-defence. During my time
in radio more than two generations of engineers have passed
away—one wonders where they went—and the new generation,
unless it is pressed to think, imagines that the transatlantic telephone
was operating at the turn of the century and that all electronic cir
cuitry was developed during the Second World War. Any
suggestion that a “new” device is as old as—well old anyway—
is met with polite incredulity, and one can almost hear the fourletter word.
The original object was to describe all the important inventions
in radio, with some of the whys and wherefores—and not neces
sarily those in the text-books. Not to be left out were the hows;
new facts that caused current theories and even fundamental
dogma to be changed. These objectives have not been met. After
many deletions the book is still larger than I had intended. It has
been possible to include very few of the experiments which failed,
and many of the successful ones which led up stoncy paths have
been omitted.
Unfortunately, any experiment which failed may be tried again
tomorrow, and may succeed wmi some new device. The last thing
any book should do is to discourage anyone from trying-any thingonce. Young men should always be ready to disprove the best esta
blished theories but a word ofwarning, the professors don’t like it.
Vll

The men of science arc of many types; some, like Faraday, will
search for fundamental facts and prove them in the simplest manner. and then arc content to leave others to make use of these facts.
Others prefer to research the known facts, bringing order to the
results of many experiments, and from this deducing new facts,
or by extrapolation providing a starting point for new experiments.
A third type, the inventor, will provide new devices which usually
incorporate facts already known but applied in a novel manner.
Strangely enough, many of the world’s most famous inventions
came from men who were not professionally employed in the
science involved; perhaps the professional could not see the wood
from the trees, or invention requires an entirely new view-point.
Behind the inventor are other scientific types: the engineers and
the technicians. The engineers develop and apply the new idea,
and turn the invention into an economic proposition, making it
work with the best efficiency, at the cheapest price and with the
best artistic design. Behind them, the technicians, each with his
own skill, all endeavour to improve the product in some manner.
Most men, if asked to name the inventor of wireless, would
unthinkingly reply “Marconi” (or Popoff, or. . .). It is only when
a discussion starts that the question is raised: “When is the stage
of an invention reached?” Then one comes to the conclusion that
no scientific device can be credited solely to one man. Each
scientist builds on the accumulated knowledge of his forebears
and also needs the help of his contemporaries. No one can go very
far by his own efforts.
So it is with this book. The author acknowledges his debts to a
large number of writers, especially to those of the Wireless World
which was the radioman’s bible in the years before the war, when
there were few books and very few universities or technical colleges
to teach anything other than pure physics and heavy electrical
engineering. He hopes that the reading will provide as much inter
est and enjoyment as the writing.
W. M. Dalton
vjii
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CHAPTER 1

Magnetism and Electricity
A history should start at the beginning, but when was that? Radio
can be traced back through electricity and magnetism but their
origins arc buried in antiquity. Electricity was known to the early
Greeks, whose writers recorded that amber (Greek elektron)
acquired the property of attracting bits of dust and fibre when it
was rubbed. Magnetism is even older. It is written that a Chinese
emperor (1100 bc) gave a wonderful stone to some travellers to
guide them through the desert; these stones (magnetite) arc claimed
to have been discovered in 2634 bc.
Magnetics
In Europe, lodcstones, or leading stones, were found in Mag
nesia, Asia Minor, and the early navigators used them to direct
their ships during sea mists. Such stones, in addition to pointing
to the north, or to the south, were also known to attract small
pieces of iron, and rubbing an iron nail with a lodestone could
impart the same magnetic properties to the iron.
The earliest known European treatise on magnets, Epistola de
Magnate, by Petri us Percgrinus dc Maricourt (Peter the Pilgrim)
1

in 1269, is preserved in the National Library, Paris. This treatise
is remarkable in that it stresses the need for experimental investi
gation. It gives instructions for putting a lodestone in a wooden
box on which the degrees of the compass have been marked, and
for floating the box on water.
Another early record (1576) is an advertising pamphlet by
Norman, a Wapping (London) compass maker. At this time the
Spanish and Moslem seamen navigated almost exclusively by the
stars, but around the shores of England, where the sky was overcast
as often as it was clear, a compass was almost a necessity. The lack
ofa compass has been given as one of the reasons for the destruction
of the Armada in 1588.
Norman’s work was elaborated by Dr Gilbert, a physician to
Queen Elizabeth I, and he elevated the subject from trade to science.
Gilbert’s work De Magnete (1600) describes the magnetic figures
obtained by sprinkling iron filings over a magnet, which were
known to Lucretius in early times; the varying declination from
the true north which had been reported by Columbus; and the
inclination, or unbalance, of an iron nail after it had been magnet
ized, which was in Norman’s pamphlet. Gilbert also showed that
the earth acted as a great magnet and, by means of a large globe
with a bar magnet through its centre, he accounted for most of the
known facts about terrestrial magnetism.
In 1687, Newton’s laws of motion created an upheaval in the
scholastic world, where mathematics, like chess, was a pastime
for gentlemen. It was the attraction of a magnet for a piece of iron
which was used to prove that “every action has an equal and
opposite reaction”. A magnet was weighed with and without
a piece of iron below the scale pan, and the apparent change of
weight was shown to be the same as that when the iron was
weighed and the magnet placed below the pan.
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Frictional Electricity
Gilbert also studied electrics. He showed that a large number of
substances had the property of becoming charged with electricity
when they were rubbed, and he made the first list of electrics
and of the non-electrics which could not be electrified by rubbing.
He probably also made the first electroscope, using a straw sup
ported by a needle.
Electric experiments were never easy, especially in damp
weather, when most of the electrics lost their charges. In 1642 at
Magdeburg, Otto von Guericke made a machine consisting of a
globe of sulphur mounted on a spindle with a handle to rotate it.
This machine gave continuous sparks to a dry hand rubbing on
the globe. Similar machines were made by other workers using
different materials: a glass cylinder with a sheet of silk for rubbing
was most effective.
Other forms of electroscope were also made, the most common
having two pith balls (from an elder tree) hanging by silk threads.
When the balls were touched by a charged rod they moved apart.
Then Symcr and du Fay, independently, observed that if one ball
was touched by a charged glass rod, and the other by a charged
stick of sealing wax, the balls clung together; they both suggested
there were two kinds of electricity and these had an affinity for
each other. When, shortly afterwards, it was found that the silk
rubber was charged oppositely to the glass it rubbed, Symcr
suggested that the two types ofelectricity normally existed together
and rubbing separated them. Franklin offered a simpler explana
tion: one form of electricity, of which the glass obtained a surplus
and the silk a deficit.
The next step forward was by Gray, who charged the non
electrics. A brass *knob attracted dust when it was hung from a
charged rod by a linen thread, but not when it was hung by a silk
thread. Gray realized that this charge had been carried down the
linen thread and, in 1729, he sent electricity through 700 ft of
3

hemp. Du Fay repeated this experiment over a distance of 1256 ft,
using moistened thread and from this date substances have been
classified as conductors and insulators of electricity.
Attempts were also made to measure the speed at which this
electric charge was conducted, but when, in 1747, a charged rod
was applied to two miles of wire supported on dry sticks, the
pith balls operated almost instantaneously. This discovery can
take the credit for the idea of the electric telegraph: at least Lessade
1774, Lomond 1787 and Ronalds proposed sending charges along
wires to operate pith balls at a distance. The discovery also found
application to the electric machine, to which iron bars were fitted
to conduct the charges from the machine to the experiment in
progress.
When large conducting surfaces were charged from the electric
machine it was shown that the charge was not distributed uni
formly over the surface. The intensity at any part was proportional
to the square of the curvature of the surface. At a sharp point the
intensity could be so great that electricity left the conductor like
a wind and was sufficient to blow out a candle. In a darkened room
this discharge could be seen as a glow near the point. The reverse
effect was also demonstrated: a sharp point could draw a charge
from another body without touching it. Sharp points were then
used, instead of a brushing contact, to collect the charges from the
electric machines.
In 1745 at Leyden, Musschcnbroek attempted to collect some
electricity by dissolving it in water. His pupil, Cuncas, held a
bottle into which a wire dipped from the electric machine, but
when he put his finger into the water to feel if any electricity was
dissolved he received a shock which overwhelmed him for three
days. This accident aroused great interest. Louis XV of France
administered the discharge of a number ofjars “with great effect
to 700 monks holding hands, and Franklin killed a turkey with the
shock from ajar.
Franklin wondered where this charge was stored. The hand
4

holding the jar was not charged, nor was there any electricity
dissolved in the water, for pouring this into another glass did not
charge the second glass, but when fresh water was poured into the
original glass it produced sparks again. Franklin deduced from
this that the charge was condensed into the glass and he proceeded
to coat jars with metal foil, instead of using water, and found that
these condensed electricity in the same way.
The flash produced when a Leyden jar was discharged turned
Franklin’s attention to lightning discharges. He proposed to draw
a charge from the clouds by using a pointed rod fixed to the top of
a tower, and suggested such a rod could be used to protect buildings
from lightning. He was forestalled in this experiment by Dalibard
in Paris but he produced long sparks using a kite held by wet
string—a silk ribbon was used to insulate the observer. Romas
also obtained 9 ft sparks in this way and, in 1753, Richmann in
St Petersburg was struck by a sudden discharge and killed.
Franklin showed that lightning possessed all the properties
which had been observed with frictional electricity: the sparks
gave the same colour of light, had swift motion and crooked
direction, were conducted by metals, broke down imperfect
conductors, made a noise when exploding, destroyed animals,
melted metals, and fired materials; even the blue glow at a ship’s
mast (St Elmo’s fire) was similar to the glow-discharge from a
point.
In 1753 Canton showed that a conductor could be influenced
by a nearby charged rod, in a similar manner to a piece of iron
near a magnet. The end of a long conductor which was nearest to
the rod acquired an opposite charge, the other end acquired a like
charge, and there was no charge in the centre. Momentarily
touching the influenced conductor was also shown to cause it to
become permanently charged after the charged rod was
withdrawn.
Priestley gathered all these facts together in a book The History
and Present State ofElectricity, published in 1769. But a science can
5

only progress when some method of measuring the quantities
involved has been established. Following a suggestion made by
Priestley, Coulomb constructed a torsion balance which opposed
the repulsive force of two similar electric charges against the twist
of a silver wire (Fig. 1.1). A similar torsion balance was made for
magnetic experiments and with these Coulomb was able to show
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Fig. 1.1 Coulomb's torsion balance

that the forces of electrics and magnetism varied inversely as the
square of the distance.
The torsion balance also showed that conductors of different
sizes had different capacities for holding electricity. Sharing the
charges of two conductors gave them an equal intensity of charge
but unequal quantities of electricity. This effect gave a partial
explanation of the ability of the Leyden jar to store large quantities
of electricity at a low intensity.
One other development of this era was the gold-leaf electro
scope, invented by Bcnnet in 1778. This had a metal cap holding
a brass rod from which hung two gold leaves; these leaves parted
when a charged rod was brought near the cap (see Fig. 1.2). The
6
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sensitivity ofthis electroscope was increased by using the condenser
effect: a sheet ofglass and a second plate were placed on the cap and
a charge was given to the top plate. This charge, too small to
diverge the leaves, gave full divergence when the second plate and
glass were removed.
Contact Electricity
Muscular contractions, similar to those from a direct shock, had
been felt by observers who were nearby when a Leyden jar was
discharged. In 1786 Galvani in Bologna used the legs of freshly
killed frogs to examine this “return shock*’ and had a number of
these legs hung by copper hooks from an iron grille. He observed
that whenever the wind blew a leg in contact with the iron, even
though no discharge was taking place, the legs kicked. Galvani
considered this action to be due to electricity in the frog’s leg, but,
in 1800 in Paria, Volta showed that a small electric charge was
obtained whenever any two different metals were in contact. It
was this small charge, only to be shown by a condenser-electro
scope, which caused the frog’s muscles to contract. Freshly killed
frog’s legs were used as an extra-delicate test for electricity for
many years. Both effects had in fact been observed before: in 1752
Sulzer noticed that a piece of silver and a piece of lead had a
7

certain taste when touched together, and, in 1678, Swammerdam
noted the muscular contractions, but neither Galvani nor Volta
was aware of these observations. Volta went on to show that the
intensity of the charges produced by metals in contact depended
on the kinds ofmetals used, and not on their sizes. More important,
while the metals were in contact, the quantity of electricity
appeared to be infinite, for the metals could not be discharged.
He listed the intensities from different pairs of metals and also
showed that these intensities could be added together. Using a pile
of zinc and copper disks, with the pairs separated by paper soaked
in brine, he obtained a shock by touching the top and bottom of
the pile. He also put zinc and copper plates into ajar containing
brine and showed a continuous discharge which could keep a
wire red hot for a long time; wires could even be melted by the
Felt
Copper

Fig. 1.3 A Voltaic pile

discharge. By using forty of these jars in series he obtained a spark
from the end connections. This voltaic cell marked the end of
haphazard discoveries in electricity, for its continuous discharge
enabled the flow of electricity to be studied.
Electrochemistry
The start of the nineteenth century saw the beginning of the
Industrial Revolution, mainly due to increased chemical
knowledge which was affecting every technique. Black’s
demonstration of gases other than air was still remarkable at the
turn of the century.
While only momentary electric discharges had been available,
few attempts had been made to try the effects of these upon
chemical reactions, but the importance of the Voltaic cell was
appreciated by all chemical workers. They passed these electric
currents through every known substance, and many important
experiments were concluded before the report of the cell appeared
in print. In 1800, the year of Volta’s discovery, Carlisle and
Nicholson showed that a current of electricity caused water to be
decomposed into oxygen and hydrogen gases, and Davy showed
this decomposition could also be obtained with a frictional
machine. In this way the knowledge of both electricity and chem
istry increased rapidly. The necessity for an electric circuit was
demonstrated: chemical action was shown to take place in a
liquid cell immediately the circuit was completed and the bubbles
of gas continued at the plates until the circuit was broken. Davy
also showed that the voltaic cell gave a current only when chemical
action was taking place, in an atmosphere of hydrogen the current
ceased. No current would pass through pure water, and only if
some chemical was dissolved in the water would the current be
obtained. Davy also showed that the current, and chemical action,
took place only when the correct electrical relationship was
present: zinc, which normally combined readily with oxygen,
9

would not oxidize if it was negative compared with the oxygen,
and silver had to be positive to oxidize.
In 1801 Wollaston, using a copper-sulphate solution, deposited
copper on the negative plate while the current was passing, and
four years later Brugnatelli used this effect to gild silver medals,
thus starting the electroplating industry. Davy pursued this and
obtained deposits from many chemical substances, producing the
metals calcium, sodium, aluminium and magnesium for the first
time. Later, the anode slime from a nickel solution resulted in the
production of rhodium and other metals hitherto unknown. The
voltaic cell thus started a completely new field of chemistry.
Many theories were produced to account for this separation of
chemicals. In 1805 Grotthaus suggested that a salt, when dissolved
in water, acted as a large number ofsmall particles which normally
moved around in the liquid (Fig. 1.4). Inserting plates connected to
a battery caused the particles to arrange themselves in long rows
from one plate to the other, liberating metal at one plate and the
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Fig. 1.4 Grotthaus'
theory for the
separation of
chemicals

"radical” at the other. An interchange of parts ofthe molecule then
took place all along the line to form new molecules, and so the
process repeated itself.
When a current was passed through water the volume of
hydrogen was noticed to be always twice that of oxygen, and, in
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1805, Gay-Lussac and Humbold sparked mixtures of oxygen and
hydrogen to produce water. But the volume of gas which entered
into the combination was always in the same 2:1 ratio. Any of
either gas in excess of this ratio did not combine. This gave GayLussac’s law: when gases react they do so in volumes which bear
a simple ratio to each other and to the gaseous product. Then
John Dalton in 1808, after a large number of measurements of the
weights of chemicals combining together, suggested an atomic
theory in which all substances were composed of atoms of more
elementary particles which combine in fixed quantities to form
more complex substances. Chemists had tacitly used this theory
for some time previously but it had some apparent contradictions,
which were only resolved in 1858, when Avogadro stated the
hypothesis that equal volumes of gases, at the same temperature
and pressure, contain the same number of molecules.
Electromagnetism
A connection between magnetism and electricity had been
suspected from the days of Gilbert. They had similar attractions
and repulsions, the same inverse square law, and lightning had
been known to magnetize steel needles: but the most powerful
discharges from frictional machines had failed to produce similar
results. In 1802 Romagnosi in Trente observed that a current of
electricity could affect a compass needle, but this was still unknown
in 1819, when Oersted in Copenhagen showed that a magnet
tends to set itself at right-angles to a wire carrying a current.
Arago followed this by showing that a wire carrying a current
would attract iron filings and could magnetize iron.
In 1825 Sturgeon wound a large number of turns of wire around
some soft iron and made the first electromagnet. To ensure that
the current did not flow in the iron this was bound with a silk
cloth, and each turn of wire was separated from the next by waxed
string. The iron was magnetized only when the current was
11

flowing but it was more powerful than any previously known
magnet.
Ampere showed the iron to be unnecessary for the production
of magnetic effects; any coil carrying a current would act as an
iron magnet. Although a coil magnet was not so strong as one with
an iron core it had two well defined poles and a region in the centre
in which there was no magnetism. Further, such a coil magnet
attracted and repelled bar magnets and similar current-carrying
coils. Ampere gave a “swimmer rule” for the relative directions
of the current in the coil and the way the magnetic needle was
deflected, but Maxwell’s “corkscrew rule” is probably easier to
remember.
In 1820 Schweigen in Halle used this effect to make a tangent
galvanometer to measure current. He mounted a coil of wire
with the turns vertical and pointing in a north/south direction,
and suspended a small magnet at the centre of the coil. This
magnet turned cast or west when a current was passed through
the coil, and the position taken up by the magnet was shown to
depend on the relative pulls ofthe current’s and the earth’s magnetic
field. The current in the coil was shown to be proportional to the
tangent of the angle of deflection.

Thermoelectricity
Meanwhile, in 1822, Seebeck produced an electric current by
heating the junction of two different metals. The strength of the
current depended on the types of metals used, and the temperature
difference between the heated junction and the rest of the metals.
Antimony and bismuth twisted together were particularly good.
Further experiments showed the current to flow in the opposite
direction when the junction was cooled with ice. In 1834 Peltier
discovered the converse of this effect: a current passed through a
thermoelectric junction caused it to become hot or cold depending
12

on the direction of the current. These discoveries showed that
electricity was related to heat as well as to chemistry.
Michael Faraday
Although Michael Faraday was completely self-taught and
started his working life as an apprentice bookbinder, he became
the greatest experimental scientist of all time and, as the “father
of electricity”, he must be the “grandfather of wireless”. Apart
from a short period when he was assistant to Davy and the know
ledge he acquired from discussions with others, he had to rely
entirely on his own mental resources.
Faraday invented nothing in the field ofelectricity and magnetism
but his researches form the foundation on which most of the
electrical industry is built. His work was also of great value to the
chemical industry and without it the automobile and aircraft
industries would have been delayed. He made no attempt to
commercialize his findings, indeed he actually refused high salaries
to research and invent for commercial firms. In this, perhaps, he
was wise, for unless the economic conditions are correct commerce
does not require inventions. Special glass and steel, invented by
Faraday, were not produced, and were rediscovered years later
when they became commercial necessities. Financial considerations,
costs, revenue and profit, were quite outside his orbit; indeed, he
was not even interested in the uses of his findings, and the only use
he could offer for electricity was that the prime minister could, one
day, tax it. A prophet!
Faraday’s main weakness was mathematics, but this weakness
was probably his greatest asset, for, at that time, mathematicians
had so confused magnetism and electricity by elaborate hypotheses
dealing with unit point poles and charges, actions in straight lines
and from infinite distances, and square and cube laws, that most
workers could not see the wood for the trees.
Faraday’s lack ofmathematics caused him to think, from scratch,
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in terms of the magnetic figures obtained with iron filings, and
so, instead of action along straight lines, he considered the magnetic
force to take place along the curves in which the filings arrange
themselves. As an electric current flows around a circuit, so he
considered a magnetic force to pass out of the north pole of the
magnet, around the field, to re-enter at the south pole. Similarly,
he considered the magnetic force to move in concentric circles
around a wire carrying a current, and to prove this he mounted
a magnet vertically with a wire hanging from its top into a bowl
of mercury. He passed a current up the magnet and down the wire
into the mercury and, for as long as the current flowed, the wire
rotated around the magnet. A magnetic pole was also made to
rotate around a wire carrying current. This research was made in
1821, before Ampere’s work on electrodynamics was published,
and the apparatus can be considered to be the first electric motor.
Faraday went on to repeat all Ampere’s experiments and he
proved, to his own satisfaction, many points which Ampere had
only deduced by mathematics. But Faraday called himself a
philosopher and, having proved the fundamental fact that motion
could be obtained from electricity and magnetism, he left others
to find a use for this knowledge. The inventors were not long in
doing this, and within a few years many types of electric motor
had been constructed; most of them were merely scientific toys,
but others were developed to do useful work. Faraday turned his
attention to producing electricity from magnetism, a great research
which took ten years to succeed and, even then, it might be said
that it was persistence and accident, rather than design, that
produced success. The various experiments undertaken during
these years make one of the most interesting serial stories ofscience.
In 1825 he tried to show that a magnet near a conductor would
change the current. He used various arrangements, different mag
nets, different lengths of wire, coiled and straight, but always the
current was the same. In some cases the current was so strong that
the wire twisted in its endeavour to wrap itself around the magnet:
14

but the current did not change. He tried to produce a current in one
circuit from one in another, again using various arrangements, but
still the results were negative. In 1831 he made an iron ring on
which he wound two coils of wire; one coil was connected to a
battery and the other to a galvanometer, but he used a switch to
complete the battery circuit. Again no current flowed in the second
coil, but when the switch was operated to disconnect the battery
he noticed that the galvanometer needle moved and then settled
back to its original position. This effect, lasting only for a very
short time, was produced each time the current was stopped or
started, and it was a current which must have been caused by the
magnetism in the iron.
Faraday then proceeded to explain why his earlier experiments
had failed—which can often be more important than explaining
why an experiment was successful. He said the mistake in all the
former experiments was due to the misconception of the “steady”
current of electricity which produced a steady deflection of a
magnetic needle. A steady current was not stationary. It was a
movement of electricity around a circuit; and no stationary
magnet, or magnetic field, could produce moving electricity.
This explanation of “relative motion” has been traced through
Maxwell to Einstein and can be considered as the discovery of the
epoch, far outweighing the production of electricity from
magnetism.
Faraday then repeated most of his earlier experiments. He
plunged a magnet, and a coil carrying a current, into another coil;
he placed one coil inside another and started and stopped the
current; he even showed that a copper disk rotated between the
poles of a powerful magnet would have a continuous current
from the centre of the disk to its outer edge, and from these experi
ments he proceeded to define the laws ofelectromagnetic induction
in terms of the relative motion between the lines of magnetic force
and the conductors. This is usually given as: the electromotive
force is proportional to the rate of change of flux linkages. In doing
15

this, Faraday almost forecast relativity. To his imagination the
lines of force were as real as matter; in fact, he once stated that
matter could be merely a delusion, and the lines of force the only
reality.
Having found the new source of electricity, Faraday turned to
show that all forms of electricity arc the same. Voltaic, frictional,
magnetic, and thermal electricity gave sparks, heat, magnetic,
chemical, and physiological effects, and even the electricity given
out by the electric ray (torpedo) when it is annoyed, was shown to
be the same. His next step was to establish the relative quantities of
electricity coming from the various sources. He compared the
weights of metal deposited by a certain deflection of a magnetic
needle, held steady for eight beats of his watch, with that of a
frictional machine after thirty turns of the handle. He also showed
the weight of metal deposited to be proportional to the time for
which a constant current flowed, or the absolute quantity of elec
tricity which passed through the cell.
In 1834 he connected a number of electrochemical cells, each
with a different solution of salts, so that the same quantity of
electricity passed through each, and showed that the weight of
metal deposited in the cells was proportional to the chemical
equivalent weight of that metal. As he pointed out, each atom
appeared to be endowed with, or have associated with it, an
absolute quantity of electricity to which it owed its most striking
qualities.
Although Faraday used the atomic theory in this manner, the
influence of Davy caused him to dislike theories dealing with
particles because these left the spaces between the particles to be
accounted for. He preferred to think of forces acting through a
volume. His ideas of curved magnetic fields were also a deviation
from Newtonian gravitation, in which particles moved in straight
lines, but for all this dislike, he nearly discovered the electron
fifty years before its actual discovery. Faraday elaborated these
results into the laws of electrochemical decomposition. To help
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describe the actions he introduced a number of new terms: the
plates which carried the current into the cell he called “electrodes”
(the way of the current); the liquid was an “electrolyte”, and the
whole subject he called “electrolysis”. When trying to produce
electricity from magnetism, he had put plates into a river running
east/west across the earth’s magnetic field, and from this he
named one electrode the “anode” (sunrise) and the other the
“kathode” (sunset). The divided molecules he called “ions”
(wanderers).
The Dielectric
Faraday’s confidence in lines of force as the scat of magnetic
effects led him to seek similar lines of force as the cause of electric
effects. In 1835 he returned to the study of static electricity. He
considered the lines of force radiated from a charged body to pass
to an oppositely charged body, or charges wherever these might be,
and the action of influence to be due to lines of force in the di
electric between the conductors. Thus he assumed every case of
electric charge to be a particular case of the Leyden jar.
Faraday considered the electric lines of force would be curved,
as were lines of forco in a magnetic figure. He proved this by charg
ing a sphere by influence when it was screened by a metal plate
from the direct line to the charged body. Next, with the “ice pail
experiment”, he showed that the induced charge was equal to
the inducing charge. Then, in 1837, to show that the influence
depended on the dielectric, he made two spherical bulbs, each
containing an inner sphere which was insulated from the other
one leaving about half an inch between them. With only air in
the space between the inner and outer spheres, he showed they
shared a charge equally, but when he filled the space inside one
bulb with shellac, and again shared the charge, this bulb had twice
the charge of the other. This increase of capacity could only be
due to the shellac. Similar experiments with other liquids showed
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that each had a specific dielectric constant. Much of this work
was a duplication of work by Cavendish. But Cavendish’s work
was not published until 1879, and so it can only be taken to confirm
Faraday’s results.
By these experiments, Faraday showed that “the capacity of a
conductor” has no meaning: there can only be capacity between
one conductor and another. Also, in all eases, Faraday stressed
that the conductor was of less importance than the dielectric,
which was always in a state of strain when an electric charge was
present. From this, Faraday deduced that the electric lines of force
existed only between points having different states of charge, so
inside a hollow conductor, where all points arc at the same in
tensity of charge, there should be no lines of force. Once again,
a series of brilliant experiments confirmed the theory. A conical
bag was charged on the outside and then turned inside out; the
charge disappeared from the original side and reappeared on the
other side. Two half-spheres were placed over a charged sphere
without touching it, and the charge disappeared from the sphere
to reappear on the half-spheres. But the most striking experiment
was the construction of a hollow cube, 12 ft each side, built of
wood covered with tin foil. This cube was charged until large
sparks darted off its surface, but Faraday’s most delicate electro
scope failed to detect any influence inside the cube.
The Electric Telegraph
Apart from the magnetic compass, the first commercial use for
electricity and magnetism was the electric telegraph, which
became practical around 1835. Scientists had often regretted the
time taken to communicate a discovery from one person to another,
and many suggestions had been made to use electricity to convey
messages. In 1795 Cavallo suggested a Leyden jar connected to a
wire to operate an electroscope at the far end. Semering in 1808
suggested the use ofchemical decomposition to show the reception
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of a charge; the Prussian blue deposit obtained from passing a
current through potassium iodide and starch was suggested by
Bain; and Ampere’s current instrument was used by Weber at
Gottlingcn in 1833.
The first practical telegraph was by Cooke and Wheatstone,
whose apparatus was installed in the stations of a London railway
line. They used two batteries with a switch to send current in
either direction to deflect a galvanometer to the right or left, and
a code was arranged to spell out letters by different combinations
of this left-right deflection. The Cooke-Wheatstone method of
electric signalling quickly spread over the railway systems of
Britain, being helped in popularity by the interception of a
murderer who was escaping from London by train. Modifications
of this method were also adopted in many other countries and the
process ofjoining the world together by wire was started.
The real home for telegraph inventions was the USA, where
modifications to an invention could be patented. Henry made
an electromagnet which attracted an iron bar, producing a click
each time the key was pressed. This sounder also warned the
operator he was being called. Morse’s code, produced in 1834,
was applied to the telegraph, and in 1837 he patented a method of
receiving signals on a moving strip of paper, using a clockwork
motor to draw the paper under a stylus which was attached to the
armature of an electromagnet. Such automatic receivers were
almost essential in America, where telegraph operators were the
most shiftless, as well as being the most highly paid, workers.
When a message had to be sent to a distant station, it had to be
retransmitted from one station to the next all along the line. But
this led to errors in repetition, or even non-reception, if an inter
mediate operator had quit his job without telling anyone. An
automatic relay was made by attaching contacts to the armature
bar of the sounder, so that when the bar was pulled down by a
signal, these two contacts automatically keyed a further section of
the line. In this way the sounder of a station many sections down
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the line could be operated. Men like Edison spent much of their
lives inventing repeater telegraphs and printers.
Resistance
There had been no noticeable difference in the forces of attrac
tion and repulsion when an electric machine was used to operate
pith balls at a distance, but long telegraph lines often resulted in
only a small deflection of the receiving instrument, and insufficient
current to operate a sounder or relay. A greater deflection had
been obtained by increasing the number of cells in the battery,
but it was now realized that the wire itself offered a resistance to
the flow of a current.
In 1826 Dr Ohm, a German schoolteacher, had shown that the
current was reduced when long wires connected the battery to
an electrolytic cell. Ohm suggested that the battery had to force
the current to flow against a resistance offered by the conductor.
This observation, one of the foundation stones of the new in
dustries, had remained unnoticed for years. Indeed, German
scientists rejected the theory, because it stemmed from experi
mental measurements and not from Hegelian philosophy, and
Ohm lost his teaching job. He was only recognized in 1841, when,
at the age of 53, British scientists presented him with a medal.
The long telegraph lines brought Ohm’s suggestion, and resisance, into the everyday life of the telegraph engineer. The battery
voltage could be increased to give more current, but too high a
voltage gave shocks to anyone who touched the lines. Thicker
conductors were used, or two wires running parallel to each other
were joined together to lower the resistance, but both of these
were a serious consideration in the days when machinery for draw
ing wires was still in its infancy, and covered wire was unknown.
The cost of the two wires, or a thicker conductor, could be greater
than the cost of an extra relay station, for not only was there the
cost of the wire but this had to be supported on poles, which had
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to be stressed to withstand gales, and also to hold the wire when it
was thickly coated with ice.
In 1837 Steinheil tried to reduce the cost by passing the current
through a pair of railway lines. This experiment failed due to the
leakage through the earth, but it suggested that one line could be .
saved by using the earth as a conductor to return the current.
This use of the earth was not new, it had been demonstrated by
Watson in 1748, before the telegraph, but its use a as return for the
telegraph can be regarded as an important invention, for it lowered
the capital cost as well as halving the maintenance costs of the line.
Electroplating
Faraday’s laws of electrolysis enabled Elkington to found his
electroplating industry in 1840. Once a galvanometer had been
calibrated to show the weight of metal deposited in one minute,
the time required to deposit any other weight of metal could
easily be calculated. Electroplating, in turn, produced further
processes: reversed relief and stereotype plates resulted from de la
Rue’s discovery of the copper deposit on a plate being an exact
impression of the plate, including the scratches.
The commercial development of electroplating required a
standard unit of current so that the same figures could be used in
all the plating vats. In his experiments Faraday had not attempted
to measure, or even compare, the strengths of currents. He had
relied on a steady current, or the same deflection, maintained for
different lengths of time.
Up to this time the only measure of the quantity of electricity
was the torsion balance, but this could not be used for a current
which flowed for half-an-hour or more. The tangent galvanometer
was used to measure current, but the deflection of any instrument
depended on its shape and size, and on the number of turns on the
coil. When each experimenter made his own galvanometer there
were no two alike, and two units on one meter could be three, or
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thirty, on another. Even a comparison between two instruments
was not easy, for these instruments were not made to be carried
about.
To overcome this difficulty, Joule suggested that a standard
unit, for the quantity of electricity, could be that which deposited
0-0011183 g of silver, and from this a unit of current could be
obtained by making it that which conveyed unit quantity in unit
time, i.e. one second.
Electric Motors and Work
Many workers tried to make an electric motor which would
rotate at a reasonable speed and could be used to drive other
machines. As early as 1833, Ritchie made an electric motor by
pivoting an electromagnet between the poles of a large U shaped
permanent magnet and allowing the ends of the coil to dip into
a dish ofmercury, which was divided across its diameter to reverse
the current at each half-revolution, thereby maintaining the
rotation (Fig. 1.5). In 1836 Sturgeon used a divided ring on the
Pivoted electromagnet
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spindle to provide the current reverser, the ends of the coil being
taken to the two halves of the ring and connections to the battery
being made by two pieces of springy brass which brushed lightly
onto the sides of this “commutator”.
Joule considered that the electric motor could be improved
sufficiently to compete with the steam engine which was in general
use in industrial Britain. He made motors with a large number of
poles sticking out like spokes of a wheel, and with stationary poles
sticking inwards nearly to touch the rotating ones. The stationary
poles were permanent magnets and the rotating ones carried coils
of wire each ofwhich was connected to two segments ofa multiple
commutator. He measured the work obtained from these motors
both by their speed when running light, and also by the drag of a
friction belt. By these means he compared various magnet systems
for position and size, and he found that coils wound on a bundle of
iron wires were better than those on solid iron.
The work done against the belt was shown to be proportional
to the quantity of zinc consumed in the battery which drove the
motor. This amount of zinc, however, was proportional to the
number of cells in the battery and the quantity of electricity con
sumed; so the work was proportional to the voltage, the current
and the time. His figures were not encouraging, and in 1841 he
concluded that one pound of coal consumed in a steam engine
gave five times the mechanical work of one pound of zinc in the
battery. This, with the higher cost of zinc, and the cost of the acid,
made the electric motor too expensive for any but special purposes.
Electricity and Heat
Before 1800, heat had always been considered to be a fluid
which entered a body to cause it to expand, but Davy’s essay on
Heat, Light, and Combinations ofLight, which included the classical
experiment of melting ice by friction, showed that heat was
probably a form ofmotion, causing particles to vibrate. The heating
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effect of an electric current was known to increase with the
current, but no actual connection was established until Joule
published his Mechanical Equivalent ofHeat.
Joule measured the current flowing in an uninsulated wire
immersed in water, and, although the rise of temperature was
only 0* 1 °C, he showed that the heat developed in a given time was
dependent on the resistance of the conductor and the square of
the current flowing. From this he showed the heat developed to
be equivalent to the power developed in an electric motor, or
that heat was a form of energy. This led to the famous paddlcwhccl
experiment with which one calorie of heat (the heat required to
raise one gram of water 1°C) was shown to equal 427 kilogrammetres of work.
Joule proceeded to state that no energy need be lost when it is
changed from one form to another. When air expands without
doing work its temperature is unchanged, but when giving work
to a piston rod, the steam cools and condenses to water. Similarly,
when air is compressed, as in a pump, the work of compression
causes the air to become hot. Then, from the idea of work done in
moving a weight, Joule concluded that the heating effect of an
electric current was caused by the movement ofelectricity through
the atoms of the conductor, or that the resistance to conduction
depended on the number of atoms encountered in the circuit.
He also showed a similar resistance to be concerned with the
generation of heat in a voltaic cell. But the measurements of heat
during electrolysis showed a discrepancy: a certain amount of
energy was required to move the atoms, and then some additional
energy was needed to make those atoms gaseous. This idea of
extra power was not new; it had been known, as latent heat, for
some time, but Joule now suggested that all changes of chemical
state depended on a change of the electrical state of the atoms, and
the heat in any chemical action depended on the resistance of the
atoms to movement and on the voltage between the atoms, the
latter depending on their chemical affinity. Helmholtz took this
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up, showing that the chemical energy used in a cell was not exactly
equal to the electrical energy developed, some of the heat being
absorbed in the surrounding bodies; and from this he completed
a memoir on the Conservation ofEnergy in 1847. This, again, was
taken up by W. Thompson (later Lord Kelvin), who in 1851
showed that the resistance-heating effect in a thermojunction was
negligible. Thompson built up a theory of thermoelectricity in
which the electrical energy was developed from the reversible
effect in the junction.
Inductance
Meanwhile, larger and larger electromagnets were being made.
In 1831, Henry in the United States made a magnet which lifted
3000 lb of iron scrap. With these large electromagnets, some time
was noticed to elapse before the magnet was at its full strength;
this was ascribed to the iron taking time to absorb the magnetism.
But the current was also shown to take time to reach its full value
—Faraday’s large electromagnet took two minutes to reach its full
current. A further effect, noted by Jenkins in 1834, was the shock
felt by a person untwisting the wires connecting an electromagnet
to the battery: no such shock was felt when disconnecting a plating
bath.
The reason for these effects was given by Lenz in terms of the
relative directions of the current and the magnetic field. When a
magnet is lowered into a coil, he showed that the induced current
tends to stop the motion which is producing it; the slow rise of
current was due to the changing magnetic field inducing a current,
into all the other turns of the coil, in a direction to oppose the
change (rise) of current; the shock was due to the changing
magnetic field trying to keep the current flowing when the circuit
was broken.
Joule’s figures had shown a similar effect: the resistance of the
motor apparently increased with the speed of the armature. This
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effect was now explained in term's of a back cmf (electromotive
force), proportional to the strength of the magnet poles and die
speed of the armature, which indirectly confirmed Faraday’s
change of flux-linkages. This opposition to changes of current, as
distinct from the resistance to a steady current, was called selfinduction, and the inductance, or self-inductance, of a coil, which
produced the potential to oppose the battery which was trying to
drive the current through the coil, depended on the size and shape
of the coil, i.e. on the portion of the flux which linked the various
turns of the coil.
When two coils were positioned so that the magnetic field of
the one linked the turns of the other, a current in the first, primary,
coil induced an opposing current into the second coil. These two
coils then not only had their own individual inductances, but the
induced current in the secondary coil induced a current back into
the turns of the first coil, so there was mutual induction between
them, and the two coils had a mutual inductance which depended
on their shapes and the relative positions of the two coils.
Energy
Next Kelvin showed how energy was required to force the
current to rise against the self-inductance L. This energy was
stored in the magnetic field, but it returned to the circuit, by trying
to cause the current I to continue, when the electromagnet was
disconnected. He calculated the energy to be equal to \LI2.
Helmholtz had shown that when a condenser is charged the
kinetic energy of the electricity in motion (current), flowing to
charge the condenser, is transformed into potential energy in the
charged condenser, and this energy is equal to \CV2, where C is
the capacity of the condenser and V is the voltage across it.
Now both Helmholtz and Kelvin, independently, showed the
energy from the electric or magnetic field could return to be
dissipated, as heat, in the resistance of the circuit, and the discharge
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current from a condenser, or the current through an inductance,
changed exponentially with time. Each then considered the
discharge of a condenser through an inductance. Here the induc
tance prevented a large initial discharge current, so that the
current rose less rapidly, to reach a maximum value, from which
it fell again as the condenser was discharged. But the kinetic
energy from the condenser, which was turned into current,
became stored in the magnetic field, and when the condenser was
discharged this stored energy returned to the circuit to cause the
current to continue to flow in the same direction. Thus the con
denser became recharged, but in the opposite direction. Then, the
condenser, being recharged, discharged again to repeat this se
quence of events in the opposite direction, so that the condenser
became recharged again in the original direction. So the energy
from the condenser oscillated between the magnetic field and the
condenser (Latin oscillum, swing) the time for the complete cycle
of events being calculated as:
Time (s) = 27r\/(LC)
An oscillatory discharge for a condenser had been suggested
by Wollaston as early as 1801, after he had discharged a Leyden
jar through water and obtained a mixture ofoxygen and hydrogen
at both electrodes. Savary 1827 and Henry 1842 had also sug
gested this oscillation, but it was left to Fessenden to provide the
proof. Using rapidly rotating mirrors he was able to observe a
series of sparks from the jar, and the time between the sparks
agreed closely with that calculated.
Absolute Electrical Units
Electrical instruments had been made by many workers and a
number of practical units were introduced: the danicl for potential
and the weber for current. In 1869 the British Association estab
lished a system of absolute units based on the CGS system (L
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centimetres, M grams, T seconds) which had been devised in
France after the revolution.
The British Association used the work of Coulomb (/ =
mm/L2) to establish magnetic units. A unit magnetic pole is one
which, when separated by unit distance from an identical pole
repels it with unit force. A magnetic field has unit intensity when
it exerts unit force on a unit pole. Magnetic potential is the work
done in moving a unit pole.
This was coupled with the work of Ampere to establish electro
magnetic units based on a unit of current which, when flowing
in a wire of unit length, bent into an arc of unit radius, established
a unit magnetic field at the centre.
But another set of absolute units was obtained from Coulomb’s
work on electrostatics (/= qq/L2). The unit of electrical quantity,
when separated by unit distance from an identical quantity repels
it with unit force. These two sets of units were seen to be different,
the difference between them being due to the fundamental con
ception of moving and static electricity: their ratio was always
in terms of a velocity (sec Table I).
Kelvin had previously calculated the velocity of two
electrified particles along a conductor, by balancing the electro
magnetic attraction between the particles against their electrostatic
repulsion, and this velocity, which was equal to the ratio of the
Table i
Absolute Units of Electricity

Unit

Symbol

Quantity
Current
Potential
Resistance
Capacity

Q
I
V
R
C
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Ampere
(electromagnetic)

Coulomb
(electrostatic)

L*.M*
L*. M1. T"1
L3'2.M*.T'2
L. T~l

L3/2 . M*. T-1
L3/2 . M* . T"2
Li.Ml.T"1
L-1. T
L

L-i

t-2

Ratio
L. T~l . . V
L. T-1 . V
L-1. T .. i/v
L-2 . T2 .. i/v2
L2 . T-2 .. i>2

electromagnetic and electrostatic units, was approximately
3 X 1010 cm/s.
A number of other workers had also measured this ratio. In
1856 Weber and Kohlrusch obtained a ratio of 3-1074 X 1010 by
measuring the units of quantity, and both Weber and Kelvin had
compared the units of potential and obtained velocities of 2-825
and 2-93 respectively. Clerk Maxwell balanced the force of
electrostatic attraction against one of electromagnetic repulsion
and obtained a velocity of 2-88 X 1010 cm/s and, later, Ayrton
and Perry measured the capacity of a condenser and obtained a
value of 2-98 X 1010.
The significance of all these calculations was in the value of
this velocity, which was about the same as the velocity of light,
3 X 1010 cm/s. Thus it appeared that some connection existed
between light and electricity and magnetism.
Light
The reflection of light from a polished surface has been known
since early times. The Greeks knew that the angle of the incident
ray and the angle of the reflected ray were equal, and they knew
of the refraction of light when entering or leaving water and glass.
But no relationship between the angles of refraction and incidence
was found until Snell showed in 1621 that this existed in terms
of the sines of the angles.
Newton had shown that white light could be split into a colour
spectrum, thus accounting for the colour fringes in lenses, and
Descartes had shown that a rainbow was formed only when the
sun’s rays made an angle of41° to the eye. In 1676 Romcr, working
on observations of the moons ofJupiter, had shown the eclipses
to be too soon at some times of the year and too late at others,
and from this had calculated that the speed of light travelling
across the earth’s orbit was 192 000 mile/s (300 X 106m/s).
Bradley, in 1726, had shown the aberration of light, and Dolland,
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in 1757, had produced a telescope without colour fringes. Such
was the physics of light at the time with the exception of one
debatable point: how docs light travel?
From the time of Newton a great argument had divided
scientists into two groups: those who supported Newton’s theory
of light consisting of small particles sent out at a great rate through
an all pervading medium called the “aether”, and the others who
favoured the theory of Huygens of 1678 in which light travelled
as a wave motion. The main argument against the wave theory
was Huygen’s own discovery ofpolarization, the double refraction
in a crystal of Iceland spar, which was argued to be due to “two
sides” of the corpuscles.
In 1801 Young discovered the interference of light rays and
restarted the argument, and further evidence for the wave theory
was given in 1814 by Fresnel who obtained reflection at angles
only a little less than 180° when, according to the corpuscular
theory, the particles should have been attracted to the greater
mass. But Biot upset this evidence, using the corpuscular theory,
and Malus, in 1808 made the argument fiercer by discovering
polarization by refraction, the division of the rays at certain fixed
angles in different materials.
Meanwhile, Nicol had made a prism of Iceland spar which
internally reflected and absorbed the normal ray of light but al
lowed the special, polarized ray to pass through. Light passed
through two such prisms except when they were set at a critical
angle to each other when the light was stopped. Young suggested
that light could be a vibration across the direction of the ray, and
the Nicol prism passed the light in one plane only; such a planepolarized ray would pass through the second prism if it was set to
the same angle, and to a decreasing amount at other angles, being
stopped entirely when the two planes were at right-angles.
Faraday enlarged his conception of electric and magnetic
phenomena to consider a ray of light to be a tube of force having a
circular end. Polarization then squashed the tube into an ellipse, the
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size of the minor axis depending on the cut of the crystal. A crystal
cut to the critical angle squashed the tube into a straight line, and
when this line was passed through a second prism it was squashed
still further along another direction, so that two crystals at rightangles reduced the line to a point. With this conception Faraday
reasoned that such tubes might be affected by electric and magnetic
tubes of force, which might thus change the angle of polarization
of the light beam. As early as 1833 he passed a beam of polarized
light through a voltaic cell, and then through various dielectrics
while these were subjected to intense electric charges, but all
without success. In 1845 he used some heavy glass, made from
lead borate, and found that the beam was rotated when a magnetic
field was swiched on: after the switch was made the second Nicol
prism, which had been set to cut off the light, had to be rotated
through an angle to cut the light off again. He then showed this
angle of rotation to depend on the strength of the magnetic field,
and the direction of the rotation was the same as that of the helical
current in the electromagnetic. So magnetism was definitely
related to light.
Polarized light had previously been shown to be rotated when
passing through a quartz or sugar solution. The direction of this
rotation depended on the direction of the light, and when the light
was reflected back through the solution, the rotation was reversed,
giving zero rotation for the double journey. Magnetic rotation, on
the contrary, was always in the same direction, the angle being
doubled for the double journey.
This work intensified the wavc-y-particle argument. Kelvin, in
publishing a mathematical analysis of Faraday’s work on electro
statics, and working from the action of contiguous particles,
also concluded that static electricity should affect the beam of
light, but this was not demonstrated until 1877, by Kerr.
Newton, in his theory, had given a formula stating that the
refractive index should be proportional to the rate of motion of
light in different substances, or the velocity oflight should be greater
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in glass than in air. Now Wheatstone suggested the use of rotating
mirrors to measure these two speeds: if the velocity was greater in
water, Newton was right: if in air, then Huygens ct ail. were right.
These measurements were made by Foucault in 1850 and the light
travelled more slowly in liquids, or as a wave motion.
This left only the aether, in which waves were set up. But Fara
day’s insistence upon “looking into the dielectric” did not attract
much attention: probably the majority of scientists were too busy
developing the enormous possibilities which had been opened up.
A red hot wire, a chemical deposit, or magnetic attraction can be
seen, but it requires imagination to see lines of force and few men
have this. Little attention was given to the dielectric until Clerk
Maxwell put Faraday’s work into a mathematical form better
adapted to the minds of a university. This was contained in a scries
of papers which culminated in his Electro-magnetic Theory ofLight,
which in turn led Hertz to demonstrate radio waves.
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CHAPTER 2

Electrical Engineering
Although the development of electrical engineering is really
outside the field of radio it did, in many ways, set its mark on the
way wireless-telegraphy developed, and the evolution of radio can
better be understood if the influence of contemporary thinking in
the electrical industry is realized.
The way electricity itself developed started an era in social
progress. Previously, a mechanical device had been produced and
then its underlying principles had been worked out: with elec
tricity the work of Faraday and others had established the scientific
principles and these were now applied to provide an invention.
Nevertheless, a large amount of development and research work
was required to improve the technical designs, and this brought a
deeper understanding of the nature of electric and magnetic fields.
Submarine Cables
Although many countries were strung about with telegraph
lines, communication between Britain and the Continent was not
possible in 1850. Even two towns on opposite sides of a wide river
could only be connected by long lines taken to a point where the
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river could be spanned by a wire strung from high poles. This
problem of taking a wire across a river was tackled, at more or
less the same time, in many parts of the world. Salva had suggested
the use of waterproofed wires as early as 1789, but at this date no
means of waterproofing the wire was available. In 1838,
O’Shaughncssy enclosed a wire in a split cane filled with pitch, the
whole being wrapped around with tarred yarn. In 1842, Morse
used a waterproofed cable across New York Harbour and, in
1846, West operated a submarine cable at Portsmouth.
The first long submarine cable was between Dover and Calais.
This cable, financed by Brett in 1850, was made of copper wire
covered with gutta-percha and was laid at the bottom of the sea.
Although it failed after the first day, it demonstrated that the
method was practical; another cable containing four wires was
laid and operated successfully for a number of years. In 1853, a
similar cable, containing six wires, was laid between Dover and
Ostcnd, 110 miles, and also gave good service.
The success of these cables led to the suggestion of a cable
between Britain and America. The first cable in 1856 broke in the
laying, but a second attempt in 1858 was successful. Upon test,
this cable was found to be continuous and well insulated from the
water, but signalling was almost impossible due to the “retarda
tion of signals”. This phenomenon had been noticed with the
Anglo-Dutch cable where about one-tenth of a second was
required for the signal current to grow to its full strength and five
dots per second was the fastest rate of signalling. This retardation
was found to be due to capacity, which, Helmholtz had shown,
took time to charge and discharge. No trouble had been experien
ced with long telegraph lines for these were supported well above
ground, but the submarine cable had only the thickness of the
gutta-percha between the wire and the sea, and the specific induc
tive capacity of gutta-percha was greater than that of air, so that
the capacity was much greater. Helmholtz showed that the time
taken to charge a cable to 63 per cent of the full potential depended
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on the capacity and resistance and both of these increased with the
length of die cable, so that the time increased as the square of the
distance.
Before the Atlantic cable was laid, Kelvin had stated that its
insulation was too thin and its resistance too high.. He calculated
that the retardation would be 400 times that of the Anglo-Dutch
cable, so that each dot would take 40 seconds, and even at this
slow keying speed the signals would lack definition. He persuaded
his students to measure the resistance ofcommercial copper, which
was found to vary by 40 per cent, and also the specific resistance
of other metals. Kelvin was a director of the first cable company,
but was not allowed to interfere technically. His predictions were,
however, fulfilled when the first message took hours to transmit,
in fact the whole enterprise would have failed but for the use of
his mirror galvanometer.
Realizing that the only way to operate this cable was to have an
instrument which would respond to very small currents, Kelvin
designed a galvanometer with a very light moving coil rotating
in a powerful magnet; the sensitivity was further multiplied by a
small mirror mounted on the coil to reflect a beam of light. This
mirror galvanometer reduced the time taken to pass a message
from hours to minutes. The second Atlantic cable broke down after
only one month’s use, but it proved the commercial possibilities,
and a new cable was ordered, with Kelvin in charge of its construc
tion. The third cable was made to a specification, and each length
was carefully tested for resistance and capacity before it was
accepted for laying. This cable also broke in the laying, but a
fourth venture succeeded in 1886. The third cable was also raised
and a new length spliced into it to give two good cables across the
Atlantic in 1887.
Kelvin can be considered to be the originator of the laboratory
specification, and of the testing of materials. This naturally caused
him to interest himself in the setting up of standards for measure
ments and he designed many accurate instruments. He also taught
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mathematics from a practical viewpoint, considering this to be
one of the engineer’s tools; he even insisted that each stage of the
working should have some physical interpretation. Heaviside
later showed that the slow rise of voltage in a capacity was the
reverse ofthe sharp rise in an inductance, and suggested a combina
tion ofcapacity and inductance to remove the delay. His suggestion
was to wrap the copper wire with iron, or to insert coils of wire in
series with the cable, but this was neglected until Pupin showed the
coils needed to be spaced apart for best results.
Multiplex Telegraphy
While electric telegraphs developed rapidly in both Great
Britain and the USA. the development in other countries was
restricted by government monopolies. However, in 1869, the
British Government bought up the telegraph systems, for £ 10
million, and an Act of Parliament established a state monopoly of
telegraphs in Britain. The profits, which were promised to the
taxpayers, ceased after about two years, and there were none for
the next forty years. Despite this, improvements continued in all
countries.
Time had been wasted in all telegraph systems while the receiving
operator had to wait until the end of a message before he could ask
for the repetition of a letter he had missed. To overcome this
Gintl in 1853 and Stearns in 1870 invented the “duplex” method
of working. This used a differential galvanometer to allow signals
to be sent in both directions at the same time. The galvanometer
had two coils and when the key was pressed the current flowed
two ways: one via the first coil and the line, and the other by the
second coil and a coil of wire which had a resistance made equal
to that ofthe line (Fig. 2.1). The currents in these two coils balanced
one another giving no deflection of the galvanometer. At the
receiving end the current passed through both windings in the same
direction so that both coils assisted to deflect the needle.
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Fig. 2A The single current duplex telegraph

To overcome the need for a special galvanometer, Wheatstone
invented a circuit of four resistances, one of which was the tele
graph line. This also provided two paths for the current, and the
instrument was bridged across the resistance junctions so that no
current flowed in the galvanometer when the key was pressed.
A signal from the distant station unbalanced the bridge and the
meter operated. When Wheatstone’s bridge was used with a
submarine cable, the capacity of the cable had to be balanced also,
and Mansbridgc made condensers from sheets of tinfoil interleaved
with waxed paper to give a large capacity in a small space.
Another method of two-way working over a single line was
invented quite separately, by Stark and Brescha. This “diplex”
system had a current passing continuously along the line, and this
was increased by one key and decreased by the other. At the
receiver polarized relays were used, one operating only when the
current increased and the other operating only when the current
decreased (see Fig. 2.2).
In 1875 both Heaviside and Edison combined the duplex and
diplex methods to give a “quadruplex” system. In this two mes
sages could be sent, and both could be interrupted. Many other
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inventors increased the speed ofworking, and Baudot, Murray, and
Delany invented machines to handle eight messages in each direc
tion on a single line.
hi 1855 Hughes had produced a printing telegraph, a machine
like a miniature piano with black and white keys for each letter
and punctuation mark. Each key sent a different signal to a similar
machine at the far end of the line, and this printed out letters in
roman type. This machine could be operated at forty words per
minute, and was extensively used in both Europe and America.
Wheatstone invented a transmitting machine which punched
holes in a paper tape, drawn by clockwork under rollers. A con
tact was made through the holes to give an automatic transmission
which could be received on a Morse inker at eighty words per
minute. Creed invented a receiving machine which operated to
punch holes in a similar tape, and another machine which printed
out the correct letters from this sequence of punched holes.
The Telephone
Electric communications began another phase in 1876, when
Bell patented his magneto-telephone and made the “speaking
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telegraph” a practical proposition. This telephone had a great
advantage over the telegraph in that it saved time by allowing a
direct reply to a question. Even though the early installations had
frequent breakdowns, and then were condemned in no uncertain
manner, the advantage of a direct reply was more than sufficient to
maintain the demand for the telephone.
Reis had invented a speech transmitter some fifteen years
earlier. He used a sausage skin fitted with a platinum contact which
touched onto a platinum wire. When someone spoke, the contact
vibrated to interrupt the current which was flowing through a coil
of wire wound over a bunch of iron wires. The iron wires vibrated
at the pitch of the voice, but the level (volume) of sound could not
be changed.
Bell’s telephone consisted of a thin sheet of iron placed in front
of a permanent magnet carrying a coil. Speaking caused the iron
sheet to vibrate and the flux through the coil changed to give a
varying current in a similar instrument at the receiving end; here
the changing current vibrated the sheet of iron to set up air waves.
The louder the speech, the greater the movement and change
of flux in the sheet at the sending end. This gave a larger current
and a greater movement of the sheet at the receiving end. There
was only a whisper of sound from the receiving sheet, but, despite
this, the Bell Telephone Association was started in 1877,
Edison, following many other workers, had produced a trans
mitter unit using a diaphragm of mica pressing onto a surface
covered with carbon (lampblack). Speech caused the resistance of
the carbon to change and give a varying current. This transmitter
was more sensitive than Bell’s, but Edison had no receiver; so
Edison and Bell agreed to work together and the Edison-Bell
Company was born.
At first, a single exchange was installed in each town with the
instruments hired to the subscribers at .£20 each, regardless of the
amount of use. A mileage charge was also made for long distance
calls. The subscriber’s apparatus consisted of a transmitter, a
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receiver, a bell, and a small magneto-generator. This generator
was turned by hand to operate an electromagnet at the exchange,
and attract the attention of the operator. He used a similar magneto
to ring a bell at the desired station, and then connected the two
instruments together. When the conversion was concluded,
the caller was expected to rotate his magneto again, to “ring-off”,
so that the operator could disconnect the lines.
Such an installation was brought to England and offered to the
Post Office Telegraph Department; Bell also presented a pair of
instruments made of ivory to Queen Victoria. But the Post
Office officials were not interested in this “toy”, and private
companies were formed to exploit the invention, the first exchange
being started with eight subscribers. But, no sooner had these
telephone companies started business than a suit was brought
against them for infringement of the Post Office monopoly for
telegraphs. A committee was appointed to examine the Telegraph
Act but, although against all monopolies, it found the definition
ofa telegraph to be so wide that any electrical method of signalling
was included. However, after agreeing not to appeal against this
decision, and to pay 10 per cent of the gross receipts to offset the
Post Office for any loss to the telegraph circuits, the telephone
companies were licenced to continue business for thirty-one years
from 1880.
Even then, every official opposition was placed in the path of the
telephone companies: licences were granted only for small areas;
permission to run wires was refused; and wayleaves had to be ob
tained from the subscribers. Nevertheless, the telephone companies
continued to expand, especially after 1888, when Hughes invented
the microphone.
Hughes noticed that a large change of current occurred when
ever a loose contact was vibrated. He used two nails fixed by
sealing wax to a wooden board, with a third nail lying across them;
a cell and an earpiece completed the circuit, and any small vibration
such as the ticking of a watch was heard, greatly magnified, in the
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earpiece (Fig. 2.3). Hughes also used a pencil of carbon between
two carbon blocks, but this contact had to be accurately set. Later
a large number of carbon granules were used; some of these were
always accidentally adjusted to the critical setting.
The small areas over which the telephone companies were
permitted to operate soon provided a problem: subscribers on one

Fig. 2.3 Hughes' microphone

area wished to speak to people in another area. This problem was
solved when a number of companies amalgamated to form The
National Telephone Co. and by 1892 trunk telephone lines were
established between a number of towns. Other improvements
enabled the charges to be reduced to £10 for a flat rate. But the
Post Office claimed that these trunk lines reduced their telegraphic
traffic, and in 1896 it forced the National Telephone Co. to agree
to limit its operations to the defined areas, and to transfer all
trunk lines to the Post Office.
In 1895 Glasgow Corporation demanded a municipal telephone
system, and so caused another Government enquiry. This com
mittee not only refused the demand but it also condemned the
tactics of the corporation in preventing the National Telephone
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Co., from improving its service in the town. However, this deci
sion was reversed in 1898. Yet another enquiry reported in favour
of competition in the telephone business, and a new Telegraph
Act ordered the Postmaster General to grant licences to any
municipality wishing to establish a telephone system; at the same
time it granted £2 million to the Post Office to establish a compe
ting system in London. Only six municipalities took advantage of
this offer, and they lost money and were only too glad to sell out
to the National Telephone Co. Even in London, the Post Office
found the National Telephone Co. too well established to permit
competition, and this, added to the disadvantage of being unable
to exchange calls between the two systems, led to an agreement to
share the business, both systems charging the same rates and giving
interconnections. The idea of using competing systems was finally
abandoned in 1904.
The result of all this “politics” was that Britain lagged well
behind the USA in telephones. In the USA a reliable service and
reduced tariffs had brought the telephone to the great mass of the
public. The Bell System increased its subscribers from 400 000 in
1900 to 5 million in 1910 and, with other systems, there were over
7 million telephones in America (87 per 1000 population). In
Britain there were only 600000 subscribers (15 per 1000) while the
rest of Europe had only about 2 million telephones (6*4 per 1000).
In 1911, the National Telephone Co’s licence expired and
their plant was taken over by the Post Office. Uncertainty about
the renewal of this licence had caused little capital to be expended
for a number of years and most of the plant needed replacement.
The Post Office, in re-equipping the exchanges, used branching
switchboards and the central battery system, improvements which
had been introduced in America in 1898. This system abolished
the magneto, and the exchange was called merely by lifting the
receiver; replacing the receiver also disconnected the line, so
that “number-engaged” was less frequent.
By this time many forms of automatic exchange were in use in
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America, removing the need for trained operators. Although such
systems had been tried in Southampton in 1901 and Grimsby in
1916 they were not installed in Britain until 1925.
The Arc Lamp
In 1804 Davy had persuaded the Royal Society to construct a
large voltaic battery with which he obtained sparks across a small
air gap. But when he used two carbon rods for the electrodes a
white flame appeared between the rods which continued until
they were drawn back to a distance of about four inches. The
flame was brighter than ioo candles and was so hot that it melted
metals which had never been melted before. This discovery led to
the development of both the carbon-arc lamp for lighting public
halls, and the carbon-arc furnace for melting metals.
While these lamps were in operation carbon was continuously
volatilized from the rods and frequent adjustment was necessary
to prevent the arc going out. Foucault used hard gas-carbon rods
which gave an equally good light and were consumed more slowly.
As the rods were too hot to handle, a wheel and pinion arrangement
was used to move them. In operation, the carbons were moved
towards each other until the arc was struck and then they were
moved back to establish a long flame. Automatic regulators were
also invented to move the rods forward as they were consumed;
the clockwork which drove these had to be geared, for the negative
rod was melted faster than the positive one and the two move
ments had to be regulated to each other.
In Russia, Jablochkov provided an ingenious solution to this
problem. He mounted two carbons in a holder so that they were
parallel to each other, and then supplied them with current from
a generator without a commutator, so that each carbon was
alternately positive and negative and the consumption of both
carbons was the same. In 1876 the Thames Embankment was
lighted with Jablochkov candles.
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These arc lamps required electricity in greater quantity than
was possible from the voltaic cell and many workers turned to
developing electricity generators. Most of these were very badly
constructed, with little regard for mechanical engineering, and
most of them were constructed of wood or papier mache. Many
were merely magnified versions of a machine developed by Pixii
in 1833 which rotated bobbins of wire between the poles of a
magnet. When the coil moved towards the magnet poles the
current was in one direction, and this direction was reversed as
the coil moved away from the magnet. Such a reversing current
was of no use for electroplating, and the machine was fitted with a
commutator, similar to that used with the motor, so that the output
current was always in the same direction.
Holmes and van Maldcrcn made generators similar to Joule’s
motor. One such machine, driven by a steam engine, and used to
operate an arc lamp in a lighthouse, had an armature containing
sixty four-poles which rotated under forty-magnet poles. Brush
designed a machine to operate sixteen arc lamps in series, but this
was not a commercial proposition. There was no technique for
the design of these machines, and experience was not always a
guide. At this time all the electrical experts came from the tele
graph world and when they spoke of resistance they were thinking
in terms of miles ofstandard iron telegraph wire. Thick conductors
were obviously necessary to carry large currents, but new engineers,
starting in the industry, were assured that the maximum power
was obtained from a generator when its armature resistance was
equal to that of the load circuit.
Improvements were being made. In 1850 Wilde replaced the
steel magnets with electromagnets having much greater strengths;
the current to operate these magnet coils was obtained from a
separate small machine kept running all the time the larger machine
was in use. These stronger magnets, with a greater number of
lines of force, allowed a smaller number of conductors, with less
resistance to give the same voltage.
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Most of these machines had magnets facing inwards, but
Faraday’s conception of the magnetic circuit led to magnet poles
being joined together by a soft-iron yoke, so that the magnet flux
was, as nearly as possible, wholcly through iron. Gramme and
Pacinetti, independently, invented the toothed-ring armature. To
reduce the resistance of the circuit, it was essential to reduce the
amount of wire which did not cut the lines of force and in 1856
Siemens made an armature with elongated pole faces so that there
was only a short length of wire at the ends.
The necessity for a separate small machine to operate the magnet
coils was overcome in 1867, when Siemens, Wilde, and Wheat
stone simultaneously invented the dynamo, or self-excited,
generator. The majority of these dynamos connected the magnet
coils in series with the armature, and the shunt-connection was a
closely guarded secret ofthe Siemens Co.
The Subdivision of Electric Light
To people who were accustomed to the dim light of a single
candle, the light from an arc lamp constituted a terrific glare and
many inventors tried to produce a softer light. It was noticed that
when the arc lamp was switched off, or went out due to a failure to
notice that the carbons were becoming too far apart, the red-hot
rods gave plenty of light until they cooled. Many attempts were
made to use this effect by heating a thin thread of carbon to obtain
a similar light. Other workers tried to heat thin wires to red heat;
Groves and Molyens tried platinum wires in 1840, but to obtain a
good light the wire had to be at white heat and then it quickly
oxidized and burnt out. In 1845 Stars and King suggested that
this oxidization could be prevented by enclosing the thin wire in
an evacuated glass bulb. Many vacuum lamps were made in this
manner between 1850 and 1870, but the pumps of this time gave a
poor vacuum and little progress was made until 1875, when
Sprengel and Geisslcr greatly improved the pump by using mer45

cury vapour to remove the residual air. This enabled Swann to
make lamps which lasted much longer.
Many other difficulties had to be overcome: methods of attach
ing lead-out wires to the filaments were developed; wires had
to be drawn to a uniform thickness, for hot spots where the wire
was thin was the normal cause of an early burn out; and special
glass which did not crack with the heat was required. However, by
1878 Swann was exhibiting lamps at Newcastle which had a
reasonable life, and he described the construction to the Society
of Telegraph Engineers (now the Institution of Electrical Engi
neers) in 1880.
Swann had not considered these lamps to be worth patenting,
for most of the processes had already been published in England.
But in 1879 Edison patented a lamp using a filament of tar-putty.
While this patent specification was almost unworkable, he later
succeeded in making lamps with a filament of bamboo fibre.
Swann patented a filament of wool thread in 1880 and in 1882 he
invented an even better filament by squirting cellulose into a
coagulating liquid. Swann’s 1880 patent was important for it
described a manufacturing process in which the filament was
heated, by electricity, during the pumping process. This removed
air, and other gas, which adhered to, or was occluded inside, the
filament and came to the surface only when the filament was hot.
Exhaustion by “running-on-the-pumps” gave a much longer life
to the filament and the Swann Electric Light Co. was started in
1881 to manufacture these lamps.
Edison was also exhibiting lamps. Lamps of between 2 and 32
candlepower were demonstrated at the Paris Fair in 1881, and the
English Edison Co. started a public light system in 1882 with some
3000 lamps operated from a generator on Holborn Viaduct: a
similar station had been opened in New York during the previous
year. In order to take full advantage of the development of this
system the Edison and Swann companies agreed to pool their
patents in 1883.
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Practical Units
Electrical supply undertakings needed still larger generators and
this attracted mechanical engineers to the new industry. These,
together with the new electrical engineers who had no background
of telegraph practice to unlearn, began to think again from funda
mentals. They traced the causes of waste power and conducted
researches into magnets and insulating materials. But develop
ment requires measurement and much of this work had to be
carried out in universities and other laboratories where specialized
instruments were available. Over the years great ingenuity
had been applied to increasing the sensitivity of the instruments
for measuring electricity, but little attention was paid to making
them robust, so that each experiment had to be taken to the
instruments rather than vice versa.
The system of absolute units, established by the British Associa
tion in 1869, was of little use for industrial measurements: some
units were too small and others were inconveniently large, so
that a practical system of units became necessary. The experts
from the telegraph world had their own units: the pressure driving
electricity around the circuit was given in terms of the number of
(Daniel) voltaic cells in use, and the current was given in webers,
based on the electrolytic deposition. Now the universities and
other institutions set up practical standards which were related to
the absolute units already agreed. The practical unit of current
remained that established by the electrolysis of a silver solution,
for very accurate balances were kept to measure the deposition,
but a new practical unit, the ampere, was made at one-tenth of the
absolute unit.
New forms of current meter were developed. The sensitivity of
Kelvin’s mirror galvanometer, which moved a spot of light 800 cm
with a current of only one-millionth of an ampere, was improved
by Brocca who used quartz fibres for suspension, by d’Arsonval
who mounted soft iron inside the moving coil, and by Ayrton and
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Mather who used a longer coil and magnet. But these instruments
were of little use for measuring currents of several amperes.
Cardew, in 1883, used the expansion of a wire, when heated by
a current, to provide a measuring instrument. Ayrton and Perry
improved this by using the sag of the wire to operate the pointer:
a silk thread attached to the wire was pulled over a pulley when
the current caused the wire to sag. This meter had two disadvan
tages : its deflection was proportional to the square of the current,
and it was fragile in that a small excess of current caused the wire
to burn out, but the meter could read both direct current and that
from an alternator.
Many types of current meter were produced which operated
on electromagnetic principles; some 90 per cent of these meters
came from Ayrton and Perry. In one meter the current through a
coil attracted a magnet which carried a pointer; this moved left
or right according to the direction of the current. Another meter
caused a piece of soft iron to be attracted, instead of a magnet,
and die pointer moved in the same direction regardless of the
direction of the current, so that the meter could be used for
a.c. or d.c.. Both of these attractions took place against a coiled
spring and the deflection of the pointer was proportional to the
square of the current flowing. Nalder, Weston and others caused
the current to magnetize two iron bars which repelled each other.
The'distance between the bars increased with the current and so
the movement of the pointer was directly proportional to die
current. The dynamometer, originated by Weber in 1843, used
the repulsion of two coils. This was improved by Joule and
Kelvin, but the moving coil was suspended by silk, making the
meter too fragile to be used anywhere except in a laboratory.
Few of these instruments were calibrated in units of current:
the pointer moved over a semicircular scale divided into 180°
and reference had to be made to a graph (which was not always
supplied with the meter) to interpret the divisions of the scale in
terms of current as measured by electrolysis.
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To measure a voltage, a resistance could be connected in series
with a current meter, and a calculation could be performed, or
reference made to another graph which turned the meter scale
reading into a voltage. As this voltmeter often passed as much
current as a lamp, another calculation was often required to fmd
the voltage which would be at the terminals when the voltmeter
was removed. For very high potentials, the electrometer was
improved by Snow-Harris, who used a delicate balance to measure
the attraction, and by Kelvin, who used a number of quadrants
and also added a guard ring to concentrate the electrostatic field.
A practical source of electricity having a standard potential
was required. The practical unit, the volt, was equal to 108 abso
lute units. Unfortunately no voltaic cell could be used as a standard
for accurate measurements, for the gas evolved at the plates
caused the terminal voltage to fall whenever a current was drawn
from the cell. In 1836 Daniel had produced a cell which used
concentrated sulphuric acid in a porous pot standing in a solution
of copper sulphate; the zinc rod was in the acid and a copper rod
was used in the outer bath. This cell was used as a standard for a
number of years; its output was T07 V for small currents, but
this fell to 0-97 V when a large current was taken.
Another cell invented by Groves in 1839 used platinum foil
dipping into strong nitric acid, and Bunsen used hard gas-carbon
in nitric acid. In 1869 Leclanche got rid of the disadvantage of the
strong acid by using a solution of ammonium chloride, and he
removed the hydrogen evolved by packing manganese dioxide
around the carbon rod. This solid depolarizer was not so good as
the liquid ones, but the cell remained in general use for some sixty
years. The last of the standard cells was developed by Latimer
Clarke in 1873, and this, after improvement by Weston in 1892
has remained with little modification until today. This cell gives
an e.m.f. of 1*0183 V.
The absolute unit of resistance had been established as a velocity,
and in 1873 Lorentz designed an instrument in which a coil of
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wire was rotated in the earth’s magnetic field. But other similar
instruments gave slightly different readings and this unit anyway
was much too small for practical purposes. What was required
was a standard unit which gave easy calculations by Ohm’s law.
A practical standard was suggested by the Siemens brothers.
This was a column of mercury 1 m long and 1 cm2 cross-section.
But measurement showed this to have a resistance of only 0* 95 X
109 absolute units; so the column was changed to 106-3 cm long,
and the practical unit of resistance, equalling 109 absolute units,
was called an ohm.
Resistance was usually measured by calculating from voltage
and current measurements, but this could also be compared
with standard values. These were wound with fine wire for values
of 1, 2, 2, 5,10, 20, 20, 50 £2 etc., and mounted in a wooden box
with solid brass plugs to short-circuit the unwanted resistances.
They were connected in series so that any value from 1 to 10 000 Q.
could be obtained with an accuracy better than 1 per cent.
Easy measurement was obtained by a “Post Office Box”, an
adaptation of the Wheatstone’s bridge for telegraphs, which was
devised by Fleming in 1885.
Other practical units were based on these three standards. The
coulomb was measured by a current ofone ampere for one second,
but a condenser with a capacity of one farad, which would be
charged to one volt by a quantity of one coulomb, was not a
practical standard to make, so a standard condenser with a capac
ity of one microfarad was established.
Measurements of resistance brought to light a number of
secondary effects, such as the increase of resistance with heat. The
resistance of carbon was an exception to this for more current
passed when it was hot. This accounted for the large change of
brilliancy of the carbon lamp when there was a small change of
voltage, The resistance of carbon was also changed by pressure, an
effect which was used in the microphone.
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The Dynamo
The development of the dynamo resulted mainly from mech
anical improvements and from researches into magnets. Most of
the troubles encountered by designers were dealt with in an ad
hoc fashion, to give the required result even if for the wrong
reason. Many arguments had taken place about the length of the
field magnets; the advocates of long magnets usually stated these
had more iron to provide magnetism. There were also arguments
about the ratio of the field magnet core area to the armature core
area, the one being permanently magnetized and the other having
a changing magnetism. Toothed armatures were found to
become exceptionally hot and the air gap was increased to give
more wind. Ring armatures gave a large amount of sparking
at the commutator (later shown to be due to leakage flux distort
ing the field); so the armature of some machines was mounted
eccentrically in the field to cure this sparking. The terminal voltage,
for many machines, was plotted against the load current being
drawn and, contrary to theory, the voltage of the series machine
was found to fall as the current increased. This was due to bad
design, but, being an advantage, was not pursued by the earlier
workers. In 1882 Brush showed that a combination of series and
shunt field windings could give a machine with an almost constant
terminal voltage regardless of the current.
When Faraday had used glass to rotate the polarization of light,
glass was considered to be non-magnetic; indeed, the only known
magnetic substance was iron (steel). But Faraday noticed that
the glass tended to set itselfaway from the poles ofa strong magnet.
Similar effects had been noted with antimony and bismuth by
Bruygens in 1778 and others. Faraday showed that a number of
substances were feebly attracted by a magnet, and nickel and cobalt
were attracted quite strongly. He divided all materials into mag
netic and diamagnetic, according to whether they were attracted
or repelled by a magnet pole.
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Almost all liquids were found to be diamagnetic, though some
solutions of iron salts were feebly magnetic. Even the feebly
magnetic bodies acted as though they were diamagnetic when they
were surrounded by more strongly magnetic ones. The degree to
which a body was magnetic depended on whether the lines of
force were concentrated into, or diverged from, the body. Some
bodies could be diamagnetic even in a vacuum, or were less
permeable to the magnetic field than a vacuum. With the assump
tion that this permeability was something a body possessed, and
of which there could not be a negative quantity, it was concluded
that a vacuum had a certain permeability to magnetism.
Faraday’s theory of the magnetic circuit led to an analogy
with Ohm’s law for the electric circuit. A magnet was considered
to have a magnetomotive force which produced a magnetic
flux against the reluctance of the magnetic circuit through iron
or air; the permeability of the iron was considered to lower the
reluctance of this part of the circuit. This concept, which was
much easier than that of the iron multiplying the strength of the
magnet, allowed the magnetomotive force to be calculated
simply from the product of the current and the number of turns of
the magnet coil.
Research workers measured the permeability of various grades
of iron and steel by placing the metal inside a coil carrying a
known current and measuring the attraction for a standard mass
of iron. These measurements showed very little increase of attrac
tion, or a low permeability, for weak currents; but larger currents
gave a much greater increase in the attraction, while as the current
was increased beyond a certain value, the increase of magnetism
again was small, showing that the permeability had fallen
again.
Ewing suggested that all the molecules in a piece of iron were
small magnets, and these normally arranged themselves to neutra
lize each other, but when magnetized they lined up in long strings
along the lines of force. To illustrate this he assembled a large
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number of small magnetic needles on a tray, these pointing in all
directions. When they were stroked with a bar magnet some of
them turned in the direction of the stroking, and repeated strokes
caused most of them to line up in the same direction, as with a
bar magnet. Removing some of the needles left the others lined
up, so it was impossible to obtain a single magnet pole, and knocking
them caused many to loose their alignment, as a magnet is de
magnetized by knocking.
Ewing also showed that work was required to turn the mole
cules. This was either manual work in stroking, or from electrical
energy while the current rose in the coil. Small currents had
insufficient force to break up the natural magnetic circuits of
the molecules, but an increased current caused more molecules
to line up and these helped to align others around them. When
most of the molecules were lined up a very large force was re
quired to align the last few, and an increase of current had little
effect when the iron was “saturated with magnetism”.
Curves of the flux obtained with various magnetizing forces
showed soft iron to have a higher permeability than steel, and it
also gave higher flux densities before the iron was saturated, but
when the current was switched off, the steel remained magnetized
while the soft iron lost most of its magnetism. The steel also
required a much greater current in the reverse direction to remove
this remaining magnetism, while increasing the reversed current
magnetized the iron or steel in the opposite direction. With
repeated reversals it was shown that the degree of magnetism in
the metal was always lagging on the value of the current which
produced it. This hysteresis (Greek lagging) was important in a
generator armature where the magnetism was constantly revers
ing as it revolved and the work required to reverse the molecules
of the iron accounted for much of the waste power, and the heating,
in the armature.
Foucault also showed there were electric currents circulating
in the iron of the armature as it rotated in the magnetic field, and
53

these eddy currents also wasted power and heated the armature;
the use of thin sheets of iron, or laminations, for making the iron
core gave a considerable increase in efficiency. Then, in 1886
Hopkinson summarized these findings in a paper to the Royal
Society which put the design of the generator onto a solid founda
tion. He showed that short magnets were better than long ones,
and both the field and armature cores should have a large crosssection of soft iron in order to have a low reluctance path. He gave
magnetization curves for various samples of iron and accurate
figures for the flux in the iron circuit; he showed the effects of eddy
currents and hysteresis as a loss which depended on the size of
the hysteresis loop, and his paper caused a great improvement in
generators.
Distribution
The development of electric lighting had necessitated much
work to find the best method of distributing the electric power.
There was also all the apparatus at the consumer’s premises to be
designed—lamp sockets, switches, fuses, and wiring methods as
well as the cables from the generating station to the customer,
and from there to the lamps.
In operating arc lamps, they were connected in series and the
generator voltage was increased to suit the number of lamps in
use. Each arc required about 50 V and when a large number of
lamps were in operation this constant current system required
dangerously high voltages. To reduce this danger, separate coils
were used on the armature to supply different circuits, each with
a maximum of twelve lamps. Two circuits per machine were
common, these being labelled the red and blue circuits; when
two generators were used the circuits were named circle-red,
circle-blue, square-red and, square-blue. Another method, paten
ted by Lane-Fox, was to connect all the lamps in parallel across
the generator and to keep the voltage constant; the generator then
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had to supply sufficient current for all the lamps added together.
Edison repatented this idea for use with his carbon filament lamps,
and he also successfully challenged Lane-Fox’s patent.
The distribution cables from the generating station to the pre
mises where the supply was required had to carry large currents
and any voltage drop was quite serious. At a distance from the
station the carbon filament lamps were always dimmer than
those near the station. This voltage drop was reduced by making
the filaments to operate on 110 V, instead of 50 V, and in 1883
Hopkinson and Edison invented the use of two generators in series.
Three wires were used to connect thejunction of the two machines
and the two output terminals to the distribution lines, the con
sumers being connected to the centre conductor and, alternately,
to one of the outer wires. By balancing the loads on the two gener
ators very little current flowed in the centre wire which could be
made quite thin, reducing the cable costs. When installing a
supply in Vienna, in 1884, Crompton generated a supply of440 V
and used a five-wire system for distribution.
The troubles of these early engineers were not merely technical
ones; vested interests such as the gas undertakings and public
conservatism had to be fought. The first municipal electric supply
was in Godaiming, Surrey—probably installed due to a dispute
with the local gas company. The generator was driven from a
waterwheel in the River Wey, and the cables laid along the street
gutters where they were damaged by cartwheels and horses
hooves.
An Act of Parliament in 1882 was required before any cables
could be buried, but even after that the prior consent of the
municipality had to be obtained before any supply company
could open up a street. Both the Grosvenor Galleries Co. and the
Chelsea Electric Co., two of the best-known London supply
distributors, buried many miles of cable without permission, and
stories are told of shock troops kept ready to descend on a road,
tear it up, lay a cable, and put it back, all in a Bank Holiday week55

end, and before an injunction could be filed to prevent the work.
But this Act also enabled the local authority to purchase the under
taking at the end of twenty-one years. So capital was difficult to
obtain and many of the companies managed to keep running,
and to extend their systems, only through the financial aid they
obtained from cable manufacturers and others whose futures
were also linked to the supply undertakings. A second Act in
1888 allowed a supply company to operate for forty-two years
before the local council could take it over. To prevent any mono
poly, the second Act forbade any association of supply companies,
or any interconnection of their mains, so each company used
whatever type of supply, d.c. or a.c., and whatever supply voltage
it thought best, and the frequency of a.c. supplies depended more
on the design of the generator, and the load at any time, than any
other consideration. The diversity of supplies so obtained gave
a headache for future generations which was certainly not en
visaged at that date.
Most of the developments to generators had applied equally to
the d.c. generators for electroplating and to the alternators for
operating Jablochkov candles, but the sparking at the commutator
tended to limit the current from the d.c. machines, giving an
advantage to the a.c. machine, with slip rings, when supplying
power for lighting filament lamps. This advantage, however,
disappeared in 1888, when van Deopelc invented the carbon brush.
The use of electric lighting in houses, shops and offices, raised
a new difficulty. Arc lamps had been used mainly for public halls,
the generator being started up only when the lamps were required:
the new lamps were expected to be required at all times of the
day and night, so that a generator had to be run continuously,
even though no lamps were in use. A dynamo large enough to
supply all the lamps at night was necessary, although during the
day it supplied little or no power. Thus some method of storing
electricity during the daytime for use at night was required.
In 1803 Ritter had found a method of storing electricity by
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recharging a voltaic cell. He found that, after platinum electrodes
had been used for electrolysis, the electrolytic cell retained an
e.m.f. in the opposite direction. This effect was used by Plante
in 1859 to make a storage battery. Plante used two lead sheets
rolled into an interleaved spiral and separated from one another
by rubber before immersion into sulphuric acid. Passing a current
through the cell caused one plate to turn brown (lead dioxide).
When the current was stopped these two plates (lead and lead
dioxide) made a voltaic cell which could be discharged (to lead
monoxide) giving large currents. After discharge the plates could
be electrolysed again for further discharge. Repeated charges and
discharges caused the action to sink deeper and deeper into the
lead which became spongy and increased the amount of electricity
which could be stored.
The Plante plates took a long time to form and they were so
fragile that, after installation at a generating station, they could
not be moved. These disadvantages were overcome in 1881 by
Faure, who made plates with lead and lead dioxide embedded into
a strong grid. Such cells were made in England by the Electric
Storage Power Co. who expected to deliver electricity to con
sumers in the same manner as milk was delivered.
The early Faure cells were also unsatisfactory, for the plates
were separated by felt, which was eaten away by the acid, allow
ing the active material to fall out of the plates. Other forms of
construction, and better separators, were devised and the Fauretype cell soon became the universal storage battery. This ability
to store d.c. power gave an enormous advantage to this method
of power distribution.
Electric Metering
Another snag which arose with the filament lamp was the diffi
culty offinding a method ofcharging the consumer for the supply.
Payment for an arc-lamp supply was made by noting the hours
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the generator was running and the number of lamps in use. For
lack of a better method, filament lamp users were also asked for
their number of lamp-hours. This was known to be unfair, for
customers forgot to remember the hours when the lamps were
left burning though not actually in use. With the arc-lamps such
omissions had been partly covered by a charge for carbons which
automatically regulated itself to the hours of use. But a filament
lamp was not consumed, nor was its life predictable in hours,
making a new method of metering essential.
Meters were also required both inside the generating stations
and on the consumers’ premises, to measure the voltage at various
parts of the distribution network. The light from a carbon lamp
varied greatly with the terminal voltage and one of the problems
was to maintain a steady voltage. The usual method at the generat
ing station was to connect a lamp across the generator terminals
and to measure the brightness with a grease spot photometer,
but such a method could not be used elsewhere.
Although a large variety of meters were available to measure the
current and voltage in a network, none of these could measure the
consumption, or the quantity of electricity used by the customer.
For his lighting supply Edison made a consumption meter oper
ated by the electrolysis of zinc sulphate. But the deposit of zinc
was almost impossible to measure and this was soon replaced by
meters which operated as electric motors. One such meter, de
vised by de Ferranti in 1883, passed the current across a pool of
mercury, from the edge to the centre. A magnetic field was passed
vertically through the pool and the current caused the mercury
to rotate at a speed proportional to the current. A paddle wheel
immersed in the pool operated a counter through a train of gears
to give the ampere-hours of operation. This meter could carry a
current of up to 50 A. A similar design by Hookham in 1899
used a metal disk instead of the liquid mercury and so was easier
to calibrate and install.
Both the Ferranti and the Hookham meters could be used only
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for direct currents, but in 1892 Thompson produced a meter
which could be used for a.c. or d.c.; its operation also depended
on the voltage of the supply, and it measured watt-hours. This
meter had two coils for the field which were connected in series
with the load, and a hollow frame armature with a silver commu
tator and brushes connected in series with a resistance across the
supply line, so that the torque was proportional to the watts
consumed.
A.C. Supply
Between 1870 and 1900 electricity changed from a hobby for
men who had the money and time to experiment with it, into an
industry in which only the qualified engineer could hope to
deal with the problems involved.
In order to be a commercial success any new product has not
only to show advantages over the ones already existing, and estab
lished, but also to be cheaper, or cost so little more that it can be
used for all special purposes—with nationalized industries and
other government subsidies this may no longer be true. The
electric telegraph was dearer than letter post, but the extra cost
was outweighed by the saving of time; in the same way the
telephone cost more than a telegram but it could save two or three
subsequent telegrams. Joule had shown the electric motor was
more expensive than a steam engine, but it could be used for
special purposes, e.g. when smoke or noise was not permissible;
electric lighting was also dearer than gas but that was offset by
the greater cleanliness and the brighter light of the electric lamp.
This advantage was lost when Welsbach introduced the gas
mantle in 1885, and the cost of electric lighting had to be reduced
to compete. So higher efficiency was demanded in both generator
and distribution systems.
As the number of electricity consumers increased, an argument
between the relative merits of d.c. and a.c. supply systems began
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to build up. D.C. systems had the big advantage of accumulator
storage, but thick cables were required for the distribution. An
a.c. supply with a constant current allowed thinner cables to be
used but the voltage became dangerous. The multi-wire d.c.
system for distribution was not without its dangers, for the “go”
and “return” wires were run close together to prevent induction
into the telephone wires. Usually these were bare wires mounted on
wooden poles with telephone insulators, and so there was always
the chance of a breakdown between the wires, which could cause
the generator to burn out.
Probably the deciding factor in favour of alternating current
was the introduction of the transformer—Faraday’s two windings
on an iron core. Transformers were first used in a distribution system
by Gauland and Gibbs in 1882, but the system was ignored until
1885, when Ganz developed it to replace a three-wire system.
In 1886 the Westinghouse Co. in the USA were looking for
some system to break Edison’s monopoly of the three-wire d.c.
system; they bought up the Gauland and Gibbs patents and
began work on this method of distribution.
In Britain also Dr de Ferranti, chief engineer of the Grosvenor
Galleries Co., had seen the danger of the ever-increasing voltages.
When converting the Galleries he decided to use an a.c. supply
with transformers. Two 74 hp generators driven by a rope belt
from a steam engine running at 250 rev/min gave 2500 V to the
overhead cables, and a transformer was installed in the top of
each customer’s premises to change this down to 110 V for the
lamps. This system was very successful and the number of con
sumers increased so rapidly that new generators with increased
power were soon required. In 1885, de Ferranti patented improved
transformers for this application.
The change over from d.c. to a.c. produced a number ofpuzzling
effects. It had been expected that the light of filament lamps would
vary as the alternating voltage rose and fell, but this was not
noticed. Explanations of the persistence of vision for frequencies
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above 25 c/ s were not enough, and this led to the consideration
of the average heating, or lighting, effect. That in turn, led to
references to the “root mean square” values for current and
voltage.
But it had not yet been explained why an arc lamp with an
iron-cored regulator required a higher voltage when operated
from an a.c., then from a d.c. supply. This explanation came
from Hopkinson in 1884. He showed that the product of alter
nating current and voltage did not necessarily give the power
expended. Submarine cables had shown that the energy put into
a capacity or an inductance was returned to the circuit, and
Hopkinson showed that the arc lamp regulator had both induc
tance and resistance; only the watts in the resistance were expended.
Thus, a new concept, “imaginary watts” arose, and to avoid
large currents which only heated the cables and gave a voltage
drop, the power factor of the circuit, the ratio of the real watts
(resistive) to the total volt-amps, had to be as near as possible to
unity.
At this time the whole technique of electrical generation was
changing owing to the introduction of Parson’s steam turbine,
which gave a better use of the pressure cycle and a sixfold increase
in efficiency over the reciprocating engine. The disadvantage of
this machine was its high speed, 18000 rev/min, which was useless
for all known mechanical devices with the exception of the
electric generator. During 1886 seven ofthese machines were made
with outputs varying between 20 and 40 hp.
With these high speeds small armatures were essential to keep
down the centrifugal forces, and many design problems had to
be solved to enable the iron, the windings, and all the other parts
to withstand the high stresses. A machine shown at the Inventions
Exhibition in 1885 drove an alternator with an armature only
2-5 inches in diameter and 8 inches long. But by 1888 a steam
turbine was developed to operate at a speed of 4800 rev/ min and
this drove an alternator giving 75 kW at 1 kV. With only two
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magnet poles that gave a current of frequency 80 c/ s, which would
have required some eighty poles with a normal machine running
from a steam engine.
In 1887 the London Electric Supply Co. was formed with a
capital of £1 million, and Ferranti was placed in charge. At this
time there had been many complaints of the smoke from the
Grosvenor Galleries generating station and Ferranti decided to
build the new station well outside the West End of London, and
to transmit the power by cable to a substation in Bond Street.
Land for coal storage was purchased at Deptford by the Thames,
and the generator designed for an output of 10 kV. The power
had to be sent seven miles by underground cable to the substation
and then transformed down to 2 kV to be distributed to the con
sumers by vulcanized indiarubber cables. Completely new highvoltage cables were designed using concentric copper tubes,
insulated with resin-impregnated manilla paper both from each
other and from the iron casing. These were made in 20 ft lengths,
nearly two thousand of them for the seven miles run, and soldered
together and insulated. Naturally, a large number of breakdowns
took place during the first few years, but it is worth recording
that one section of this cable operated for forty years.
Ferranti also had to design transformers for the three voltage
levels, and the amount of iron and the number of turns of wire
for each transformer had to be found by experiment. The softest
grade of iron was always used, for this had the highest permea
bility, but too many turns or too little iron caused saturation:
too few turns gave a low flux density and worked the iron
in a area of low permeability. Less copper could be traded for
more iron, and vice versa, so that the relative prices of these had
to be considered. Compensation for voltage drop with a changing
load, and for increased current when the power factor departed
from unity had also to be allowed for. Power was lost in the
resistance of the windings, in eddy currents set up in the iron, and
in hysteresis loss in reversing the magnetism in the iron. These
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losses heated, and hardened, the transformer core and caused the
iron loss to increase; transformers had to be dismantled periodically
to anneal the iron to overcome this trouble. This ageing of trans
formers persisted until 1903, when Hadficld showed the loss was
halved when 2 per cent of silicon was added to the iron.
Everyone who visited Deptford during the construction period
condemned the experiment as foolhardy and doomed to failure.
Indeed, when the station was put into operation in 1891 trouble
was the order of the day. Many new and unforeseen problems
were encountered but each was quickly tackled by the engineers,
who often worked twice round the clock, and a large number of
inventions resulted from this work. Large voltages were obtained
whenever the generator was switched to the transmission cable,
and large arcs, when the switches were broken, both melted the
contacts and were dangerous to personnel. Hopkinson showed
these troubles were due to a combination of the capacity and in
ductance of the long cable to the substation, and special highvoltage switches had to be provided.
Non-arcing, quick-break switches had already been developed
for breaking inductive d.c. circuits, and these were greatly im
proved using leaved copper contacts for low resistance, and carbon
contacts to maintain the circuit while the inductive energy was
being dissipated; the carbon contacts could be replaced cheaply
when they were burnt. The speed of the break was found to be
important, for too slow a break gave a longer arc to melt the
contacts, and too fast a break gave a higher voltage to cause an
arc. Switches were also made which connected a resistance across
the circuit to absorb the energy returned to the circuit.
At this time all control switches were mounted on porcelain
or ebonite insulators attached to the wall, but by 1894 cellulartype switchgear, protected by slabs of insulation, were in use. In
1897 Brown introduced a circuit-breaker with the contacts im
mersed in oil; when an arc formed some of the oil was vaporized
and the gas gave turbulence which forced cool oil onto the arc
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to compress and extinguish it. In 1905 the Reyrollc Co. introduced
metal-clad switchgear.
Electric Traction
Meanwhile, the use of electric motors was increasing. In 1834,
before Joule had completed his experiments, Davenport, a black
smith in Vermont, USA, built a primary battery and an electric
motor into a car which ran round a track. In 1838 Davidson oper
ated a five-ton electric locomotive from Edinburgh to Glasgow.
To save the locomotive having to carry a battery, Pinkers, in
1844, used the rails as conductors, but these had to be insulated
from the ground and, as all insulators were mechanically weak,
they soon broke under the weight of the train.
In 1875 Gramme and Fontaine found that a dynamo could act
as a motor: when two dynamos were connected in parallel the
one could cause the other to rotate. Siemens made a locomotive
on this principle in 1879 and he used this at the Berlin Exhibition
to pull three cars carrying twenty people. He had a track about a
third of a mile long, and this had three rails, two to carry the train
and the other to connect to the generator; the return circuit was
by the rails. Edison made a similar train in 1880 using two rails
with one of the wheels insulated from the axle, but again shortcircuits in the insulation could not be prevented. The use of a live
third rail represented a danger to the public and in 1882 Finney,
in Pittsburg, suggested the use of two overhead wires and a
connexion made by a “trolley-arm”. A similar idea was suggested
by Sprague when he was considering the electrification of the
District railway in London. In 1884 Deopele laid the third rail in
a trough into which the trolley penetrated.
The first commercial electric railway was at Portrush, Ireland.
This was started in 1883 by Hopkinson and Siemens and four years
later it had sixty miles of track and used 100 motors. The first
American installation was at Richmond, Virginia, in 1888.
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Electric motors were also applied to ships, the first electric launch
being made at Millwall in 1886. Launches, of course, had to
operate from accumulators, but sufficient power was available to
propel the launch Volta across the Channel. This electric drive
enabled the submarine to be developed.
In England, parliamentary permission had to be obtained
before electric traction could be operated, and it was necessary
to educate Members of Parliament to consider electricity for
purposes other than lighting and signalling; afterwards the
technical problem and the vested interests had to be overcome.
The first electric trains in England were used on the City and
South London Underground Railway in 1890, where the greater
cost of electric operation was offset by the avoidance of the dirt
and smell of a steam locomotive working underground. The
electric locomotive was found to have an advantage when going
up an incline. When the train tended to go slower the back e.m.f.
of the armature was reduced causing more current to flow from
the supply, and this gave extra power to the motor which enabled
it to negotiate steeper gradients than a steam locomotive without
having to change gear.
In 1891 Baker started an electric street tramway in London. He
used the rails for the return circuit and so had to contend with
opposition from the National Telephone Co. who claimed a
monopoly of the eardi for its return circuits. A Government
enquiry in 1896 reported that the use of an insulated return circuit
for traction was not in the public interest while a two-wire tele
phone circuit was desirable. This enquiry found that the 1870
Tramways Act could not be amended to cover electric tramways
and a new Light Railways Act was passed which permitted trams
to operate without any municipal veto, limiting terms or purchase
clauses. Again, as with some Government papers, this Act was
capable of being interpreted in two ways, and later it was read
the other way round.
In 1893 the Liverpool Overhead Railway was opened. Electric
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locomotives were chosen in an effort to prevent fires in the docks
which could be caused by sparks from the steam locomotives.
This railway was so successful that in 1905 the Mersey Railway
was also electrified. The Metropolitan and District Underground
lines also changed over to electric drive and in 1909 the first
section of the London, Brighton and South Coast Railway was
electrified.
Electricity in Industry
Despite the success of Ferranti’s Deptford project, d.c. genera
tors with accumulators still had the advantage for distribution,
for more electricity was used for lighting during the hours 6-9 p.m.
than during the rest of the day. The accumulators supplied fourfifths of the peak load, and for a given district an alternator had
to have five times the output capacity of a dynamo.
Before 1891 it was not realized that two d.c. generators some
distance apart could be connected in parallel to share a load, and
probably no one was more surprised than the engineers when this
was first tried. This idea, once accepted, was soon in use and large
generators of 100 kW and costing £2000 were installed around
towns and connected together by a ring main with spurs connect
ing together at the centre. These were much better than the
central generator for maintaining a constant terminal voltage to
all consumers and removed one of the disadvantages of the d.c.

supply.
Installations in remote private houses all used d.c. supplies.
Many were equipped with relays to start the generator automatic
ally when a light was switched on, or when the battery voltage
fell below a certain value. The dynamo was run as a motor to
start a gas engine, and when this had picked up speed the generator
back e.m.f. reversed the current to charge the accumulators.
Relays were also used to stop the generator and disconnect it
when the accumulators were charged.
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The a.c. supply systems could improve their overall efficiency
only by having day time consumers. Cheap tariffs were offered
when the supply was used for purposes other than lighting, and
special rates were offered for an average consumption. This charge
increased whenever power was consumed at a higher rate and
special meters were provided to measure the maximum demand
rate on the supply.
The obvious daytime consumer was industry and every en
deavour was made to introduce electricity into factories, but
many of these, the plating industries and those using electrolysis
to extract metals from their ores, already owned their own d.c.
generators. Crude copper was dissolved in acid at the same time as it
was deposited on a copper plate, and pure sodium was electrolysed
from caustic soda. To use an a.c. supply for such processes a motorgenerator to convert the a.c. into d.c. was necessary, and the
machines had to have a low initial cost as well as a cheap supply
tariff to make a change profitable.
But electricity was also used for arc furnaces, and this could be
a.c. or d.c. Electric furnaces had been developed by Siemens to
produce steel in large quantities. An arc above the metal radiated
heat downwards, and a magnetic field was added to bend the
flame onto the metal; later the metal itself was used as one of the
electrodes for the arc. These firms also had their own generators,
but for them it was only necessary to show a reduction of cost
through operation from the supply company’s mains.
In 1886 Heroult used an arc furnace for quantity production of
aluminium, the heat keeping the ore in a fused state while an
electrolytic action liberated aluminium from it. In 1891, while
trying to harden clay, Achcson discovered carborundum, and in
1892 Moissan, trying to produce artificial diamonds, invented a
confined arc that gave a temperature sufficient to manufacture
calcium carbide, which was used to produce acetylene gas. An even
better method of using alternating current was in the induction
furnace, produced by Kjellin in 1900. This operated as a large
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transformer with the metal forming a single-turn secondary
winding, and the heat being produced directly inside the charge
so that there was no contamination.
The arc was also used for welding. In 1886, E. Thompson
patented a process for butt-welding by passing a large current
across two edges in contact; initially the resistance was high and
the edges became white hot and welded together. A modification
of this gave spot-welding, with two copper electrodes meeting
at a point where the weld was required. Percussion welding was
also introduced, pressure being brought to bear at the same time
as a condenser was discharged through the point. In addition, an
electric arc was developed to cut through metals. A current of
600 A was required from the transformer, but this cut through
1 in steel plate, at 3 in/ min.
Electric motors had been introduced into coal mines quite
early, for the electric drive lessened the risk of an explosion. In
1882 Brain installed an electric pump in a mine in Gloucestershire,
and motors of up to 100 hp were used for haulage and winding
gear. In 1886 Atkinson installed the first electric coalcutter in
Yorkshire; a 12 hp series motor was operated from a 300 V scries
generator to give a large starting torque.
Electric motors were less common in factories; the steam engine
was cheap and coal was plentiful, and cut-throat prices were
necessary to obtain orders for installations. Again, these were
mainly d.c. motors: a series motor was used when a large starting
torque was required, and a shunt motor when the speed had to be
varied; the adjustment was obtained from a regulating resistance
in the field circuit. Only d.c. motors could be used if it was neces
sary to adjust the speed.
The series motor could be run from an a.c. supply, but then it
was necessary for the iron of both the armature and the field poles
to be laminated, making the machine more expensive. In con
sequence, it was more usual to install a motor-generator to convert
the a.c. to d.c. and then use a d.c. motor. It was soon found that
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two machines, motor and. generator, were not necessary: two
tappings on the armature were taken to slip rings at the opposite
end of the shaft from the commutator. However, the efficiency
of these rotary-converters was seldom greater than 60 per cent,
which was another factor against their general use. In general,
the low profit from such installations barely offset the gain of the
constant load on the alternator, and this state of affairs persisted
until the three-phase system was developed.
Multi-phase Alternating Currents
Ferranti’s success at Deptford caused the rest of the world to
begin similar undertakings. The changeover from the three-wire
d.c. system to a.c. supply led to the use of a system using two
alternators in series. These could be coupled together, mechanically
and electrically, so that one reached its peak voltage a quarter of a
revolution after the other, or peak power was taken from one
alternator when the other was passing through its zero. In 1888
Fcrraris showed that two such currents, connected to two coils •
on the same iron circuit, gave a rotating magnetic field. He did
not appear to attach any technical importance to this, but the
idea was taken up by Tesla and others and developed into an
electric motor which operated widiout any slip rings or brushes.
Thompson, in his consumption meter designed in 1892, had induced
eddy currents into a disk from a coil carrying a.c., the disk being
made to rotate by passing it through the field of a second coil.
This effect was enhanced by two-phase currents; the disk ro
tated from the pole magnet which had its maximum current first
to the one where the peak was later, and there was no need to run
this motor up to speed to lock it to the a.c. mains supply; the sole
disadvantage was that the disk rotated only at the frequency of the
supply mains.
In 1889-90, Dobrowolski and Tesla independently invented
three-phase alternating currents and self-starting motors. At first,
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three generators were used, so that each reached its peak voltage
a diird of the complete cycle after the other (120° phase difference)
but it was soon shown that three generators were not required:
one generator with its armature tapped at three equidistant points
around the windings gave a similar three-phase supply. With this
system, three wires were required for distribution but the current
in each wire was reduced by those in the other two wires, and
there was a large saving in the size of the cables required to transmit
a given power. In 1891 a three-phase transmission line was
erected in Germany to transmit 100 hp at 30 kV over a distance of
110 miles. In the same year Tesla’s patents were acquired by the
Westinghouse Co. and applied to the construction of the first
Niagara power station, which was opened in 1894. This station
used a two-phase transmission from a 5000 kW generator driven
by a water turbine. It had a vertical shaft and its field coils revolved
in the stationary armature.
By 1900 many turbo-alternators designed to supply a megawatt
were in use, and oil-filled transformers, fitted with radiation fins,
were demonstrated. Paper-insulated cables for 50 kV were also
developed. From 1900 the size of electrical installations has
steadily increased to meet the evergrowing demands for electric
power.
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CHAPTER 3

Wireless- Telegraphy
Conduction and Induction
From the date of the earth return, attempts had been made to
do without wires when signalling. Experiments in wirelesstelegraphs were many and varied and all the known effects of
electricity and magnetism were tried with greater or less success.
Some of these methods were actually used for an emergency such
as the breaking of a cable, but most of the arrangements were
unreliable, or cost more than a cable, or were just not practical.
Some of the earliest experiments used water as a conductor.
Morse, in 1842, had his submarine cable cut by a ship’s anchor
while demonstrating it in New York harbour, and he transmitted
signals by using two plates suspended in the water from each
bank. Similar experiments were tried by Lindsay in Scotland in
1843. The disadvantage of this method was drat the distance
between the two plates had to be three times the width of the
river, or the length of wire was six times diat of a submarine cable.
The method was also patented by Willoughby Smith for com
munication with ships at sea. Two insulated wires were taken to
two buoys, 200 yd apart, and a 60-ft boat with copper plates fore
and aft was rowed between them.
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Water conduction was used in 1882 when the cable to the Isle
of Wight broke. A circuit was made from Ryde Pier, 20 miles
across the island to Sconce Point, and then \\ miles by sea to
Hurst Castle; from there it was taken 52 miles by land to Southsea
and then 6 miles by sea to Ryde (Fig. 3.1). A 45 V battery was
required for the circuit. Another use was at the Fastnet Rocks,

Southampton

Portsmouth

.Cowes
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^Ryde

-Sconce
Hurst VJM

Castle
I. of Wight

Fig. 3.1

Water conduction

where heavy surf repeatedly broke the cable; a 23 V battery passed
a current of \\ A into the sea but only 0.15 mA of this was received
at Crookhaven, the rest passing through the sea.
Dolbear suggested “air conduction”. A microphone was to be
connected between a kite and a 100 V battery with its negative
pole connected to earth. Another kite was to be connected through
an earpiece to a second battery with its positive pole connected to
the earth (Fig. 3.2). The high voltage between the two kites was to
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Fig. 3.2 Dolbcar's air con
duction experiment

set up an air current which would be varied by the microphone.
Loomis modified this in 1872 to suggest “induction”, using two
kites on adjacent mountain tops to collect atmospheric electricity.
When this was discharged to earth through a key, the current
flowing in the wire would induce a current into the other kite
and wire. These suggestions do not appear to have been tried in
practice—perhaps the generator was erratic or experimenters
remembered 7-ft sparks and the body ofRichmann at St Petersburg.
Trowbridge tried induction for communicating between ships
in 1880. He stretched a wire ten times around a ship’s yard-arms
and connected diis to a battery and key. The current in this wire
induced feeble currents into similar wires in another ship, but only
when the wires were positioned so that the lines of force from the
sending ship cut the turns of the other ship (Fig. 3.3). It was sugges
ted that this could be used as a means of showing the relative posi
tions of two ships in a fog, which is perhaps the first suggestion for
direction finding at sea.
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Fig. 3.3

Trowbridge's induction experiment for
communication between ships

Preece also tried induction systems. He used large loops and also
a single wire on telegraph poles with the circuit returned through
the earth. With this he established communication between
Lavemock Point in South Wales and the island of Flatholm,
three miles away in the Bristol Channel, but he could not obtain

Fig. 3.4 Preece's induction
system
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signals at the island of Steepholm five miles away. Preecc found
that the length of the “aerial” wires at both stations had to be
greater than the distance separating the two stations, and this
made the system impractical for long distances. An induction
system was also patented by Edison and Gillaland for communica
tion with trains in motion. A wire along the length of the train
induced currents into the telegraph lines running alongside the
track, and vice versa. This worked quite well.
One other method of wireless-telephony consisted of trans
mitting and receiving along a beam of light. This was invented
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Battery
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Fig. 3.5 Talking along a beam of light (Bell)

by Bell in 1878. A light was focused on a moveable mirror and
reflected to a similar mirror which focused it on a receiving instru
ment. Speech currents operated an electro-magnet which moved
the first mirror thereby diverting the light. The receiver consisted
of an earpiece, a battery and a selenium cell whose resistance
varied with the amount of light falling on it. The apparatus
could only be used at night, when a large change of light was
possible, and the distance over which the apparatus would work
was limited to that at which the light could be seen.
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Clerk Maxwell
The solution to the problem of wireless-telegraphy was found
in radiation, and this can be traced back to the work of Clerk
Maxwell. Having studied the work of Faraday, Kelvin and others,
Maxwell concluded that although Faraday was not a math
ematician, his mode of thought was admirably adapted to a
mathematical treatment. In a series of papers he expanded Kelvin’s
mathematical expressions into formulae which explained the
relationship between electricity, magnetism and light.
Maxwell’s first paper, published in 1853, showed that it was
necessary to consider the space between any particles which had
an effect on each other: or the “aether” in which the lines of force
acted. This paper gave no idea of what the aether was like, but it
showed that any physical model of Faraday’s conceptions must
take into consideration the interrelation between magnetism and
electricity. His second paper (1861) started with a mechanical
analogy which expanded Ampere’s theory of magnetism: in this,
electric currents circulate ceaselessly around each individual
molecule of iron. He considered diat a similar whirlpool of elec
tricity in the air would give a magnetic field in the air. Then any
changes of the current in the whirlpool must give changes of the
magnetic field. To this he added Faraday’s law of induction: a
change of the magnetic field induces an e.m.f. in a conductor.
When no conductor is present, any change of the magnetic field
must produce a change of the electric (whirlpool) field in the air.
But any change of the electric field will produce a current, even
if it is only a displacement of the dielectric (air), and this displace
ment of the (whirlpool) air must take the magnetic field with it.
So these two changes must take place together—neither can take
place independently—and the magnitudes of the two changes
must be dependent on the changes of each other.
The next step was to consider the displacement field (D) as due
to an electric potential (E) acting on the permittivity of the di76

electric (k). But an electrical potential is produced only by a change
of flux, and this depends on the magnetic field (H) and the per
meability of the material (/*). (i.e. E= fi.dH). So the size of the
displacement current depends on both the permittivity and the
permeability of the material as well as the change of the magnetic
field. But, again, this displacement current, which has been pro
duced by the changing field, must itself cause a change of the field.
Here, Maxwell produced a mechanical model which showed
that a change in cither of diese fields gave a fluctuation of both
fields which spread outwards from the part where they originated,
to sway backwards and forwards in a similar manner to sound
waves passing along a stretched string, or to the ripples set up
when a stone is thrown into a pool of water.
Maxwell’s third paper (1862) showed that these two changes,
which take place simultaneously, will oppose one another. Also
the disturbance of the fields is not propagated instantaneously but
travels outwards with a velocity of v= 1
which, for
propagation in air, is a speed of 3 X 1010 cm/s, or the velocity of
light.
Maxwell then showed that the medium which explained this
electro-magnetic action would also explain the propagation of
light; both consisted of transverse waves, or undulations, in the
same medium. As the permeability of most insulators is unity,
the propagation of an electric disturbance is proportional to l//e*;
the velocity of light in insulators is also proportional to 1/fe* and the
refractive index, being inversly proportional to this velocity, is
given by k-, a figure which has since been verified.
Maxwell refined his ideas in a paper entitled A Dynamical
Theory of the Electromagnetic Field, which he read to the Royal
Society in 1864. This paper showed that the radiation phenomenon
is due to electromagnetic waves which travel through space at a
definite rate, i.e. the speed of light, and that no electrical conductor
can be transparent to light. To be transparent, the permeability of
an insulator has to be equal to the square root of its permittivity.
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He enlarged and expanded these earlier papers into his Treatise
on Electricity and Magnetism published in 1875. But few scientists
were prepared to accept this theory, and several papers were
published which proved that it was impossible to generate such
waves in the aether. Despite this, in 1876 Rowland proved that a
moving electric charge would produce a magnetic field. He used
two parallel disks which were oppositely charged, and a suspended
magnet to measure the magnetic field when one of the disks was
rotated.
In 1881 J. J. Thomson calculated the magnetic field due to a
moving charged sphere and showed that the energy in the field is
proportional to the square of the velocity of the charge. He also
amazed scientists by showing that this energy would cause the
sphere to have an apparent increase of mass, which he called the
“electromagnetic mass” of the sphere. This meant that mass and
energy were interrelated.
In 1884, Pounting showed that, when the strength of a magnetic
field was increasing, not only was there an electric field perpen
dicular to it, but there must also be a flow of electromagnetic
energy in a direction perpendicular to both of these fields. He
also stated that when electric power is transmitted a distance any
energy inside the conductor is incidental, being converted into
heat and wasted.
The idea of kilowatts of energy flowing in a dielectric, and not in
a wire, was almost a joke among scientists. Indeed, it was quite
contrary to the universally accepted belief, for electrical engineers
knew that conductors were necessary to transmit power. The
explanation that the wire was only necessary to guide the field
to die required place was met with derision since it was known that
excessive power caused the wire to burn out. Further amazement
was caused when J. J. Thomson showed the existence of electro
magnetic momentum in 1893.
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Standing Waves
However, by this time it was reluctantly admitted that Maxwell’s
radiation field might possibly be produced by using the rapidly
alternating currents produced by the discharge of the Leyden jar.
The oscillatory discharge of the Leyden jar had received attention
from many workers. It had been observed when a low resistance
circuit was used, but not when the resistance of the circuit was
increased. Even with a low resistance coil, the energy was less with
each successive swing and the oscillation soon died away.
In 1884, Poynting showed that, when the strength of a magnetic
“Lichtenberg figures”. These were obtained with a powder of
red lead and sulphur, dusted onto a glass plate the other face of
which was covered with metal foil. When a charged conductor
touched the glass the powder was attracted to make rings around it.
If the charge was positive the centre ring was of red lead and if the
charge was negative it was of yellow sulphur. Similar rings were
obtained when the glass was charged by induction.
When a Leyden jar was discharged through a wire with two
loops, which made three points of contact on the glass, three
separate rings were obtained. But by changing the lengths of the
loops the ring at the centre could be made to disappear while the
other two rings became more pronounced. This meant that there
was no potential at the centre of the wire and a greater potential at
the other points. An analogy was drawn between these potentials
and the vibration of a flexible rod which is held at the centre while
one end is plucked: both ends sway owing to energy begin
reflected from the ends. Similarly, a node and loops of potential
had been produced, or there was a “standing-wave” of potential
along the wire.
In 1887 Lodge showed that standing waves of potential could
be produced in a straight wire. He caused the discharge to travel
along guiding wires which he adjusted to the correct length for
“sympathetic resonance”, and he measured the distance between
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the points of maximum voltage, or half the length of the wave.
In 1890, Lecher devised a system of parallel wires with which these
standing waves could be measured quite easily.
Hertz
The final proof of Maxwell’s electromagnetic theory was given
in 1887, when Hertz demonstrated waves which fulfilled the
predictions in every respect. Heinrich Hertz had been introduced
to Maxwell’s equations by his tutor Helmholtz. His early apparatus
consisted of a Leyden jar which was connected to a spark gap and
to two plates spaced well apart to provide a large dielectric.
Whenever sparks took place in this “exciter”, sparks were also
obtained across a “resonator”, consisting of a similar spark gap
and two plates. To save continually charging thejar, Hertz replaced
this with an induction coil, each spark of which produced oscilla
tory discharges across the resonator (Fig. 3.6).

Fig. 3.6 Hertz’s oscillator and resonator

Fig. 3.7 Hertz’s polar
ization experiment
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Hertz then used a smaller resonator comprising a circle of wire
with a small gap. With this he was able to show that the “outspread
ing electric force” was reflected from a sheet of zinc 8 ft square.
These reflections could also form interference patterns as with
light. As the resonator was moved between the exciter and the
screen the sparks would appear and disappear, and by measuring
the distance between the nodes, the air waves were shown to have a
wavelength of 9*6 m. He also showed that the length of the waves
varied with the distance separating the plates of the exciter, and
by reducing this he produced waves having a length of only 30
cm. He then showed that these waves would pass through non
conductors, but not through conductors; in fact conductors cast
shadows similar to light waves. The exciter was next placed in
front of a curved sheet of metal, and he concentrated the waves
into a parallel beam as with a mirror. Then he showed that the
waves were polarized, similar to the light through a Nicol prism:
a wooden frame carrying a number of parallel wires would not
pass the waves when the wires were parallel to die exciter wires,
but when the frame wires were at right-angles to the exciter wires
the sparks were obtained as readily as though the frame was not
there. His final experiment was to show that the waves could be
refracted. He used a prism of pitch, weighing 12 cwt, and showed
that the waves were deflected through an angle, similar to the
deflexion of light waves by a glass prism.
Although Hertz’s experiments opened up the whole field of
radio, when a German engineer suggested that the waves could
be used for telegraphy without wires, Hertz discouraged the idea.
He pointed out that the currents in his resonator oscillated at
many millions of times per second and could not be reproduced
in a telephone earpiece which responded only to currents varying
at a few thousand times per second. Thus Hertz lost the oppor
tunity of inventing wireless.
That great opportunity had been lost many times before. In
1842 Henry had shown that each discharge from a Leyden jar
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disturbed the electricity in the air around it. He also showed that
a single spark from an electric machine could demagnetize steel
needles placed inside a coil 200 ft away. E. Thompson also, in
1875, found that an induction coil could cause secondary sparks
from a lead pencil which was held near to a door knob. Even
100 ft away or five floors up, sparks could be obta’ned in this
manner. But perhaps the most unfortunate of these early investi
gators was Hughes, who, shortly after discovering the microphone,
was experimenting with a telephone earpiece connected across
a contact of carbon and steel. He had a battery connected through
a coil of wire to a toothed wheel which interrupted the current,
and a single wire connected this wheel to the earpiece (Fig. 3.8).
Each time the wheel broke the circuit, he found he could hear the
“extra spark” produced by interrupting the inductive circuit. As he
could hear the spark with only one wire connected to the carpiece, and with a very long wire, and then with no wire at all, he
decided that the effect was not due to conduction.
Microphonic

Contact
Telephone
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Tmr\

Wire
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Fig. 3.8 Hughes’ interrupter

Hughes then tried putting iron inside the coil, but though the
sparks were more visible, they gave less noise in the earpiece.
He then tried mutual induction, using a coil with his microphone
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contact, but the sounds could be heard when the coils were at
right-angles. Even when the turns on the interruptor coil
were reduced to a straight wire between the interruptor and the
battery, the sounds were still heard. From this, Hughes decided
that the effects were not due to induction. His next experiment
was to test the distance over which the effect could be observed. For
this he connected a metal fireguard to his interrupter to act as a
“radiator” and used two short wires, one on each side of the microphonic contact, for collectors. With this apparatus he walked up
and down Great Portland Street, London, hearing the sounds in
his earpiece at a distance of 500 yd. He also noticed that the radia
tions appeared to be reflected from the street buildings.
Hughes experimented with many forms of interruptor and
detector. A metal-to-metal interruptor gave the best results,
and the most sensitive detector was made from a steel hook
carrying a fine copper wire “previously oxidized and wellsmoked in a methylated spirit flame” (the copper-oxide rectifier
of fifty years later). He also tried a tube of iron filings between
carbon plugs, but these stuck together (cohered) and so were
discarded as unreliable. Unfortunately, in February, 1880, Hughes
invited certain learned members of the Royal Society to witness
these experiments. These gentlemen, after first showing some
interest, later argued among themselves that all the effects could
be explained by induction. As Hughes afterwards wrote, “I was
so discouraged at being unable to convince them.... I refused to
write a paper on the subject”.
Actually it was Hughes’s sticky filings that experimenters were
waiting for in order to demonstrate Hertz’s experiments over
greater distances than a few feet. This device, a coherer, can be
traced back to Guitard, who in 1850 noticed that dust in the air
near an electrified point tended to cohere in strings. This action
was rediscovered by Varley in 1886 and used to protect telegraph
instruments from lighting discharges. Lodge and Cottcrell also
patented its use for the recovery of smoke dust from a chimney.
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Calzccchi-Onesti showed that when copper particles are heaped
between two brass plates, a spark nearby would cause their resis
tance to fall from megohms to mere hundreds of ohms. This action
was examined by Branley, who in 1891 showed that the
resistance of a number of powdered conductors fell when an
electric spark occurred nearby. This fall was maintained for some
time afterwards, but the slightest tap to the tube at once restored
the high resistance.
Branley probably did not realize that his sparks were generating
Hertzian waves, but an account of these experiments, given to the
British Association in 1892, caused Lodge to repeat all Hertz’s
experiments using a coherer. This was fitted with an electric bell
which tapped the tube to decohere the dust. Lodge also made other
forms of coherers but, as he wrote later, “Stupidly enough, no
attempt was made to apply any but the feeblest power”.
In 1895 Popoff studied atmospheric electricity using a coherer.
When the dust cohered and the resistance fell, a large current
passed through an electromagnet which operated a tapper to
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decohere the dust again. PopofFalso used a vertical exploring rod,
similar to that of Franklin, which responded to lightning dis
charges at a distance. Each discharge picked up by the aerial rod
operated the coherer and the tapper leaving the coherer ready to
deal with the next discharge. PopofF did suggest that this apparatus
could be used For signalling at a distance iF means were available
For making and dispatching waves oF a suitable type and power,
and later publications show that he developed wireless in a
manner similar to Marconi. But as he was working For the Russian
Navy, the work was secret and unpublished. PopofF did install
apparatus at the Meteorological Observatory in St Petersburg and
operated this From a Hertz oscillator 5 km away.
Jackson, in England, and others, also experimented on behalF
oF their governments, but the degree oF success of these experi
ments and their dates will always remain uncertain.
Marconi
The shortest waves obtained by Hertz were 30 cm but, by using
smaller spheres for the spark gap, Righi was able to generate
waves of 2*5 cm. Chundar Bozc of India used minute spheres of
platinum to give waves only 6 mm long. Righi also increased
the strength of the waves by using solid spheres instead of hollow
ones but he Found that the strength decreased after a short period
owing to a blackening of the spheres by oxidation. He overcame
this by immersing the spheres in olive oil; the liquid cushion also
appeared to make the waves more uniform as well as increasing
the voltage which could be applied to diem before they sparked.
Righi also placed a larger sphere between two small ones to make
two gaps in series. This three-spark exciter both improved the
generation of the waves and also increased the distance over which
the waves could be detected.
Marconi was a neighbour of Righi and so became interested
in this branch of science. He saw the commercial possibilities of
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the waves and repeated all the published experiments. Then, as no
one else appeared to realize their commercial value, he commenced
to improve his apparatus until, in 1895, he was able to receive
signals at a distance of T75 miles at his father’s farm near Bologna.
His apparatus embodied the inventions of several pioneers each
slightly modified for his purpose. His exciter was Righi’s threespark exciter, operated from a 6 in spark induction coil and having
balls of 4 in diameter separated by 0*04 in. This radiated a wave
between 1 and 2 m long. His receiver was adapted from the coherer
of Branley with part of an electric bell to tap the tube to decohere
the dust. Like Hertz he used two capacity plates, but found that
the distance over which the waves could be received increased
when the plates were spaced further apart, and so he buried one in
the ground and fixed the other in a tree.
In 1896 Marconi took his apparatus to England, where an
interview was arranged widi Sir W. Prcccc, the Postmaster
General. Preece was already interested in wireless-telegraphy from
his own experiments, and he arranged for Marconi to demonstrate
his apparatus to Post Office officials. Transmission from St Martin’sle-Grand to the Victoria Embankment was obtained quite easily
and this was followed by demonstrations on Salisbury Plain over
distances of 4, 6J, and 8 miles (Fig. 3.10). Later transmissions were
made across the Bristol Channel up to 9 miles.
In 1897 Marconi acquired patents for his apparatus and he
formed the Wireless Telegraph and Signal Co., with a capital
of £100000. This Company acquired Marconi’s patents in all
countries except Italy and her dependencies. The initial orders for
apparatus were from Lloyds for equipping a number of light
houses, the first being at East Goodwin, to communicate with
North Foreland, a distance of 12 miles. Stations were also erected
at Alum Bay, Isle of Wight, and at Bournemouth, some 14 miles
apart.
During this period, Marconi obtained help from the telegraph
companies and the Post Office, for wireless was not considered to
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Fig. 3.10 Ati artist's impression of Marconi's demonstration on Salisbury
Plain to officials of the Post Office and the Services (Steven Spurrier)

be a competitor. Its main use was for communication with ships
at sea, or between places where cables were difficult to maintain.
There were also disadvantages of wireless which the cable firms
were quick to point out. The most serious of these was that die
signals could be received by anyone equipped with a receiver,
for they were radiated in all directions, so that private messages
could not be sent by wireless. A second disadvantage arose as the
number ofstations increased. When two stations were transmitting
at the same time, the signals from both were received jammed
together and so intermingled that they were unintelligible. This
“jamming,, of signals set a severe limitation to the number of
stations diat could be operated.
A third disadvantage was the distance over which the signals
could be received. This had been proved, by scientists, to be an
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optical distance, for these signals were propagated like light, in
straight lines to the horizon. This Marconi did not believe, for
while demonstrating to the Italian government in 1897, he found
that the reception distance increased as the square of the height
of the aerial wire. He had also obtained communication over a
distance of 74 miles, with ships which were definitely below the
horizon, and this proved to him that the waves were bent towards
the earth. To emphasize that these results were no freak, he gave a
demonstration between South Foreland lighthouse and Wimereaux, near Boulogne, a distance of 28 miles, and timed his com
munication for the meetings of the British Association at Dover,
and the Association Fran^aise des Sciences at Boulogne. During
that year communications to ships at sea over distances of eighty
to one hundred miles also became common.
Although the value of wireless was shown when damage to the
East Goodwin lightship was reported, thus enabling repairs to be
effected more quickly, many problems still existed.
Helmholtz had shown that the energy stored in a capacity was
\CV2 joules, so that the induction coil had to charge the aerial to
as high a voltage as possible and a long spark gap was required so
that it did not break down before the highest voltage was reached.
But this long gap had a high resistance, and a large portion of the
energy which should have been radiated was dissipated as heat
in the gap. The high resistance also caused the curent to oscillate
a very few times for each spark, and at the receiver only a single
crack was heard in the earpiece with perhaps a short crackle for a
dash. Similar crackles were produced by lightning flashes and
this made reception difficult.
But a solution to many of these problems had already been
found by Lodge, who had demonstrated the use of “syntonic jars”
in his early experiments with standing waves in wires. Lodge had
varied the capacity of the Leyden jar, and the inductance of the
circuit, to change the length of the waves. He had also shown that
a closed loop was a feeble radiator, or absorber, of waves because
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the magnetic field was around the loop and the electric field was
inside the jar. He had also suggested that the best radiations would
be obtained when the magnetic and electric fields were equally
large, a condition which was obtained in the Hertzian oscillator.
By having different aerial capacities and inductances for the
lead-in, stations could transmit on different wavelengths. The
capacity of the receiving aerial, or its inductance, could then be
adjusted to “syntony” with a desired station to the exclusion of
the other, unwanted, ones. In this way, a large number of stations
could transmit at the same time, for the receiver would not detect
the message unless it was tuned to the correct wavelength for the
station. Such tuning also gave greater secrecy for messages. In
1897 Lodge patented this type of transmission in the USA as
“Improvements in Syntonized Telegraphy without Wires”. But
as some information on the technique had already been published
in England, he was unable to patent it there.
In this patent specification Lodge used two extra jars to allow
higher voltages to be used. A coil was connected between these
extra jars which gave little radiation but produced larger voltages
to break down three spark gaps; the current passing through these
gaps charged the aerial capacities, which consisted of large metal
cones. By this means the oscillations in the aerial circuit persisted
much longer than did those of Marconi’s plain aerial transmitters.
Later Lodge replaced the cones by large flat networks of wires,
the large capacity enabling him to use a lower voltage to put the
energy into the network (see Fig. 3.11). The lower voltage, in turn,
allowed a smaller gap to be used and the lower resistance of the
circuit gave a still longer persistence for the oscillations.
Lodge also included an inductively coupled, tuned secondary
circuit in his specification. In this circuit (Fig. 3.12) the oscillations
in the receiver aerial circuit were not necessarily tuned to the wanted
station, but they induced currents into a secondary circuit which
was tuned to give the largest currents only from the required
station.
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Fig. 3.11 The LodgeMuirhead aerial. The two
insulated capacity areas, one
above the other, are not
connected to the earth at all

MJ.

Ill 1899, Marconi adopted a similar circuit for his transmitter.
The circuit consisted of a spark gap, a coil and a capacity of flat
sheets of glass coated on each side with tin foil. The oscillations
in this “closed oscillatory circuit” (c.o.c.) were not radiated,
being highly damped due to the high resistance of the spark
gap. But they were coupled to the aerial/earth circuit by a “jigger”,
the primary coil being in the c.o.c. and the secondary coil being
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Fig. 3.12 Lodge's tuning patent
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Fig. 3A3 Marconi's “'four-sevens" patent

connected to the aerial and earth to form an “open oscillatory
circuit” which had less damping. This circuit radiated waves
with a longer persistence. Similar coupled circuits were also in
corporated in the receiver, the whole arrangement (Fig. 3.13) being
covered in the “four-sevens” patent (Patent No. 7777) which gave
Marconi almost a monopoly of syntonic wireless-telegraphy for
many years.
Jackson, working for die Royal Navy, invented a similar
tuning system in 1901, to enable two receivers to be used with one
aerial. Two ships, with different frequencies of oscillation, sent
out two different messages over a distance of30-40 miles and these
were simultaneously detected in two receivers as separate messages.
Transatlantic Wireless
The formation of the Marconi Wireless Communication Co. in
1901 enabled Marconi to build his first long-distance station at
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Poldhu, in Cornwall. With this station, Marconi hoped to transmit
across the Atlantic and, once and for all, settle the doubts about
the range of wireless transmissions. Realizing that the power
required would be many times that from the largest induction
coil, he decided to employ a generator for the power supply. A
25 hp engine was used to drive an alternator giving 2000 V, which
was transformed to 20 kV. This charged a glass and tinfoil con
denser (0-02//F) which was immersed in oil to prevent sparking
at the edges of the foils. A spark gap of 2 in. and a coil completed
the closed oscillatory circuit.
Fleming, who had joined Marconi, invented a system of
double transformation. The oscillations in the c.o.c. were coupled
to a second coil, with a step up, and the increased oscillatory
voltage was taken to a second c.o.c. composed of condenser,
spark gap and the primary of the aerial jigger. The whole of this
second circuit was tuned to resonance with the oscillation frequency
of the first c.o.c. The jigger was coupled to the aerial and its turns
were adjusted to make the c.o.c. resonate with the other two
circuits. The aerial itself was made in the form of an inverted
cone 200 ft high. Unfortunately bad weather wrecked these
aerial masts and Marconi, impatient for results, arranged for tests
between Niton and the Lizard, a distance of 196 miles. These
were successful.
While new masts, 210 ft high, were being erected at Poldhu,
Marconi set off for Newfoundland where he used large box kites
to support his aerial. On 12 December 1901, after a large number

Fig. 3.14 (on facing page), (a) The first circular aerial array erected at Poldhu for the
transatlantic test, which was blown down in a gale in September, 1901. There were 20
wooden masts, each 200ft high.
(b) Poldhu wireless station in 1901 with thefan-shaped aerial which sent thefirst wireless
signal across the Atlantic to Signal Hill, Newfoundland.
(c, d) Other typical aerials

92

!

I

:
1

:

!f •

•i

v ■

:

i

i
I \
i

. .
]
i

'

\

/77Z

;

tm*.

l

r/
^px;jom

MS

(»)

k=r-

w

M
X

A

X

X
X

l_

X
X

JM
M

of these kites had been carried away by gales, Marconi heard the
letter S transmitted from Poldhu, 1800 miles away. Disbelievers
suggested faked results, but this was quickly disproved when, a
month later, Marconi picked up signals from Poldhu while in a
liner near New York, 2099 miles away. Marconi was unable to
obtain permission to construct a large station in Newfoundland,
and so he accepted an offer from the Canadian government to
wards the construction of a station at Glace Bay. This worked
with an even larger station built at Clifden in the West of Ireland,
and with the opening of these two stations, transatlantic communi
cation became commonplace. The Transatlantic Times, a paper
printed on board ship, published news from both England and
America in 1903. It was during these transmissions that it was
first noticed that signals were louder at night than by day.
The methods of detecting signals were also improved. The
coherer was not very sensitive and the decoherer would not
respond fast enough for signal speeds greater than 18 words per
minute. This was superseded by the magnetic detector which was
patented by Marconi in 1902. The magnetic detector can be traced
back to Henry who had demagnetized steel needles with oscillatory
currents, to Rutherford who used this effect to detect Hertzian
waves in 1896, and to Wilson who in 1897 arranged a second coil
to remagnetize the steel needle after a signal had been detected.
Marconi’s apparatus used an iron wire moving in an endless belt
around two wooden pulleys which were driven by clockwork.
The wire belt passed close to two horseshoe magnets and became
magnetized; it then passed through a coil which was connected
between the aerial and earth, and a signal shook the magnetism
out of the wire. Around this aerial coil was a second coil connected
to an earpiece, and the change of magnetism in the wire caused a
voltage in this coil and a current in the earpiece (see Fig. 3.15).
The reliability of the magnetic detector caused Marconi to
abandon other methods of detection, and the magnetic detector
and telephone earpiece became the standard method of receiving
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Fig. 3.15 Marconi’s magnetic detector, first patented in 1902. This was the
standardform of detectorfor the reception of “spark” telegraphic signals
between 1903 and 1918 in both ship and shore installations, until
gradually superseded by the crystal and later the value detector

signals for many years, even though operators were known to
forget to wind the clockwork and go both ways across the Atlantic
reporting no signals.
The experience gained in building Clifden enabled Marconi
to build Coltano, the third of a long list of “the largest station in
the world”. This station had the enormous power of 300 kW, to
communicate by day and night from Italy to East Africa, a distance
of2238 miles. Coltano incorporated many improvements including
condensers made of metal sheets hanging in the air.
These high powers gave trouble with the spark gap. After the
first spark had occurred the air between the electrodes was ionized
and could form an arc which completely discharged the condenser
giving no oscillatory discharge. One method of overcoming this
was the “magnetic blowout” patented by E. Thompson in 1892 to
stop arcing at switches in power stations. As an arc is a continuous
flow of current, a magnetic field at right-angles to the arc causes
the ionized air to bend out of the field and so break the arc.
Another method, by Tesla in 1896, used a number of spark
electrodes on a wheel, which could be the shaft of the alternator
supplying the transmitter, so that after the spark had taken place
the electrodes moved apart to prevent an arc forming; the next
spark took place from the next electrode on the wheel. Later, he
shaped the electrodes like fan blades to give a blast of air which
helped to cool the gap as well as blowing out the arc.
Marconi used a similar rotary gap with six spokes on the wheel
and two electrodes projecting inwards almost touching the
revolving spokes (Fig. 3.16). The spark took place from one elec
trode to a wheel spoke and across the wheel to another spoke and
electrode. By adjusting the speed of the wheel the number ofsparks
per second could be adjusted, and as each spark caused a scries of
oscillations in the aerial, and clicks in the receiver earpiece, chang
ing the wheel speed changed the note in the earpiece. With 6
sparks per revolution, a machine revolving at 1400 rev/min gave
140 sparks per second, or a pleasant low note was heard. By adjust96
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ing the current in the field of the motor, its speed was changed so
that different stations could transmit with slightly different
audible notes which made separation easier at the receiver.
Fessenden in 1904 used a rotary gap running at 30 000 rev/min to
give 20000 sparks per second.
Arc and Alternator Transmitters
In 1900 Duddell patented the “singing arc” as a method of
producing alternating currents from direct current. An inductance
and condenser were connected in series across a carbon arc which
was passing a current of 2 A from a 100 V supply. This caused the
current to vary between 1*5 and 2*5 A and the arc to emit a
musical note at a frequency which could be changed by altering
the capacity or the inductance. Duddell pointed out that such
alternating currents could be used for syntonic wireless telegraphy.
The highest frequency obtainable with the Duddell arc was
10000 c/s, which corresponded to the very long wavelength of
30000 m. But Poulsen obtained higher frequencies by using
hollow carbons in a chamber containing a gas, such as hydrogen,
which had a high conductivity to heat. He also added a magnetic
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blowout which enabled current changes of 0-4 A to be obtained.
Later, the positive electrode was made of copper and surrounded
by a water jacket to keep it cool which enabled still higher fre
quencies to be obtained. Gesellschaft fur Drahtlose Telegraphy
made an arc which operated from 220 V d.c. to give a current at a
frequency of500000 c/s, corresponding to a wavelength of 600 m.
de Forest (USA), Colin and Jeance (France), Ewell, Fleming, and
Pederson and Poulsen also improved arc transmitters.
The signal received from these arc stations was different from
those received from a spark transmitter. Instead of the damped
oscillations from the plain aerial, or the series of wavetrains at
the frequency of the rotary gap, the oscillations from the arc
station continued at the same strength so long as the key was
pressed. This constant wave, after detection, gave a steady direct
current which could be used to operate a tape perforator, but was
very difficult to listen to with earphones. It gave a click in the
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earpiece as the diaphragm was pulled down at the start of the
signal, and another click as the diaphragm was released at the
end, a dot giving a double click and the dash giving a space be
tween these two clicks.
To provide earphone reception it was necessary to interrupt
these continuous waves either by a buzzer at the receiver or by an
interruptor at the transmitter. The buzzer was not very satisfactory
for it acted as a small spark transmitter and often gave louder
signals than those being received; so a spiked wheel, similar to
the rotary spark gap, was used at the transmitter to interrupt the
transmission at between 500 and 2000 times per second and give a
musical note in the earpiece. This interrupted continuous wave
(i.c.w.) transmission gave a much clearer note in the earpiece than
the spark transmissions and was found to be easier to recognize
during jamming, but its main advantage, and that of all arc and
alternator transmitters, was that it did not incorporate die inven
tions of the Marconi Co. and so it enabled other firms to enter the
wireless communications field.
Other forms of generators for high-frequency currents were
also developed. As early as 1900, de Forest had made an alternator
using 400 poles rotating at 6000 rev/min, and, in 1906, Fessenden
used a machine with a stationary output winding and 360 field
magnets rotating at 8500 rev/ min to give 25 000 c/ s with an output
of 300 W at 65 V. These high frequency alternators presented a
number of problems. At high speeds the centrifugal forces could
cause die armature to disintegrate and the field poles had to be
spaced very accurately around the yoke to ensure that the current
from each pole rose and fell at the correct intervals. Even then,
unless the pole surfaces were very accurately made, other fre
quencies were present in the output.
In 1908 Alexanderson in the USA made an alternator which had
both die field and output windings on the stator (Fig. 3.18). The
rotor consisted ofa steel disk with over three hundred teeth around
its edge which rotated in die air gap of die stator at about
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Fig. 3.18

The Alexanderson 200 kW alternator

20000 rev/inin. As each tooth moved through the gap bet
ween the poles the flux was changed and this linked the output
winding to produce an alternating current. Such “inductor
alternators” save frequencies of 100000 c/s (3000 m) and outputs
of 50-200 kW.
Goldschmitt took this idea further when he designed a machine
for the Hanover station in Germany. While the field and output
windings were both on the stator, the armature had conductors
which were short-circuited. When the armature rotated, large
circulating currents, alternating at the speed of the armature, were
induced into these conductors. These rotor currents then induced
current back into the output winding, and, as the armature was
rotating, this current was at twice the frequency of die current in
the armature. A current at 15 kc/s obtained in the rotor gave
30 kc/s in the output, where a tuned circuit removed any current
at other frequencies. Later, extra windings were added to the
stator so that the output current could reintroduce a current into
the rotor at 45 kc/s; this current, in turn, gave 60 kc/s in the second
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output winding which was tuned to give a wavelength of5000 m.
Such machines were made to give outputs of 150 kW.
With all these alternators the transmission frequency depended
on the speed of rotation and it was essential that this should remain
steady if the transmitter circuits were to remain in tune. Special
governors were designed to prevent changes of speed between
the times when the machine was running light and when the key
applied the power to the aerial. Usually, the output frequency was
maintained steady to better than 1 per cent. But long distance
communication had shown that the signals were louder by night
than by day, and this daytime weakening was worse on wave
lengths below 3000 m. In consequence, every new high-power
station was designed for a long wavelength and it became difficult
to separate these stations. The higher-powered stations pushed a
signal through by brute force, but it became apparent that some
stations would have to operate on lower wavelengths.
Methods of increasing the frequency of these alternating currents
were sought, and Epstein, Jolly, Valauri and von Arco invented
methods of doubling and trebling the frequency of alternators by
using transformers and chokes in which the iron cores were
saturated by direct current. The Telefunken Co. used two trans
formers with their primaries connected to pass alternating current
in the same direction while a direct current was passed through them
in opposite directions; the flux in each transformer decreased at
every other half-cycle. The two secondaries were connected in
scries to give a current which rose and fell at each half-cycle, or
was at twice the primary frequency. An efficiency of 85 per cent
was claimed for this type of frequency doubler. Taylor used a
transformer with three primaries and three chokes connected in
delta, one to each primary. The separate choke cores became satu
rated early in the cycle but the transformer core was not saturated.
This produced a current at three times the original frequency, and
an efficiency of 85 per cent was claimed for an 18 kW installation
of this type.
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Transmitters with lower powers had to take the shorter wave
lengths to avoid being blotted out by the higher-powered stations.
These low-power stations had to use various means to avoid
jamming. Ships on 600 m had to wait for their turn to transmit, as
requested by the shore station, and other stations could divide the
twenty-four hours between themselves in a similar manner. But
this was a waste of equipment which stood idle in each station
during its quiet period.
Another method of avoiding jamming was to transmit signals
only in the required direction. A ship’s aerial was normally
supported horizontally between the masts with wires running
down to the operator’s cabin on the upper deck. These lead-in
wires were connected either from the centre of the horizontal
ones, to form a “T”, or they were taken from one end to form an
inverted “L”. It had been noticed that when the inverted-L aerial
was used the reception was better when the free end pointed
away from the station being worked. Similar inverted-L aerials,
often with thirty-two horizontal wires, were used for shore
stations, but the directional effect of this form of aerial was in
sufficient to help in preventing jamming.
The only real method of separating stations was to ensure that
they operated only on their stated wavelength, without spreading
or drifting onto a nearby wavelength. The spark transmitter was
tuned by a lamp connected in the c.o.c*; a contact was slid around
an inductance, a spiral of copper, until the lamp glowed most
brightly. Thejigger was then adjusted until this lamp became dim,
or a maximum current was being drawn from the c.o.c. into the
aerial. To ensure the transmitter was on the correct wavelength a
separate coil with a calibrated condenser and a lamp was used.
The condenser was adjusted to give the maximum light in the
lamp and the reading of the capacity gave the wavelength.
The easier tuning, greater persistence, and higher efficiency of the
continuous wave (c.w.) transmitters made improvements of the
spark transmitter essential. In some transmitters Lodge’s three102
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spark system was used, for the two gaps isolated the c.o.c. after the
aerial had been charged, but an even better arrangement was the
“quenched gap” system invented by Wcin in 1906. This used a
number of spark gaps connected in series. Each gap had a large
surface which cooled rapidly to reduce the damping of the oscilla
tions. Transmitters of more then \\ kW power had a blower to
cool the gaps and prevent an arc from forming. The Telefunken
Co. used large silver-plated copper disks spaced by 0-1 mm mica
disks and the voltage across each gap was limited to 600 V. Later,
quenched gaps by Lepel and others circulated water through the
plates of the disks to keep them cool.
Tuners
At the receiver an experienced operator could separate stations
on nearby wavelengths by listening to the different notes of their
rotary gaps, but the only real method of separating them was to
tune the receiver so sharply that only the required station passed
to the detector. The high power of transmitters precluded any
difficulty in receiving a station and the requirement was to remove
the unwanted stations.
The magnetic detector required a large oscillatory current to
create the largest demagnetizing flux. In consequence, the number
of turns in the aerial inductance was kept as low as possible, to
keep the resistance low; this meant that the aerial capacity had to
be high. The ship’s aerial, of seven strands of 20 s.w.g. to give low
resistance, and of phosphor-bronze to have low corrosion in the
sea air, was made as long as possible with three or four wires,
spaced apart by a wooden spreader, or a large hoop was used
holding six or eight wires apart. The inductance was made to be
varied to adjust the aerial circuit to the required wavelength. This
“tuning coil” was usually wound with thick wire, 18 or 7/22
s.w.g. on a wooden former about a foot in diameter, and tappings
were taken at each of the first ten turns, then every ten for the next
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ninety, and then every hundred turns. The tappings were taken to
stud switches which usually short-circuited the unwanted turns.
The tappings and switches added to the resistance of the circuit
and in 1906, the Amalgamated Radio Transmitting Co. used a
variometer for tuning. The variometer was invented by Ayrton
and Perry in 1886 as a standard of inductance, and consisted of two
coils connected in scries, one of which rotated inside the other so
that the magnetic field of the inner coil could assist or oppose that
of the outer. The total inductance varied by four times the mutual
inductance between the two coils.
A variant of this was the variocoupler which had two coils
mounted so that one coil could slide inside the other. A rough
adjustment of the inductance was made by tappings on the outer
coil and a fine adjustment was obtained by moving the inner coil
to change the degree of flux linkage. Tclefunkcn used two flat
spirals of wire which they moved together by means of handles.
In addition to obtaining the largest current from the wanted
signal, tuned circuits could be used to prevent an unwanted signal
passing to the detector. Such “rejector” circuits used a coil and a
capacity to absorb the unwanted wavelength, and they could be
tuned by changing either the inductance or the capacity. Usually
they were coupled to another coil which was connected in series
with the aerial lead to the tuner.
Many forms of variable capacity were made for tuning. In
general, the distance between the plates was not varied, in case
they touched each other and short-circuited the tuning, and designs
centred on changing the area of the plates which overlapped.
Variable condensers were made with two cylinders one of which
could be screwed inside the other, square plates which were
moved across one another and, the one which achieved the widest
popularity, a stack of semicircular plates, half of which could be
rotated between the others, causing the capacity to vary with the
angle of rotation.
In 1907, the Marconi Co. introduced the “multiple tuner”
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Fig. 3.19 (a) Early receivers by Marconi and Lodge-Muirhead
(b) The Marconi multiple tuner

which was designed to operate with the magnetic detector (Fig.
3.19b). This incorporated three variable condensers, each with a
separate coil. The three tuned circuits helped each other to reduce
jamming, but an extra degree ofskill was required by the operator.
No signals could be heard until the circuits were nearly in tune and,
to help the operation, switches were arranged to remove each
tuned circuit. In practice, one circuit was switched into use after
the previous one had been tuned, and only sufficient circuits were
used to remove the degree of jamming being experienced. As
each tuned circuit was introduced the strengths of both the wanted
and unwanted signals were reduced, but the unwanted signals were
reduced so much more than the wanted that the latter appeared
to increase in strength with each additional circuit.
Detectors
Although many stations, in addition to those operated by the
Marconi Co., used the magnetic detector, other forms of detector
were being used. The arc and alternator transmitters had shown
that the oscillations were high frequency alternating currents
which had to be changed into interrupted direct currents to operate
the earpiece, so that a detector was a device which passed current
in one direction only. This led to the use of the electrolytic detector
which comprised two conductors in an acid or alkaline solution.
One of the electrodes was a plate but the other was a thin wire
which just dipped into the liquid. When the current flowed in
one direction a small amount of gas was liberated at the plate,
which gave little opposition to the current, but the reversed
current gave enough gas to completely insulate the thin wire.
These cells were very good detectors for shore stations, but the
liquid was a nuisance, and they could not be used at sea, for
the rolling of die vessel caused the point to break contact with
the electrolyte.
Meanwhile other forms of detector were becoming popular.
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One was a contact of carborundum and steel, discovered by
General Dunwoody of the US Army in 1906. This can be con
sidered to be a rediscovery of Hughes’s microphonic detector. A
piece of carborundum was fused into a holder (with Wood’s metal)
and a spring held a steel contact firmly onto the carborundum,
although the point of contact which gave the best detection was
not always easy to find. The unit was assisted to pass current in one
direction by a low voltage from a battery.
Other workers used crystals. As early as 1874 Braun had shown
that the resistance of certain metallic sulphides varied with the
direction of the current. Pickard and Pierce showed that these
crystals could be used to receive wireless signals. Braun had also
shown that certain pairs of crystals in contact offered the same
effect and many combinations of crystals were tried as detectors.
In Japan, Wiclii Torikata investigated some two hundred
minerals, and in 1908 he patented a “Koseki” detector consisting
of crystals of zincite and bornitc. This detector was as sensitive as
the carborundum/steel combination and required no polarizing
battery. Of the other crystal detectors which gave good results
the most notable were contacts of silicon and steel, molybdenum
and copper, zincite and tellurium, and galena with gold, silver or
copper contacts. With most of the softer crystals the contact had
to be very light and was easily lost with the slightest vibration, so
that these were not suitable for use at sea.
In 1910 Eccles investigated many of these crystals and drew
characteristic curves showing the current passing for various
signal voltages. Weak signals gave very little current but each
type of crystal had a threshold voltage beyond which the current
increased as the square of the signal voltage. This characteristic of
the crystal necessitated a different type of timer from that for the
magnetic detector, where the largest possible current was required:
the crystal required the largest possible voltage. Instead of con
necting the crystal in series with the aerial tuner it was connected
across the aerial inductance and this had to be large to provide a
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large voltage. This required an aerial with a low capacity, but it
was considered that the larger the aerial, the more power it ob
tained from the signals arriving, so a condenser was connected in
series with the aerial, to reduce its capacity. Many theories were
advanced for the unidirectional current in the crystal but none
was satisfactory. Nevertheless, the crystal detector worked, and
it was widely used, for it combined cheapness with sensitivity.
Even the Marconi multiple tuner was modified for use with the
crystal.
One other method of reception deserves mention. Shoemaker
of the USA patented a receiver for continuous wave transmission
(arc and alternator) which used a small alternator to give an audible
note at 500 c/s. The output from the alternator was connected to
the earpieces and the field winding was connected to an electrolytic
detector; the field was wound with very fine wire. In the absence
of a signal there was no current in the field coil and no noise in
the earpiece, but a signal gave a 500 c/s output, whose volume
depended on the strength of the signal.
Heterodyne Reception
The arc at a transmitter had to be struck a short time before the
key was pressed to allow time for it to settle on its correct frequency
(wavelength). It was usually started up as soon as the station was
called in order to be able to reply at the end of the calling signal. In
1910 two American cruisers were testing arc transmissions when
the operator noticed that the strength of the signals increased
considerably when the arc was started. This report led to a re
examination of the “heterodyne” reception which had been
patented by Fessenden in 1902. Another heterodyne receiver was
invented by Latour in 1904.
Fessenden’s method of reception resulted from the use of the
magnetic detector to receive arc transmissions. Instead of using
an interrupter to provide a note in the earpiece, Fessenden used a
108
«

third coil around the belt, to remagnetize it during the continuous
signal. He connected this coil to an alternator, so that the belt was
remagnetized at the alternator frequency, and found that when
the alternator was operated at a frequency near to that of the in
coming signals, the note in the earpiece changed and became louder
at the same time. He called this a heterodyne from the Greek
heteros = other, and dyne = force.
The heterodyne was shown to be due to the currents from the
signal and the local alternator changing at different rates. Some
times they were rising and falling together, and a short time later
one was rising when the other was falling. The magnetism of the
belt could not reverse at the high frequencies of either the signal
or alternator, but the belt became magnetized each time the two
currents were in the same direction, or by “beats” at the difference
of the two frequencies. If the local alternator gave a current at
12000 c/s, and the incoming signal was at 15000 c/s (20000 m) a
loud note at 3000 c/s was heard in the earpiece.
United States Navy tests in 1913 showed that reception was much
better when the heterodyne method was used. The definite note
from the “beats”, which could be changed at the alternator, made
reception much easier, and the interference from spark stations or
lightning was greatly reduced; signals were received at a distance
of 6400 miles.
For his alternator transmissions, Goldschmitt adopted a method
which was a cross between the interrupter and the heterodyne.
He rotated a ticker wheel at a frequency near that of the incoming
signals and obtained double the signal strength of the normal
detector. Not to be outdone, Marconi doubled the strength of
his signals by using two crystals which, with no input signal, were
arranged to oppose each other. The signal increased the current in
one crystal and reduced it in the other, giving twice the volume of
sound in the earpiece. He also used a buzzer as a second source of
signals, giving a mixture of buzzer and heterodyne beats in the
earpiece.
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Radiotelephony
Fessenden was convinced that the future of wireless signalling
lay in transmitting telephony. His first apparatus used a spark
transmitter with a microphone connected in the aerial circuit but
the spark train frequency could not be made high enough for good
speech. He then experimented with alternator and arc transmissions.
As early as 1900 he transmitted speech on a wavelength of30000 m
(10000 kc/s), but the articulation was poor, and in the following
year he used a transmitter operating on 50 kc/s (6000 m) with much
better speech. He demonstrated this in Washington over a distance
of twenty-five miles.
In 1903 Koepsel connected a microphone, via a transformer,
to vary the d.c. supply to a Duddel arc. This varied the power of
the arc, and the strength of the signals, so that the pull of the ear
piece diaphragm varied at the frequency of the voice. Koepsel
also found his oscillation frequency to be too low, and his changes
of power were too small to provide other than weak signals at a
distance. Campos obtained better modulation of the transmitter
by putting the microphone in the aerial circuit to vary its resistance.
In 1906 Fessenden connected the telephone line to a radio
transmitter and conversed between Brant Rock and Jamaica
(Long Island), a distance of 200 miles. As this conversation was
heard at Macrihanish, in Scotland, Fessenden claimed to be the
first person to transmit speech across the Atlantic.
De Forest also used arc transmitters for radiotelephony, and in
1907 obtained an order to install apparatus in twenty-four battle
ships. These sets were guaranteed to give good reception at a
distance of 24 miles. In 1908, he installed a transmitter at the top of
the Eiffel Tower, Paris, from which he broadcast music from a
gramophone. This transmission was heard 500 miles away, but
it was before its time—there were too few who could listen to it
to make it popular.
110

Consolidation
By this time the “nine days wonder” of wireless was over, and
the business world had accepted wireless as an alternative means
of communcation to the cable, so much so that the Post Office had
recognized it as a competitor and used its signalling monopoly to
control its use within Britain. The Wireless Act of 1904 required
all private stations to be licensed for transmission and reception;
in fact, a licence was required to purchase parts for a wireless
station. In 1909 the Post Office bought up all the Marconi shore
stations, except the long-distance stations Poldhu and Clifden, and
accepted telegrams for ships at sea at a cost of 6-J-d per word.
The value of wireless at sea had been demonstrated many times
when distress signals had enabled lives to be saved. The Marconi
operator Binns started a tradition among seagoing operators
when the liner Republic was in collision with the Florida in 1909.
After the ship was put in darkness, Binns continued to work his
transmitter until help, summoned by his distress calls, enabled all
the passengers to be saved. The disaster to the Titanic was even more
important. This ship had been in communication with another
liner only a short time before she struck an iceberg, but the opera
tor of the second ship had gone offwatch and did not hear the calls.
Nine-hundred lives were saved by ships summoned from greater
distances, but two thousand lives were lost. This led to an Inter
national Convention on the Safety of Life at Sea at which the
necessity for a continuous watch was agreed. The war prevented
the ratification of this agreement.
An additional facility for mariners was also provided in 1913
by the transmission of time signals from the Eiffel Tower trans
mitter. These accurate time signals enabled ships’ chronometers
to be corrected, so that the longitude of a ship could be fixed with
greater accuracy. By this time, the technical development of
wireless was considered to be so stable that the Marconi Co. was
given a contract to establish a chain of wireless stations to link
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Fig. 3.20 A reconstruction of an early ship's wireless installation
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parts of the British Empire. This Imperial Wireless Scheme had
been debated since the start of wireless, the debate being reopened
each time the power of transmitters had been increased and the
number of stations required for the scheme had been correspond
ingly reduced. The Marconi Co., which had increased its control of
the patent situation by acquiring the patents ofthe Lodgc-Muirhcad
and Goldschmitt companies, agreed to construct a number of
1000 kW stations, at a cost of £1 million each, using aerial towers
800 ft high and operating on a wavelength of 30000 m. But this
contract was cancelled owing to the outbreak of war in 1914.
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CHAPTER 4

The Thermionic Valve
The Edison Effect
Although the crystal detector was popular for twenty years it
was already obsolete before it was invented: Fleming invented his
“oscillation valve” in 1904. Fleming was the first to patent this
device but many other workers were also approaching the same
end from other directions, perhaps the most important of which,
although at the time the least perceived, started from the discovery
of the electron. This, itself, was the culmination of many years of
research to find the basic unit of electricity.
Fleming’s valve resulted from experiments with carbon filament
lamps when he was working for the English Edison Co. After
a short period of use the glass bulb of this lamp became blackened
by particles of carbon evaporated from the filament. These were
deposited on the glass and dimmed the light; they also reduced the
thickness of the filament, and shortened its life, and so Edison
examined the trouble to improve his lamps. He placed a metal
plate inside the bulb to collect the particles and, during these
experiments, a current was observed to flow in a meter connected
between the plate and one side of the filament. The current only
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flowed when the meter was connected to the positive end of the
filament and no current flowed when the meter was connected
to the negative terminal.
Due to the pressure of work, Edison merely patented this effect
and left it. Prcece in 1884, showed that the particles of carbon
travelled in straight lines from the filament to the glass, and
Fleming in 1887, demonstrated that the Edison effect ceased when
a mica plate was inserted between the filament and the metal plate.
Fleming then showed that a negative charge collected on the plate
and he suggested that the carbon particles carried a negative
charge with them. He also showed that the effect could take place
in an arc lamp where a charge was carried continuously across the
gap by the particles of carbon. By placing a magnet near the arc
he made die flame diverge to pass around the magnetic field in a
similar manner to a thin wire carrying a current. This effect was
used in the “magnetic blowout” to stop arcing at switches, and
also in transmitters. He also suggested that this effect could be
used to provide a one-way flow of electricity.
Discharges through Gases
The conduction of electricity through gases had been under
examination for many years. Before the invention of the carbon
arc, dry air had always been regarded as a perfect nonconductor,
except when it was broken down by a high voltage and a spark
zigzagged as it found a path where the moisture of the air was high
est. A sharp point gave a discharge at a lower voltage and, even
when there was no sharp point, a brush discharge could be seen
which was assumed to be due to electrified particles of air passing
between the electrodes. This brush discharge was seen to be longer
from the negative terminal than from the positive, and the voltage
required to produce a discharge had been observed to change with
the pressure of air. As early as 1751 Watson had shown that quite
a low voltage could cause a blue glow to form in a mercury
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barometer. When Faraday carried out similar experiments in
1838 he noticed that the glow appeared to commence a small
distance from the negative terminal, leaving a patch of darkness
separating the terminal from the glowing air. The electricity
appeared to flow through this dark patch without any glow.
Gcissler and others examined this effect while the pressure in
the tube was being slowly reduced by a pump. It was shown that
when the pressure was about a third of an atmosphere the dis
charge ceased to crackle and became silent, as with the arc lamp;
it was also a rose/ violet colour and required only a small voltage to
sustain it. When the tube was filled with nitrogen, instead of air,
a violet light was produced at the negative terminal and the rest
of the tube was reddish. Hydrogen gave a bluish light except where
the tube narrowed, where it was crimson, and carbon dioxide gave
a white light as with the arc lamp.
The invention of the mercury pump in 1850, enabled Crookes
to continue the experiments to even lower pressures. At first the
intensity of the light increased, but the dark space also grew larger
as the glow moved towards the positive terminal. At this pressure
the voltage required to maintain the current started to increase
again, and a second glow appeared at the negative terminal. At
the pressure of 0-5 mm of mercury this second cathode glow
filled the tube and the Faraday dark space disappeared past the
anode.
Still further reductions of pressure caused the second glow to
become less bright and the column of light broke up into circular
striations with dark spaces between them; a second dark space
also appeared separating the cathode from these stria. Then the
stria became smaller and further apart while the second, or
Crookes, dark space increased until, at a pressure of 0*01 mm of
mercury it filled the tube.
Although no glow was now present inside the tube, the glass
of the tube glowed brightly with a colour which depended, not
on the gas which had been in the tube, but on the type of glass
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from which the tube was made: soda glass glowed a bright green
while lead glass glowed blue. This fluorescence was examined by
Plucker in 1859 who attributed it to “rays” from the cathode
terminal striking the glass. Hittorf showed that a metal plate inside
the tube caused a patch of darkness on the glass similar to the
shadow cast by light rays.
J. J. Thomson pointed out that these rays could be rapidly
moving particles; then by Maxwell’s equations, if they were
suddenly stopped they would produce electromagnetic waves,
such as the fluorescence in the glass. Stoney in 1874, suggested
that the particles could be a natural unit ofelectricity, and suggested
they should be called “electrons”. In 1876, Goldstein showed that
these cathode rays were always perpendicular to the surface of the
cathode plate, no matter where the anode was placed. In later
tubes, the anode was placed to one side of the stream, or made in
the form of a ring around the rays, which made observation
easier.
In 1879, Crookes proved that there were particles emanating
from the cathode. He mounted a small mica paddlcwhccl inside
a tube so that the cathode rays hit the blades and made them rotate.
He then made a tube with a concave cathode and showed that
the rays could be focused to a point, where the impact of the rays
heated a piece of metal. Then, having found that the rays gave a
bright fluorescence from the sulphides of zinc and cadmium, he
made a tube containing a long piece of mica coated with these
materials. He brought a magnet near to the tube and showed that the
rays could be deflected in a similar manner to a wire carrying an
electric current. He observed that “. . . the particles constituting
the cathode stream arc not solid, liquid, or gaseous, but consist
of ultra-atomic corpuscles, much smaller than the atom, which
appear to be the foundation stones of which atoms are composed.”
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Ionization in Solutions
Meanwhile the search for the basic unit of electricity had been
proceeding by other approaches. Faraday had said that each atom
in an electrolyte appeared to have an absolute quantity ofelectricity,
but measurements of the resistance of a cell had always been
difficult due to the back c.m.f., and the unequal dilution of the
solution near the electrodes. In 1853, Hittorf analysed solutions
using two glasses connected by a thin tube and, from the relative
amounts of anions and cations present, he had shown that the
dissociated ions moved at different rates. Kohlrusch and Holborn
measured the conductivity of solutions using alternating currents
and showed the resistance increased as the solution became more
dilute, or the velocity of the ions was constant for a given concen
tration. The quantity of electricity required to deposit a univalent
ion was calculated to be 96500 coulombs, this quantity being the
ratio of the charge/mass (c/mi) for one ion.

Electrons
Conduction through a gas was very similar to that through an
electrolyte, and Gcisc in 1882 suggested that the molecules were
dissociated in a gas flame. He showed that a powerful electric field
could remove the ions from the flame and reduce the conductivity
to zero. In 1884 Schuster suggested that the initial discharge in a
gas at low pressure caused ionization and that this resulted in
conduction at a low voltage. He then deflected a beam of cathode
rays with a magnetic field, but the estimated ratio of charge to
mass for these particles was very much greater than 96 500.
In 1886, Perrin constructed a tube with a small hole in the anode;
the cathode rays which passed through the hole were trapped in a
small bucket which rapidly acquired a negative charge. J. J.
Thomson, when repeating this experiment in 1897, covered the
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top of the bucket with a metal shield having only a small hole, and
found that there was an optimum field strength for passing the
largest number of rays through the hole. By measuring the charge
acquired by the bucket and the heat given up by the rays, he cal
culated the ratio of the charge and mass to be 2 X 107, or two
hundred times that for the hydrogen ion. Thus, either the mass of
these ray particles was much smaller than that of the atom, or
their charge was much greater.
Thomson also mounted two plates inside the tube to deflect
the cathode rays by an electrostatic field, the movement of the
beam being towards the positive plate and dependent on the
strength of the field. Then he added an electromagnetic field to
provide an equal and opposite deflexion, and verified the c/m
ratio. He also showed that the ratio was the same for many different
cathode materials or different gases in the tube.
In 1887 Hertz had shown that ultra-violet light would facilitate
sparks between electrodes. This light affected only the negative
electrode and no improvement was obtained when it fell on the
positive electrode. In the following year, it was shown that
ultra-violet light would discharge an electroscope which had
been charged negatively. Thomson measured the ratio e/m for the
particles emitted under ultra-violet light, and also for the negative
charge emitted by the Edison effect, and found the value for both
of these to be similar to that for cathode rays.
In 1897 Kaufman obtained a similar ratio of c/m by measuring
the anode/cathode voltage of the cathode-ray tube and the strength
of the deflecting field. He also showed the velocity of the cathode
rays to be about one-tenth that of light.
In 1886 Goldstein made a small hole in the cathode of the tube
and showed that there were rays which passed back through tliis
hole, in the opposite direction to the cathode rays. Wein showed
that these rays could be deflected, but in the opposite manner to
cathode rays, so these were “positive rays”. When, in 1897, he
found the ratio e/m of these rays was approximately 96 500
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coulombs he concluded that these were ionized atoms which had
lost an electron.
In 1892 Hittorf had shown that cathode rays could pass through
a metal foil and, in 1894 Lenard had shown that the effects of the
rays could be detected at a short distance outside the tube. This
penetration ofthe rays was shown to depend on the mass ofmaterial
through which they had passed, rather than its chemical composi
tion; but the particles had passed through the glass without
altering it, so they must be smaller than the atoms of the glass.
X-Rays
In 1895 Rontgen discovered that a photographic plate was
affected by cathode rays, even when not exposed to them. Some
plates wrapped in the normal lightproof paper and lying near to the
cathode-ray tube were found to be “fogged” as though they had
been left, unwrapped, in the sun. A check was made with half the
plate covered with a sheet of metal, and only half the plate was
exposed. As this action took place at some distance from the tube,
and Lenard rays could only be observed at a short distance,
Rontgen recognized that this was a new phenomenon, or some
new form of radiation. Not wishing to classify the rays until after
further experiments, he called them “X”, the unknown quantity.
Further experiments showed that not only would these rays
pass through black paper, they would even pass through some
metals. Unlike Lenard rays, it was not the thickness of the material
which stopped them: aluminium and soda glass were almost
transparent wliilc lead and lead glass were opaque, flesh was
transparent while bones, which contain a large amount of phos
phorous, were only semitransparent. In fact it was shown that the
degree to which solids were transparent depended on the atomic
weight of the material which composed them.
This difference in penetrating power was soon used by doctors
for the examination of broken bones, or those which were knitting
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after having been set. The rays were also used to observe growths
inside the body, to locate them accurately before surgery. In fact
they found so many uses for the rays that a new profession—
radiography—was started and special textbooks were written.
The X-rays were also found to produce a bright fluorescence in
many substances, one of the best being barium platinocyanide, and
paper screens coated with this substance were used to give a direct
shadow of bones without waiting for a plate to be developed.
It was found that the penetrating power of X-rays increased
with the anode/cathode voltage and also with the vacuum inside
the tube. The cathode rays were focused on a metal plate (target)
mounted at 45° to the path of the cathode rays so that the X-rays
shot from this plate at right-angles to the cathode stream. Attempts
to deflect the X-rays by means of magnets met with no success,
and so it was assumed that the rays must be electromagnetic waves,
like light, vibrating in the aether. Attempts to obtain refraction
of the rays also gave negative results, and the explanation was that
the vibrations were at a much higher frequency than light waves.
J. J. Thomson also showed that X-rays could cause a gas or
an insulator to become conductive. The gas remained conductive
for some time after the rays were switched off, and during this
time the gas was charged similarly to an ion in electrolysis.
The Structure of the Atom
Helmholtz had shown that ionization caused saturated steam
to condense and, working on this, Wilson in 1896 found that the
ions produced by X-rays could cause a cloud when moist air was
expanded; minute drops of ionized water were produced. He
sent a narrow beam of X-rays through steam and found that the
cloud so formed was not uniformally distributed, but lay in a
narrow curved track which started at the X-ray beam and ended
on a cluster of droplets. The X-rays appeared to have caused
electrons to be ejected from the atoms and these, being at a high
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velocity, had struck other atoms and ionized them, losing some
of their initial velocity at each impact.
Townsend used Wilson’s cloud chamber to determine the
charge on the ion, which was found to be approximately 3 X
10-10 electrostatic units per drop. He concluded that, as the
electrons were smaller than hydrogen atoms, they were part of
the atom, and, as the hydrogen atom had a charge equal to that
of the electron, this atom could contain only one electron. Then,
to account for the removal of an electron from the atom, he
produced the Lorentz theory in 1892 that this electron rotates
around a positive portion in a similar manner to the moon rotating
around the earth; the centrifugal force of such a rotation could be
just equal to the attraction of the positive nucleus, thereby enabling
the electron to maintain its orbit.
For this theory the speed at which the electrons had to rotate
around the nucleus was calculated to be about 1014 times per
second. This agreed very closely with the frequency calculated
for the yellow flame obtained when sodium was burned. Then
the orbit of an electron in motion around the nucleus should be
distorted by an external magnetic field, giving different speeds of
rotation. Such an effect was observed by Zeeman in 1897, when
a pure yellow flame between the poles of a powerful magnet was
shown to become broader in the spectroscope.
The conclusion from all these experiments was that the electron
was a fundamental part of electricity and had a negative charge.
This meant that an electric current, being a movement of electrons,
had to flow from the negative terminal of a battery to the positive
terminal, which was in the opposite direction to that assumed in
all textbooks. But, in practice, the direction of the current was
rarely important, so no attempt was made to change either the
textbooks or the teaching.
Lodge described three methods of moving electrons in an
electric circuit: the “hand-to-hand” method in a solid, where the
atoms do not move but the electrons pass from atom to atom; the
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“bird-seed” method in electrolysis, where the molecules carry
the electrons only to drop them at the cell terminal, and the “bullet”
method in a cathode-ray tube, where the cathode and anode are
like the breech and muzzle of a gun and the electron is the bullet.
Meanwhile Elster and Geitel had shown that the emission of
electrons under ultra-violet light could also take place under
visible light if the cathode was one of the alkali metals, but for
each metal there was a definite colour (frequency) of light below
which there was no photoelectric effect. This discovery was ex
panded by Planck in 1900 into the “Quantum Theory” in which
he suggested that light energy was in discrete packages (photons)
which depended on the frequency, E = hf where/is the frequency
and h is a constant equal to 6* 55 X 10-27 erg/s. The photons would
only release electrons when hf was greater than E and any excess
energy was imparted to the electron as a velocity to enable it to
escape from the metal.

The Oscillation Valve
To return to wireless.
Fleming, who was slightly deaf, had difficulty in hearing
morse signals in an earpiece, and so he wanted a detector which
would operate a galvanometer. He tried many types of detector
but all required a mirror galvanometer to register weak signals.
In 1904, he tried one of the lamps he had used to study the Edison
effect in which current flowed only one way. As a detector this
was no more sensitive than the others, but it was more stable in
its operation: it was not necessary to find a sensitive spot as with a
crystal, and it was not troubled with vibration as was the electro
lytic detector. When patenting the device for receiving signals,
he used an analogy with the one-way action of the valve in a
pump, and called it an oscillation valve (see Fig. 4.1). At this time
the action was still considered to be due to the heat (therms) ionizing
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4.1

Collection of original 2-clectrodc Fleming valves

the carbon particles in the gas, and the tube was generally referred
to as a thermionic valve.
Although not widely known the theory of electrons had
already been applied to this device in 1903 by Richardson, who in a
classic paper showed that carbon particles were quite unnecessary
to its operation. Provided the atoms received sufficient energy, in
this case in the form of heat, many metals would emit electrons
from their surfaces. In an electric lamp, electrons were continually
leaving the filament only to return because the atoms of the
filament, having lost electrons, reattracted them. Richardson
showed that a certain temperature was required before there was
any emission, but beyond this temperature there was an increase of
emission which was limited only by the melting point of the metal.
He produced formulae which gave the work required to cause
the electrons to leave the filament, and the number of electrons
emitted from each square centimeter of the surface for any given
temperature. This emission was also examined in 1905 by
Wchnelt, who showed that for a given temperature, a filament
coated with calcium or barium oxide gave an even greater emission
of electrons than the carbon or platinum filaments.
In operation, the filament current of the Fleming valve was
controlled by a variable resistor, for it was shown that strong
signals required a bright filament to give a large emission, but
weak signals were better with a duller filament. The life of the fila
ment was also prolonged if the filament current was kept low. Too
bright a filament and very strong signals (30 V) could cause a blue
glow to appear inside the tube due to the high-velocity electrons
hitting residual gas molecules and knocking other electrons from
them. Such secondary electrons greatly increased the anode
current, giving louder signals, but the blue glow was always
followed by a rapid burning out of the filament.
Latour and Weintraub tried to use these secondary electrons.
They filled the tube with mercury vapour from a small pool of
mercury heated and vaporized by the filament; the gas atoms which
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Fig. 4.2 A receiver using a diode detector

became ionized returned to the mercury in the pool to be vaporized
again.
In 1911 von Lieben tried to increase the anode current by
preventing the waste of electrons emitted on the side opposite to
the plate and which went straight to the glass. He used a perforated
sheet of aluminium between the filament and the plate, and
charged this positively to provide an initial attraction for the
electrons (Fig. 4.3). Most of the electrons were emitted so rapidly
that they passed through the holes in the aluminium sheet and
were captured by the anode.
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The Audion Tube
Meanwhile, de Forest had also been working towards the same
end. In 1900, he noticed that the spark from an induction coil
reduced the light from a gas burner which was fitted with a Wclsback mantle. He developed this into a “flame detector” which
used a bunsen burner to heat a wire gauze covered with lime
(calcium oxide) and had a metal plate above the gauze to collect
the gas molecules. The aerial circuit was connected between the
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gauze and the burner and the signals were heard in a telephone
connected between the plate and the burner. In 1906, he invented
a “molecular detector” which was similar to the Latour-Wcintraub
tube, with an evacuated glass tube containing a filament and a
pool of mercury. He used an external magnetic field to prevent
gas ions returning to the filament, and found that this field could
control the number of ions. He used this effect to adjust the
detector to suit the strength of the signals.
In the same year he controlled the tube electrostatically, using
a wire shaped like a grid-iron between the filament and the plate;
when this grid was negative it repelled some of the electrons
back into the filament and when it was positive it assisted them on
their way to the anode. Again, as with the flame detector, the
signals were connected between the grid and filament and the
earpiece was connected between the plate and filament.

Fig. 4.4 Audion lube

To increase the current, or the attraction for the electrons, he
connected a battery in series with the earpiece. This gave him much
louder signals and even weak signals were clear and audible.
When patenting the tube in 1906 he called it an Audion. He found
that when a microphone transformer was connected between the
grid and filament, the sounds in the earpiece were much louder
than when the earpiece was connected across the transformer,
and he offered the device to the American Telephone Co. to
amplify telephone signals.
For many years electromagnets had been used to relay telegraph
signals over long distances, but such relays could not be used for
the telephone, where the current varied and did not go on and
off; the operation of the telephone was restricted to relatively
short distances (some 200 miles). The Audion tube enabled the
weak signals at the distant point to be amplified before being
connected to another section of a line. A step-up transformer was
used between the line and the grid/filament of the tube, and another
transformer was connected in the plate circuit with its secondary
connected to the next section of line. By using a scries of these
amplifying units it became possible to operate over long distances
and, in 1914, a telephone line was opened between New York and
San Francisco.
Although the Audion tube was widely used for telephone
circuits, it was seldom used for wireless reception. The Marconi
Co. held the Fleming patent for the oscillation “valve” and claimed
that the de Forest “valve” infringed this patent: de Forest held the
patent for the Audion “tube” and this prevented the Marconi
Co. from exploiting it. Strangely enough, when the time came,
de Forest did not renew his patent, and this left the Marconi Co.
in possession of the one master patent for thcrmonic valves. Thus,
even when the “four-sevens” patent expired, the Marconi Co.
was still in a commanding position in the radio world. The
company’s position was further improved in 1913 when Round
patented an improved Audion valve. This, like von Lieben’s tube,
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Fig. 4.5 Round triodc valve

was designed to prevent a waste of electrons (Fig. 4.5). The fila
ment was a straight wire supported at its ends, and around this
was a gauze cylinder (grid) which was, in turn, surrounded by a
metal cylinder (anode). With this construction only those electrons
which passed out at the ends of the cylinder were wasted, and
even these came under the influence of the grid so that many were
deflected to the anode.
Metal Filaments
In the Audion tube, de Forest had used a metal filament instead
of the usual carbon filament. The electrical industry had created
a demand for copper wires of various thicknesses and machines
had been developed to draw thin wires, but when these were used
for lamp filaments it was always found that the temperatures at
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which they became white hot were too near that at which they
melted, and so the lamps had a short life. In 1894Just, Bananan and
Kurzel produced a process for squirting tungsten into filaments
and these were found to give a longer life. Welsbach, of gasmantle fame, produced filaments of osmium in 1898, and these,
though apt to be brittle, were developed by the General Electric
Co. (British) for their Osram lamps. In 1903, von Bolton and
Feucrlein drew fine wires of tantallum which became soft, instead
of brittle, when hot. These needed a number of supports but had
a long life as lamp filaments.
The metal filaments had a number of advantages over carbon.
The resistance of the carbon lamp decreased with temperature
so that an increase of supply voltage caused increased heat, and a
further increase of current, causing burn-out; the resistance of the
metal filament rose with temperature so that the current increased
less rapidly with voltage, or was self-regulating, giving a longer
life for the filament. The metal lamp was also untroubled by the
blackening of the glass; indeed, the light from a metal lamp
increased during the first 100 hours and then decreased only
slightly during the next 1000 hours of use.
The metal filament could also be run at a higher temperature.
Tungsten melts at 3380°C but evaporation and loss of mechanical
strength limited its operation to about 2100°C. Carbon has a higher
melting point but it disintegrates at an even lower temperature.
'The light from a lamp increases with the filament temperature;
so more light was obtained from the metal lamp for the same power
from the supply: carbon lamps required about 4 W/candle-power
while metal lamps required only 2 W/candlc-powcr.
Tungsten filaments had been patented for use in wireless valves
by Fleming, and when in 1909 Coolridgc of the USA produced a
sintering process for tungsten which improved the ductility of the
metal and enabled wires to be drawn, lamps and valves were
produced using these filaments. Then, in 1911, Coolridgc revolu
tionized the lamp industry by introducing a small quantity of
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thorium into the tungsten, wliich both increased the ease with
which the metal could be drawn and gave a better light efficiency;
the thoriated-tungsten filament became the standard both for
lamps and valves.
Heat was conducted from a filament by the residual gas mole
cules in the bulb, and many workers tried to improve the vacuum
in order to conserve this heat. This idea was upset when it was
shown that an inert gas, such as argon, opposed the vapourization
and so permitted a higher temperature to be used. This led to the
gasfillcd lamp which gave twice the efficiency of the tungsten
lamp and acquired the name of the “half-watt” lamp. Then
Langmuir, of the General Electric Co. (USA), showed that heat
was not conducted directly from the filament, for there was always
a layer of stagnant gas around it; the heat conducted from thick
or thin filaments was the same. But thick filaments had too low a
resistance to be used on the supply mains, so in 1913, Langmuir
patented a method of coiling the thin filament so that the volume
of stagnant gas was used to better advantage. This coilcd-filamcnt
was later modified into a coilcd-coil to give an even higher
efficiency.
The Space Charge
His work on electric lamps led Langmuir to the thermionic
valve, and in 1913 he published a classic paper entitled Thermionic
Emission in a Diode in which he not only confirmed Richardson’s
formulae, but lie also exposed the popular fallacy that the current
through the tube depended on the ionized residual gas. He showed
that energy was required to liberate electrons and any excess energy
gave additional velocity to them. He gave the amount of work
required to free electrons for various metals used for filaments,
and showed that after a critical temperature the emission increased
rapidly. He showed that the oxides of the alkaline earths, as used
in the Wchnelt filament, required less work to liberate electrons,
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but the filament coatings had to be kept “pure”; filaments made
with strontium and barium oxides on a strip of platinum were
quickly “soured” by any gas ions which returned to the filament,
and soon lost their emission.
Langmuir also showed that the current through the tube was
only partly dependent on the emission, the most important factor
being the anode/filamcnt voltage. With high anode voltages the
current could be limited by the total emission, but for normal use
the current was proportional to the 3/2 power of the anode
voltage. Some of the emitted electrons were rcattractcd to the
filament, and others, which were already on their way to the
anode, tended to repel any new electrons which were emitted.
The effect of this was to form a cloud of electrons in the space
between the filament and the anode; new electrons had to penetrate
into this “space charge” and the anode took electrons only from
the cloud.
In the Audion valve the action of the grid was to vary the
position of the space charge. When the grid was negative it added
to the repulsion effect and moved the space charge nearer to the
filament: when the grid was positive the space charge moved
nearer to the anode. The further the space charge was from the
filament (the nearer to the anode) the easier it was for the anode
to attract electrons and the larger the anode current. When the
residual gas molecules inside the tube became ionized by the
impact of electrons, they attracted electrons from the space
charge to reduce the repulsion effect and cause an increase of
current; the marriage of an electron with an ionized atom caused
the blue glow inside the tube. Langmuir stressed that this blue
glow marred the action of the valve, which should have the
highest possible vacuum.
At this time Dushman had developed an air pump which lowered
the pressure to 5 X 10“7 mm of mercury. He used a piston pump
to reduce the pressure to 0- 25 mm, and backed this with a rotary oilpump, and then a vapour pump operated by boiling mercury.
134

A liquid air trap was used to prevent mercury vapour passing into
the valve under exhaustion; the globules of mercury collected air
molecules and carried them to a condensing chamber.
Langmuir used this pump to make the “Kenotron” (Greek,
kenos = empty). This two-electrode valve was followed by the
Pliotron, a three-electrode valve in which no blue glow appeared,
so that not only was no attention required during operation but a
higher anode voltage could be used. Valves, like electric lamps,
were run on the pumps; first the filament was heated and then
voltages were applied to the grid and anode until both became red
hot under the impact of the electrons, releasing occluded gas from
the metal and the glass bulb. But even then the word kenos was more
hopeful than truthful, for even with this hard vacuum there were
some 2 X 1019 molecules of gas left in each cubic centimetre of
space.
Early Valve Circuits
The early Audion was tried both for detecting and amplifying
signals. As a detector, the tuned circuit was connected through a
condenser to the grid and filament, and the accepted explanation
of the operation was that the positive half-cycles of the oscillations
attracted electrons from the filament to the grid, where they
accumulated making the grid more negative and reducing the
current to the plate. At the end of the wave train, gas ions in the
tube were attracted to the grid to neutralize this charge, leaving
it ready to accumulate another charge during the next wave train.
The reduction of the anode current during each wave train released
the diaphragm of the earpiece and this was pulled down again at the
end of the signal.
A valve amplifying unit incorporated an iron-cored, step-up
transformer, the primary of which was connected to the telephone
terminals of the detector unit and the secondary connected between
the grid and filament of the valve. The rise and fall of the current
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in the detector circuit produced larger voltages at the grid and
filament of the valve, and this gave larger changes of current in
the plate circuit. Two note-magnifying stages could be used to
make the signals about a hundred times as loud as those from a
crystal detector.
The valve was also used to amplify the signals before they were
detected. It had been shown that the sound from a detector in
creased as the square of the signal voltage; so it was argued that
amplifying the signals before they were detected should give
louder signals than diose with the same valve used as a note
magnifier.
The first British patent for radio-frequency amplification was
by the Gescllschaft fur Drahtlose Telegraphy m.b.h. in 1913.
This patent contained three circuits (Fig. 4.6). The first connected
the aerial tuned circuit, via coupled coils, to the grid and filament,
and used another pair of coils, with no iron core, to couple the
valve to a crystal detector. In addition to the normal two batteries,
the A battery for heating the filament and the B battery for the
plate circuit, this patent included a third battery C to make the grid
of the valve permanently negative to ensure that it did not detect
signals.
In the second circuit the intervalve coupling coils were tuned
to give greater selectivity, and in addition the connection to the
crystal detector was tapped across only part of the tuned circuit.
This reduced the voltage to the crystal but gave greater selectivity.
The connexions of the plate circuit were also changed, with the
coil connected to the plate and the negative end of the B battery
connected to the filament. This removed the capacity of the battery
to ground from across the tuned circuit and enabled more turns
to be used in this coil, which also improved the selectivity.
The third circuit was even more advanced. It used a single
valve to amplify the signals both before and after detection. This
type of circuit had a great vogue some ten years later under the
name of “reflex” or “dual-amplification” circuit. The aerial
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tuned circuit was coupled through a condenser to the valve and
amplified signals were coupled to a crystal detector. Then, instead
of being passed to the telephones, they were taken through an
iron-cored transformer and back to the grid of the valve to be
reamplified. The current in the plate circuit varied both at the
signal frequency and also at the audio frequency, and these two
current changes had to be separated and sent one to the crystal
and the other to the telephones. The anode tuned circuit and the
telephone transformer were connected in series; the audio fre
quency currents produced little voltage across the tuned circuit,
but they set up a voltage across the transformer. A condenser
across the transformer bypassed the signal frequency so that all
the signal voltage was set up across the tuned circuit.
In the same year Alexandcrson patented radio frequency
amplifiers in cascade. This patent contained two circuits both of
which included the extra C battery, one circuit used a tuned
transformer coupling and the other had a single tuned coil in the
anode circuit; the radio frequency voltages developed across
this circuit were passed, via a condenser,to the next valve (Fig. 4.7).
The Pliotron was found to be better than the Audion in these
radio frequency amplifier circuits, for despite the C battery the
Audion tended to collect electrons, or gas ions, at the grid and
these lowered the amplification. The Audion, however, was the
better detector. The Pliotron could be used for detecting but there
were few gas ions to remove the accumulated charge at the end
of the wavetrains. Alcxanderson’s patent showed a resistance
between the grid and filament to leak away the accumulated
charge, but this was not claimed in the patent. The “grid-leak”
was claimed in a patent by Langmuir taken out on the same day
(Fig. 4.8). As the advocate of the hard valve he was the first to find
the necessity for this resistance.
The value of the resistance was not very critical, with a grid
condenser of 0-0003 /jl F, a value of between 0-5 and 5 MQ was
used. Higher values did not leak the charge away fast enough and
138
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lower values prevented the cumulative action during the wavetrain.
Experiments with radio frequency amplification soon led to
the discovery of reaction. The amplified signals in the plate circuit
caused a magnetic field around the plate coil which not only linked
the turns of the secondary coil, to apply voltages to the detector, but
also the turns of the aerial coil and gavea voltage in the grid filament
circuit; this voltage could either assist or oppose the incoming
signals. When the field was in the direction to assist the signal
the reamplification gave much louder signals and, if the plate coil
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was too near to the aerial coil, the tuned circuit could be set into
continuous oscillation at its natural frequency. This continuous
signal stopped all reception. The principle of reaction was dis
covered at more or less the same time by a number of people and
after much litigation the American courts gave priority to de
Forest with a date ofJune 1912. In Austria, von Strauss patented a
circuit in December 1912, Meissner’s patent in Germany was
from April 1913, and Franklin’s British patent was dated July 1913.
When the valve was in continuous oscillation it acted as a small
high frequency generator. The power available was much too
small for use as a transmitter but it was adequate for use as the
second signal for heterodyne reception. This use of the valve was
patented by Fessenden in 1913. A valve was much cheaper to run
than an arc transmitter and it had the additional advantage that
its frequency could be changed, by rotating the tuning condenser,
to allow the beat note to be adjusted to suit the operator. This was
a great advantage when avoiding jamming.
The large increase of signal strength when the coupling between
the anode and grid coils was still insufficient to cause continuous
oscillations was also investigated, and many methods of controlling
the coupling between the coils were invented. A third coil was
usually coupled to the anode coils and linked to a similar coil
coupled to the grid circuit; the turns or spacing between this
coil and the others was adjusted for the loudest signals.
Still in 1913, Round found that the valve could both detect
the signal and provide the oscillations for heterodyning it. In
this circuit the feedback was controlled until the circuit just
oscillated. The grid circuit was tuned to the incoming signals and
the anode circuit to a slightly different frequency to produce the
beat note. Unfortunately, the reaction setting was very critical,
for too large an oscillation caused a cessation of signals, and the
grid circuit tended to “pull” into tunc with the anode circuit,
giving some loss of selectivity. As selectivity was much more
important than the saving of a valve, this circuit was not greatly
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used. The Round autoheterodyne circuit did not attain popularity
until the shorter waves came into general use. In his patent for
this circuit Round also included a number of other circuits,
showing variants of the original, whereby the reaction was ob
tained from the anode of the radio frequency amplifier and from
the detector. In one circuit he allowed the valve to oscillate and
used an extra variable condenser to provide anti-reaction to stop
the oscillations.
Many other circuits for oscillators and controlled reaction
were patented. In de Forest’s ultra-audion circuit the tuned circuit
was connected between the grid and anode of the valve, and a
coil with a large number of turns was connected in series with the
telephones to “choke back” the radio frequency currents; the
feedback was controlled by the variable grid condenser.
Then, in 1914, when thermionic valve amplifiers werejust about
to blossom, the war came and all progress ceased in Europe as
engineers joined the Services.
In the USA, progress continued for another two years before
she, also, entered the war. It was during 1915 that E. H. Armstrong,
while still at college, made a one-valve receiver with which he
received signals from England. His father refused to lend him
money to patent the circuit because, “ .. if it was any good better
men than you would have found it”. But a friend persuaded him
to write up the circuit with drawings, and to have this witnessed
and dated by a notary. This circuit had both the grid and anode
circuits tuned, but diere was no apparent coupling between the
two. The circuit oscillated when the two circuits were brought
into tune with each other. The circuit was almost unknown in
Europe, which was at war, and it was many years before a satis
factory explanation for this tuned-anode/tuned-grid circuit was
given.
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having once dipped into its pages,
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temptation to read on to the end;
and if he himself knew the early
days of radio and the radio
industry, what nostalgia he will
feel as Mr. Dalton recalls their
mysteries and marvels! If he
works in the industry today, what
interest he will find in learning
why radio developed along some
lines rather than others or why
ideas once deemed impracticable
became best-sellers later! If he is
a historian of science and
technology, what a wealth of
detailed information he will find
here!
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